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The 29-kDa subtilase homologue, Tri r 2, derived from the dermatophyte fungudrichophyton rubrum, exhibits unique immu-
nologic characteristics in its ability to elicit immediate (IH) and delayed-type (DTH) hypersensitivity skin tests in different indi-
viduals. Thus, Trir 2 provides a model for comparing the T cell repertoire in subjects with distinct immune responses to a single
Ag. Recombinant Tri r 2 produced as a GST fusion protein in Escherichia colistimulated strong in vitro lymphoproliferative
responses in 10 IH and 10 DTH responders. Patterns of T cell epitope recognition were compared between skin test groups using
28 overlapping peptides (each in 12 replicate wells) derived from Tir 2 to stimulate T lymphocyte proliferation in vitro. Peptide

5 (P5; aa 41-60) induced the strongest response in DTH subjects and showed the largest difference between DTH and IH
responders in proliferation (mean standardized index, 2.22 and 0.82, respectivelp;= 0.0047) and number of positive wells (81
vs 12). Responses to P5 were associated with diverse HLA haplotypes. These results showed that P5 contains an immunodominant
epitope specifically associated with DTH and that this peptide is recognized in a permissive manner. Cross-validated linear
discriminant analysis using T cell proliferative responses to two regions of Tirr 2 (aa 51-90 and 231-270) gave a 95% predictive
accuracy for classification of subjects into IH or DTH groups. We conclude that different immune responses torichophytonare
mediated by distinct T cell repertoires between individuals with IH and DTH reactions to Tri r 2. The Journal of Immunology,
2000, 165: 4379-4387.

phyton exhibit unique immunologic properties in their specific forTrichophytonAgs established from DTH and IH sub-

ability to elicit immediate (type I) or delayed (type IV) jects produced cytokines consistent with Th1 and Th2/ThO phe-
hypersensitivity skin test reactions in different individuals. Imme- notypes, respectively (16). Thus, the T lymphocyte subsets under-
diate hypersensitivity (IH)responses are associated with chronic lying immediate and delayed responses to a sifigiehophyton
recurrent infections and the presence of serum IgE Abs (1-3). Il\g are distinct. Studies using lymphoproliferation assays to map T
contrast, acute dermatophytosis, which resolves spontaneouslyg|| antigenic determinants of Ags associated with DTH have dem-
has been associated with delayed-type hypersensitivity (DTH) (45nstrated differences in the T cell repertoire in humans with dif-
6). Thus, it has been proposed that cell-mediated responses {gon¢ gisease states (17-21). However, most studies of T cell re-
Trichophytonplay a role in the eradication of infection, while IH sponses to allergens have not shown significant differences in T

responses are nonprotective. A role for fungal Ags in allergic d's'cell repertoires between atopic and nonatopic subjects (22—24).

cease s strongly supportgd by t.he association between ch.romc CIer_Purified naturallrichophytonAgs (Trit 1 and Tri t 4) can elicit

matophytosis and allergic respiratory symptoms, and the improve-. .~ . o S .

. . ; ._distinct immune responses in different individuals (25, 26). IH skin

ment of late-onset asthma after antifungal therapy in patients W|trt1
IH to Trichophyton(7—10).

Studies in mice and humans have reinforced the concept th

distinct CD4" T lymphocyte subsets are involved in different types

of immune response to a variety of pathogens, including fung

A ntigens derived from the dermatophyte fundurgcho- (11-15). We have previously reported that short-term T cell lines

ests were associated with high titer anti-f4 1gG Ab and spe-
aﬁific IgE Ab, while DTH reactions were associated with only low
titer IgG Ab. We have cloned twd. rubrum proteins that have
sequence identity with distinct serine proteinases: the 83-kDa
prolyl oligopeptidase homologue, Trir 4, and the 29-kDa subtilase
homologue, Tri r 2. In keeping with studies of natural Ags, re-
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Received for publication April 28, 2000. Accepted for publication July 19, 2000. minute between replicate wells stimulated with antigenic peptide

The costs of publication of this article were defrayed in part by the payment of pag ; ; ; _ f . . B
charges. This article must therefore be hereby maddkrtisemenin accordance 9(21’ 28). Despite this, many epitope-mapping studies fail to ad

with 18 U.S.C. Section 1734 solely to indicate this fact. dress the intra-assay variability of T cell responses to individual
1This work was supported by National Institutes of Health Grants Al30840 andPeptides in the assay design or in the analysis. Here, we use a
2U19-NIEHS/NIAID-34607. rigorous assay design incorporating 12 replicate cultures for each

2 Address correspondence and reprint requests to Dr. Judith A. Woodfolk, Asthmaeptide to demonstrate highly significant differences in T cell rep-

and Allergic Diseases Center, University of Virginia Health System, P.O. Box . T . . .

801355, Charlottesville, VA 22908. E-mail address: jaw4m@virginia.edu ertoires between individuals with IH_and DTH rea_tctlons to T”_r 2.
Furthermore, we show that an amino-terminal immunodominant

3 Abbreviations used in this paper: IH, immediate hypersensitivity; DTH, delayed-type™ A . o . )
hypersensitivity; LDA, linear discriminant analysis; r-Tri r 2, recombinant Tri r 2. epitope of Trr 2 is specifically associated with DTH.

Copyright © 2000 by The American Association of Immunologists 0022-1767/00/$02.00



4380 DISTINCT HUMAN T CELL REPERTOIRES TO A DERMATOPHYTE Ag

Materials and Methods cells/well) with r-Tii r 2 or GST for 5days at 37°C in quadruplicate in a
PP ; 96-well plate. Tetanus toxoid and PHA were used as positive controls.

Purification of Tri r 2 Complete medium contained RPMI 1640 (Life Technologies, Gaithers-

Recombinant Tirr 2 (r-Tri r 2) was produced irEscherichia colistrain burg, MD) with L-glutamine, 10% autologous human serum (non-heat in-

BL21 as described previously (27). Briefly, bacteria were transformed withactivated), 100 U/ml penicillin, and 10@g/ml streptomycin. Cells were

pGEX-4T-3 expression vector containing an 867-bp DNA fragment en-pulsed with 1uCi of [®H]thymidine/well during the final 8 h of culture

coding the carboxyl-terminal 289 aa corresponding to the putative matur&efore harvesting and counting. Results were expressed as stimulation in-

form of Tri r 2. Expression of the 29-kDa putative mature form of Tri r 2 dexes for Trr 2 (the mean of quadruplicate wells containingud/ml Tri

as a fusion protein with GST was induced with 0.2 mM isopropyl-1-thio- r 2 divided by the mean of wells containingdg/ml GST) and tetanus

B-p-galactopyranoside at 37°C. The recombinant protein (GST-Tri r 2) wagoxoid (the mean of quadruplicate wells containingugIml tetanus toxoid

purified from cell lysates by glutathione afiinity chromatography, and pro-divided by the mean of wells containing no Ag).

tein yields were measured by Bradford assay. The same method was used . . . .

to produce recombinant GST for use as a negative control in skin test angroliferation assays using Tr 2 peptides

in vitro lymphocyte cultures. Blood (100 ml) was drawn from 10 patients each with IH and DTH skin

; ; ; tests to r-Tri r 2. Preliminary studies were conducted to determine optimal
Immunoassays for IgG and IgE Abs toi T2 fusion protein conditions for PBMC cultures using antigenic peptides and cells derived
Serum IgG and IgE Ab to GST-Tr 2 were measured using an Ag-binding from a patient with DTH to r-Tri r 2. Cells were plated at different cell
RIA according to methods described previously (27). Serum samples wergumbers (1-3< 10° cells/well), and peptides were tested in each of three
diluted 1/2 and 1/10 (IgE Ab assay) or 1/12.5 and 1/50 (IgG Ab assay) and¢oncentrations (7.5, 25, and 8) using quadruplicate cultures for each
were incubated witA?9-labeled GST-Tirr 2 (~120,000 cpm added). IgE  peptide Ag. Proliferative responses induced by individual peptides were
myeloma serum (patient P.S.) diluted 1/200 was used as a carrier in the Ig&ssessed by comparison of mean counts per minute for quadruplicate wells
binding assay. Immune complexes were precipitated with the appropriatéd mean counts per minute for negative control wells (no peptide). Time-
antiserum, i.e., sheep anti-human IgE (Binding Site, San Diego, CA) orcourse experiments were conducted by harvesting cells after 4, 5, and 6
anti-human IgG (Strategic Biosolutions, Ramona, CA). After incubationdays of culture. Optimal assay conditions for antigenic peptides were
for 16 h at 4°C, the precipitates were washed and counted in a gammachieved after 5 days of culture using .51 peptide to stimulate X 10°
counter. Quantitation of anti-Tr 2 IgG Ab was conducted using a control ~ cells/well. For epitope mapping studies, each assay incorporated 12 repli-
curve constructed with pooled sera from three patients assigned to contaitate cultures for each of 28 antigenic peptides and 60 wells without peptide
2000 U of IgG Ab/ml. Values for IgE Ab measurements were expressed a€s negative controls. Five 96-well plates were used in each assay. Plates

counts bound per minute above the background. 1-4 contained P1-P7, P8—P14, P14—-P21, and P22—P28, respectively, with
o ) ) each plate containing 12 control wells. Plate 5 contained an additional 12
Classification of IH and DTH responders by skin testing control wells and quadruplicate cultures of GST, r-Tri r 2, tetanus toxoid,
and PHA.

Sixty patients were skin tested with r-Tri r 2. Patients with IH skin tests to
r-Tri r 2 were identified from a population of patients attending the Uni- £| |SA of human sera for Abs against synthetic peptides

versity of Virginia Allergic Diseases Clinic who exhibited positive skin

tests to alrichophytonextract (Bayer C, Elkhart, IN; containing. ton- Individual wells of the ELISA plate (Immulon 4; Dynex, Chantilly, VA)
surans T. rubrum andT. mentagrophytespecies). Criteria for classifying ~ were coated with P5, P8, P16, and P25u@well) in sodium carbonate
patients in the IH experimental group were a positive immediate skin tesbuffer (15 mM NaHCQ and 35 mM NaCO;, pH 9.6) at 4°C overnight.
response tdrichophytonextract and to purified r-Tri r 2, and the presence Unoccupied binding sites were blocked with PBS containing 0.05% Tween
of anti-Tri r 2 IgE Ab. Subjects with DTH skin tests responses to r-Tri r 2 20 (PBS-T) and 5% skim milk. For subsequent steps, PBS-T containing 5%
were identified from patients attending the clinic who had a DTH skin testskim milk was used as diluent unless otherwise stated. After three washes
response tolrichophytonextract or from individuals with a history of — with PBS-T, 100ul of serum was added to each well at a 1/2 dilution (for
dermatophytosis (athlete’s foot or onychomycosis). Patients were classifielyjE assay) or a 1/100 dilution (for IgG assay) and incubated foat37°C.

in the DTH group based on a delayed skin test response toTratho- For the 1gG assay, the plate was washed three times with PBS-T before
phytonextract and r-Tri r 2, and a lack of measurable IgE Ab. Negative adding 100ul of peroxidase-labeled goat anti-human IgG (1/1000; The
subjects were those individuals who had neither a delayed nor an immeBinding Site, Birmingham, U.K.) and incubatingrfé h at37°C. For the
diate skin test response Toichophytonextract and r-Tri r 2. Recombinant IgE assay, after three washes with PBS-T, 10®f biotin-labeled goat

Tri r 2 and GST were filtered through a Ou2n pore size sterile nitrocel-  anti-human IgE Ab (1/1000; Kirkegaard & Perry Laboratories, Gaithers-
lulose disposable filter (Micron Separations, Westborough, MA) and di-burg, MD) was added to each well. After incubatiom foh atroom tem-

luted in 0.05% human serum albumin in phenol-saline solution. Intraderperature the plate was washed and incubated for an additional hour with
mal skin tests were conducted using 0.02 ml of purified GST-Zrat0.1, 100 pl/iwell of streptavidin peroxidase (1/1000). IgG and IgE Ab assays
1, and 10ug/ml. Before intradermal testing, prick testing was conducted were developed using 10@l of 2,2'-azinobis-(3-ethylbenzthiazoline-6-
using 10ug/ml of protein. Skin test sites were examined at 10 min after sulfonate) in 0.07 M citrate-phosphate buffer (pH 4.2) containing 0.03%
injection of Ag and at 24 h. All patients were tested with GST as a negativeH,0,, and the OD was read at 405 nm.

control. Informed consent was obtained before skin testing. Skin testing of .

human subjects using GSTiTr2 and drawing of blood samples for T cell HLA class Il typing

studies and HLA typing (see below) were approved by the University of

N . A / Genomic DNA was isolated from 2 ml of whole blood using the Puregene
Virginia human investigation committee.

DNA isolation kit (PGC Scientific, Gaithersburg, MD). HLA typing was

; ; i conducted in the Molecular Pathology Laboratory at the University of Vir-
Preparation of Ag and peptides for T cell studies ginia. HLA-DRBL1 alleles were PCR amplified and sequenced using an
Recombinant Tirr 2 and GST were absorbed with polymyxin B agarose ALFexpress automated DNA sequencer (Amersham). Amplification of
(Sigma, St. Louis, MO) before measuring for protein content and filteringexon 2 of DRB1 was performed using a mix of group-specific primers. The
as described above. A set of twenty-seven 20-mers (designated P1 througtus-specific sequencing primer was internal to the group-specific prim-
P27) and one 19-mer (P28), each with a 10-aa overlap spanning the entisgs. Sequences were evaluated using HLA SequiTyper software (Amer-
length of the putative mature form of iTr2 was designed for mapping T sham) and compared with the European Bioinformatics Institute HLA da-
cell antigenic determinants. Peptides were prepared by standard F-mdabase (European Bioinformatics Institute, Cambridge, U.K.) for allele
chemistry using a Symphony automated peptide synthesizgrNbScale; assignments. HLA-DQBL1 alleles were PCR amplified using an array of
Rainin, Woburn, MA) and were purified t890% by reverse phase HPLC. sequence-specific primers (One Lambda, Canoga Park, CA). PCR-ampli-
Stock solutions of peptides (1 mM) were solubilized in sterile water or 10%fied products of exon 2 were visualized by agarose gel electrophoresis. The
DMSO (P4, P16, and P17). P25, which contained two cysteine residuegattern of amplified bands was evaluated, and alleles were assigned using
was solubilized in the presence of 10 mM DTT. Peptides were diluted toOne Lambda DNA/LMT software.

a working concentration of 7.aM immediately before use. . .
Molecular modeling of Trir 2

Proliferation assays to whole A
Y 9 The SYBYL molecular modeling package (Tripos, St. Louis, MO) was

Blood (50 ml) was drawn from subjects with IH, DTH, and negative skin used to determine homology with known structures, for graphic visualiza-
tests to r-Tri r 2. PBMC were purified by density gradient centrifugation tion, and for performing all insertions and deletions. The CHARMM-based
over Ficoll-Paque (Amersham, Uppsala, Sweden) and cultured {2° program CONGEN was used for mutating the proteinase K sequence to
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A B Statistical analysis

Data (counts per minute) for each of the 12 peptide-stimulated replicates
(28 peptides in total) was log transformed (natural logarithm; base e, where
the value of e= 2.7) to compare PBMC proliferative responses to Trir 2
peptides between IH and DTH groups. Mean proliferation values for in-
dividual peptides and for five sets of controls on separate assay plates were
calculated from log-transformed data. The mean proliferation value for con-
trols was then subtracted from the mean proliferation value for each peptide on
the same assay plate to derive corrected mean values for each peptide. These
values are referred to as the standardized index for each peptide. Corrected
mean values for control wells were derived by subtracting the mean of four
sets of controls (48 wells) from the fifth set of controls (12 wells). Mean
standardized indexes were used to compare responses between IH and
DTH groups. The variance for control wells between different assay plates
was not significantly different (Levene’s test for homogeneous variances,
p = 0.50). Responses to peptide 5 were analyzed by two-sample Student’s
MW Ohr. 3hr. E. coli —Trir2— t test. Cross-validated linear discriminant analysis (LDA) was used to pre-
~E. coli lysates — lysate dict patient classification. The number of positive wells for each peptide
FIGURE 1. SDS-PAGE analysis of recombinanti T2 expressed ifk. was c_a]culated by scpring the response of each well containing peptide as
- - : ; ) . a positive or a negative event using the mead SD of 60 control wells
coli. A, Analysis of cell lysate 3 h after induction of protein expression

. " ) A as a cutoff.
showed a 57-kDa band (Coomassie blue stainiBglRecombinant Trir 2
was purified from cell lysates after two passages over a glutathione-Sepha-
rose column lanes 2and 3, respectively) and was analyzed on silver-
Results

stained SDS-polyacrylamide gel. N . ) . .
Definition of patients with IH and DTH to purified Tri r 2

66kD—
55kD-

Recombinant Tir 2 was produced ifE. coliusing the pGEX-4T-3

that of Ti r 2 and for energy minimizations (29, 30). The established vector. The resulting GST_fUS|on P“’te'“ mlgrat_Ed as a 57-kDa
structure of proteinase K (Brookhaven Database no. 2prk.pdb) was used £nd on SDS-PAGE, consistent with a GST moiety fused to the
the starting molecule for modeling of Tri r 2. 29-kDa putative mature form of Tr 2 (Fig. 1A). The presence of

Table I. Serum Abs and PBMC proliferative responses toirf12 in individuals with IH and DTH skin tests

Stimulation Index

Allergic
Patient Age Sek Racé Disegsé 1gG® (U/ml) IgE® (cpm) Trir2 Tetanus toxoid
IH subjects
1 38 M w sr 145 2,609 30 430
2 68 M w u 950 6,314 8 281
3 60 M W pr 4,720 2,293 53 7
4 24 M W pr 4,400 2,465 51 426
5 46 M B pr 850 451 9 663
6 55 F w a 1,900 48,800 36 86
7 75 M w S 2,200 3,357 58 283
8 73 F W a 1,150 713 46 29
9 61 M B a, s 310 2,624 136 126
10 34 F w a 600 1,886 38 351
Mean 1,08% 2,745
DTH subjects
11 26 M W <20 <400 28 87
12 28 M w 20 <400 58 750
13 58 M W 90 <400 23 224
14 29 M w 35 <400 130 1,057
15 40 F W 840 <400 157 47
16 38 F w a 340 <400 7 220
17 35 M B 125 <400 40 129
18 25 F w 500 <400 3 32
19 55 F W c 800 <400 <3 12
20 37 F w u 40 <400 3 97
21 31 F W 510 <400 39 79
Mean 139 <400
Negative subjecfs
22 36 F w 160 <400 <3 717
23 27 M w 320 <400 7 135
24 25 F w 80 471 <3 118
25 25 M w 60 <400 <3 944

2 Subjects with positive skin tests to riTr 2 were identified by screening 60 individuals with positive skin test3richophytonextract with or without a history of
dermatophytosis.

bM, male; F, female; W, white; B, black; sr, seasonal rhinitis; pr, perennial rhinitis; u, urticaria; a, asthma; s, sinusitis; ¢, cough.

¢Measured by Ag-binding RIA.

9 Geometric mean values.

©Based on negative skin test reactivity Tachophytonextract and r-Tri r 2.
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Peptides Peptides

the GST moiety was confirmed by amino-terminal amino acid se-using PBMC from either IH or DTH subjects (stimulation index,
quence analysis. Recombinant T2 was purified by two passages 8-136 and 3-157, respectively), while responses to GST were gen-
over a glutathione affinity column, and purity was assessed byrally low or undetectable (Table | and data not shown). Recom-
silver-stained SDS-polyacrylamide gel (FigB)1l Recombinant  binant Ti r 2 elicited a positive proliferative response in only one
GST was produced by the same method. _ _ of four skin test-negative subjects (Table I).

Ten patients with IH (mean age, 53 years) and 11 patients Witlpiferative responses to peptides derived from Tri r Zo op-

Dlz'— Ht(mrsan Gatgg,;?.é/ear S) Sl(hm tegrg to rl;Tritr 2tv§|/te.rehider:1titfied bytimize the frequency of wells with positive responses for any given
sKin testing 69 Individuals with positive skin teststnchophyton peptide, PBMC were plated at3 10°/well, and 12 replicate cul

extract (seeMaterials and MethodsTable I). None of the indi- tures were performed for each pebtide. Epitone mapping studies
viduals had an immediate or delayed response to GST. Nine pa- P peptide. =piiop pping

tients in the immediate group presented to the University of Vi vere conducted in 10 individuals each with IH and DTH responses

ginia Allergic Diseases Clinic with allergic symptoms including to r'_T“ ' 2'_ Al |nd|V|du§Is StUdI?d responded to one. .Or more
urticaria, perennial rhinitis, chronic sinusitis, and asthma. In Conpeptldes, with each showing a unlqge pqttern of recognition. HPW_
trast, only two subjects in the DTH group reported allergic Symlo_eyer, the nature of_ the PBMC prollferg'tlve responses_ to peptides
toms. Although the majority of patients in both skin test groupsd'ﬁered_; some peptrdes stimulated pqsmve r_esponses in each of the
gave a history of dermatophytosis, seven patients in the immediat? "ePlicate wells (i.e., counts per minute higher than the miean
group reported recurrent infections, and three of these patientd SP of 60 control wells) with minimum variability in counts per
were receiving antifungal therapy. Immediate sensitivity was as/hinute between wells (e.g., P5 and P18, subject 14, Fig. 2). In
sociated with significantly higher titers of IgG Ab toiTr2 (geo-  contrast, the majority of peptides stimulated responses with high
metric mean, 1081 U/mh = 10) compared with the DTH group Variability in both counts per minute and frequency of positive
(geometric mean, 139 U/mh = 11; p < 0.05) and the presence responses among replicate wells (P9 and P27, subject 8, Fig. 2).
of IgE Ab (Table I). These responses are referred to as skewed. To examine differences
between IH and DTH subjects in the Ag-specific T cell repertoire
for Tri r 2, mean proliferative responses to each of the 28 Trir 2
peptides were compared for both skin test groups. Because of the
Proliferative responses to r-Tri r 2.Recombinant Tirr 2 stimu- skewed nature of responses to antigenic peptides, log transforma-
lated strong dose-dependent T lymphocyte proliferative responsefon was necessary to apply statistical techniques for comparison

PBMC proliferative responses to recombinant T2 and
antigenic peptides
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FIGURE 3. Patterns of T cell epitope recognition fori¥r2 in IH and DTH respondersA, Mean standardized indexes for IH and DTH responders
(P1-P28). Vertical bars represent the SEM. Horizontal bars represent regions A, B, and C. The dotted line is an arbitrary reference line a@irespondin
a standardized index value of OB, Standardized indexes for P5 in each skin test-positive individual. Numbers indicate stimulation indexes calculated by
conventional methods (the mean counts per minute of 12 wells containing P5 divided by the mean counts per minute of 12 unstimulated wells).

between skin test groups. Data for unstimulated (control) wellssubjects, although peptides 12 and 13 stimulated positive re-
showed equal variance between different assay plates 0.50), sponses in the DTH group. Cross-validated linear discriminant
and these data were used to standardize measurements of the agalysis using responses to six peptides (P6, P7, P8, P24, P25, and
sponses to peptides for cultures located on the same assay pl&®&6) spanning two distinct regions of the molecule provided a 95%
(seeMaterials and Methods Corrected mean values for each pep- predictive accuracy (19 of 20 patients) for classification of patients
tide were calculated based on log-transformed data for each of 1id IH and DTH groups. Cells from each subject were typed for
replicate wells. We refer to these values as the standardized indekLA-DR (DRB1) and DQ (DQB1) haplotypes (Table Il). There
These values were used to derive mean standardized indexes feas no significant difference in the frequency of HLA-DR and
each peptide. Mean indexes for each skin test group (O for -DQ Ags between IH and DTH subjects. Notably, seven subjects
both IH and DTH groups) in cultures stimulated with peptideswith delayed skin tests who had strong PBMC proliferative re-
ranged from 0.02 for P26 (IH group) to 2.23 for P5 (DTH group); sponses to P5 (standardized inde®) had diverse HLA class Il
the mean indexes for unstimulated cultures were 0.25 (IH) andhaplotypes.
0.28 (DTH), representing values approaching zero (F4g. Gom- o ) )
parison between skin test groups identified three distinct regions i binding to Tt r 2 peptides
the molecule, designated A, B, and C (spanned by P4-P6, P1IFhe epitope-mapping studies were conducted in the presence of
P15, and P24-P26, respectively), where responses to peptides diftitologous serum to minimize in vitro artifacts. To investigate
fered (Fig. 3). Differences in regions A and B were characterized
by hyporesponsiveness or lack of responsiveness, respectively, for 100
the IH group. In contrast, DTH and IH groups showed a difference
in the pattern of recognition in region C. Mean proliferative re-
sponses to Trr 2 peptides were generally higher in DTH than in 80 B
IH subjects. Peptides 5, 6, 8, 10, 16, and 24 (corresponding to aa,, 7
41-60, 51-70, 71-90, 91-110, 151-170, and 231-250, respecg
tively) produced the highest mean proliferation in DTH subjects. = %
In contrast, peptides 2, 8, 16, and 25 (aa 11-30, 71-90, 151—170,2 50
and 241-260, respectively) produced the strongest proliferation in g %
the IH group. Although some peptides were stimulatory for both n?
skin test groups (P2, P8, and P16), the response to P5 was specif-
ically associated with DTH. The mean proliferative response to P5 20 ’ '

I

56 7 8 9

was significantly higher in the DTH group than in the IH group
(p = 0.0047; Fig. B). This peptide not only induced the strongest |
response in DTH subjects, but also had the largest difference in 0=
number of positive wells between the two skin test groups (Figs. 3 )
and 4). Furthermore, peptides flanking P5 were stimulatory in Peptides

DTH, but not IH, subjects, suggesting that an amino-terminal rex|gyRre 4. Comparison of the frequency of positive wells in different

gion of Tri r 2 (aa 31-70) contains an immunodominant epitopeskin test groups. Positive wells were those incorporating counts per minute
associated with DTH, but not IH, immune responses. Responses #hove the mean+ 3 SD of 60 unstimulated wells. The horizontal bar

peptides 11-15 (aa 101-160) were generally not measurable in lk¢presents the region spanned by P4, P5, and P6.

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

o
n J—
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Table Il. Major HLA class Il alleles expressed in IH and DTH subjects munodominant T cell epitopes of Tri r 2, defined as those peptides

Subject HLA-DRP (DRB1) HLA-DQP (DQB1)
IHto Trir 2
1 0404, 0701 (DR4,7) 0302, 0303 (DQ8,9)
2 0101, 0701 (DR1,7) 0202, 0501 (DQ2,5)
3 1101, 1501 (DR11,15) 0302, 0602 (DQ8,6)
4 1301, 1501 (DR13,15) 0602, 0603 (DQ6)
5 1101, 1501 (DR11,15) 0602 (DQ6)
6 0404, 0701 (DR4,7) 0202, 0302 (DQ2,8)
7 1104, 1502 (DR11,15) 0601, 0301 (DQ6,7)
8 0101, 1404 (DR1,1404) 0501, 0503 (DQ5)
9 1102, 1503 (DR11,15) 0301, 0602 (DQ7,6)
10 0701 (DR7) 0202, 0303 (DQ2,9)
DTHto Trir 2
11° 0101, 0404 (DR1,4) 0302, 0501 (DQ8,5)
13 0405, 1301 (DR4,13) 0302, 0603 (DQ8,6)
14 0701, 1501 (DR7,15) 0202, 0602 (DQ2,6)
15° 0301, 140% (DR17,14) 0201, 0503 (DQ2,5)
0310, 1428 (-)
16° 0804, 1501 (DR8,15) 0402, 0301 (DQ4,7)
17 0302, 1202 (DR18,12) 0402, 0602 (DQ4,6)
18 0406, 1101 (DR4,11) 0301, 0302 (DQ7,8)
19 0401, 0407 (DR4) 0301 (DQ7)
20 0301, 1501 (DR17,15) 0201, 0602 (DQ2,6)
21° 0404, 0701 (DR4,7) 0202, 0302 (DQ2,8)

2 Numbers correspond to those in Table I.

PThe corresponding HLA serologic specificities where known are shown in

parentheses.

stimulating the highest mean proliferative responses in both skin
test groups (P4, P5, P6, P8, P10, P16, P24, and P25), spanned each
of the conserved amino acid motifs (Fig. 5). The three-dimensional
structure of Trr 2 was predicted to be essentially the same as the
structurally conserved regions of the subtilase proteinase K, with
most differences residing in external loops (FigA6andB). De-
letion of a single alanine residue was identified if atrand deep
within the active site cleft but outside of the conserved catalytic
triad motifs. Immunodominant epitopes of Tri r 2 localized to the
active site cleft and to regions distal to this site containinige-
lices andB strands with connecting loops (FigCh

Discussion
Epitope-mapping studies of iTir 2 showed highly significant dif-
ferences in in vitro T cell proliferation in subjects with IH and
DTH to this Ag. Although fungal extracts have been shown to
elicit IH and DTH responses in the skin, no single Ag with these
properties had previously been identified. Thus, until now it was
not possible to compare the T cell repertoire in humans with dis-
tinct immune responses to the same Ag.

Most studies that compare patterns of T cell epitope recognition
between experimental groups do not optimize study design be-
cause they do not account for the high variability in counts per

¢ Subjects with strong PBMC proliferative responses to P5 (standardizedminute among rep|icate wells for responses to peptidesl Further-

index >2).

d Could not distinguish between these haplotypes.

more, those studies did not demonstrate statistically significant dif-
ferences in the T cell repertoire. Recently, two studies have con-
ducted a more stringent analysis of peptide responses to identify T

whether serum Abs influence T cell responses to peptides, IgG angell antigenic determinants (21, 28). However, those studies as-
IgE Ab binding to select peptides (P5, P8, P16, and P25) wasumed that data for control wells were normally distributed and
determined by ELISA. No IgE Ab binding was detected, IgG Ab that values above the arbitrary cutoff level had a Poisson distribu-
binding to P8 was measurable in only a single IH subject, and IgGion. In the present study counts for unstimulated wells varied con-
Ab binding to P25 was measurable in one DTH subject (data nosiderably between individuals and did not show a consistent nor-
shown). mal distribution. Based on the skewed distribution of counts per
minute for peptide-stimulated replicates, log-transformed data
were used to derive standardized indexes for peptide responses in
IH and DTH subjects. Control wells were used as a normalizing
Tri r 2 has a high degree of sequence identity with the class Cfactor to adjust for differences in background counts and to allow
subfamily of subtilases; it contains conserved amino acid motifscomparison between experimental groups. Statistical methods
flanking aspartic acid, histidine, and serine residues, which forndemonstrated equal variance among control wells of different
the catalytic triad characteristic of this enzyme family (27). Im- plates when analyzing data obtained from the whole graup 20

Immunodominant epitopes in the context of the primary and
tertiary structure of Trir 2

P4 P5 * P6
DPSAGKGVTA YIIDTGIDID HEDFQGRAKW
L ]

1 GTNLTHQDNV PSWGLARVGS KKPGGTTYYY

Pg *
DCNGHGTHVA GTVGGTKYGL

P10

61 GENFVDQONT AKGVSLVAVK VLDCDGSGSN SGVIKGMEWA

FIGURE 5. Alignment of immunodominant —
T cell epitopes with the primary amino acid se-
quence of Tri r 2. Peptides stimulating the high-

est mean proliferative response in IH and DTH
subjects are labeled according to the position of 121
the first peptide residue in the primary amino
acid sequence. Underlined residues represent
conserved amino acid motifs flanking catalytic

P16

MRQASGGGNG TAKAAGKSVM NMSLGGPRSE ASNQAAKAIS DAGIFMAVAA GNENMDAQHS

, _ : P24 *
triad residues ). Conserved residues of the 181 SPASEPSVCT VAASTKDDGK ADFSNYGAVYV DVYAPGKDIT SLKPGGSTDT LSGTSMASPH
class D subtilase subfamily are in bold. ——

P25

241 VCGLGAYLIG LGKQGGPGLC DTIKKMANDV IQSPGEGTTG KLIYNGSGK 289
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wells was an appropriate method for comparing peptide responses
within the same individual and between different subjects. Differ-
ences in proliferative responses between skin test groups were
identified for three regions of Tr 2 spanned by P4—-P6, P11-P15,
and P24-P26 (regions A, B, and C, respectively). The most strik-
ing observation was the strong proliferative response to P5 in de-
layed responders. Furthermore, responses to peptides flanking P5
were lower in the IH group, suggesting that this amino-terminal
region of the molecule contained an immunodominant epitope spe-
cifically associated with DTH. Interestingly, the three individuals
with DTH skin tests who had the lowest responses to P5 also had
the lowest T cell responses to whole Ag. Although T cell prolif-
erative responses of IH responders were comparable to those of
DTH responders in cultures stimulated with whole Ag, no single
peptide was specifically associated with IH. However, the imme-
diate group did show T cell proliferation to multiple peptides.
Cross-validated LDA was used to search for the best predictive
model of classification into IH and DTH groups. The strategy was
to identify the model of two three-peptide-long regions with the
best predictive power from all possible combinations. Although P5
alone was by far the best predictor (17 of 20; 85%), responses to
this peptide were highly variable. As a consequence, P5 in com-
bination with other peptides that exhibited less variability did not
result in the best predictability by LDA. The model with the high-
est predictive power (P6—P8 and P24—-P26) spanned regions A and
C of the molecule (Fig. B).

The region of Trr 2 spanned by peptides 11-15 (region B)
stimulated only modest responses in delayed responders; however,
responses in IH subjects were generally not measurable. In addi-
tion, responses to P22 and P26 were markedly lower in IH com-
pared with DTH subjects. Our studies demonstrated a lack of IgE
and 1gG Ab binding to peptides, which argues against the possi-
bility that inhibition of these responses occurred as a result of a
blocking effect of Abs on exogenous loading of peptides onto
MHC molecules. The selective hyporesponsiveness to P5 and the
lack of response to other peptides in IH compared with DTH sub-
jects are potentially important in light of a previous report of se-
lective anergy to a single T cell epitope derived fridgcobacte-
rium tuberculosign patients with active tuberculosis (18). In that
study the authors hypothesized that failure of the immune system
to respond to specific antigenic peptides could predispose individ-
uals to develop clinical iliness. IH has been associated with chronic
dermatophytosis; thus, usinig. tuberculosisas a paradigm, it is
possible that hyporesponsiveness to specific antigenic determi-
nants (e.g., P5) contributes to persistence of infection Wittho-
phytonspecies. Since chronic dermatophytosis is commonly ob-

; served in older patients, selective hyporesponsiveness to specific T
FIGURE 6. Three-dimensional structure ofiTr2 and molecular local-  cel| antigenic determinants may reflect the changes in the T cell
ization of immunodominant T cell aqtigenic determinants. Cpmp_arison Ofrepertoire that accompany the aging process. Indeed, in our study
the Gx backbone structures of proteinase &) @nd Tri r 2 @) identified j4iviguals with immediate skin tests toiTr2 were significantly
deletion of a single residue (turquoise) proximal to the putative active S'te'older than those with delayed responses. It is possible that the

Catalytic residues (red) and the active site (arrow) of proteinase K are lex h tati hani that late the bal f
shown inA. Trir 2 residues depicted in red represent one or two amino acid_Comp ex nomeostatic mechanisms that reguiate the balance of na-

insertions or deletions, while those shown in magenta and blue represef€ and memory T cells in the total T cell population are under-
insertions of three and four amino acids, respectively. Five cysteine resilined with aging; selective loss of T cell clones, including those
dues of Tir 2 are shown in yellow (positions 72, 104, 189, 242, and 260). Specific for P5, could predispose individuals to develop IH and
Two disulfide bonds were predicted between residues 72 and 104 and belermatophytosis. It has recently been shown that repeated Ag chal-
tween residues 189 and 280, Immunodominant T cell epitopes of Trir  |enge results in a narrowed T cell repertoire relative to the primary
2; regions corresponding to peptides 4, 6, 8, 10, 16, 24, and 25 (turquoisgkpertoire in mice; this results from loss of cells expressing TCRs
and PS (red) are shown. with lower affinity for Ag (31). Extending this concept to the hu-
man system, Ag exposure throughout life may also influence the T
cell repertoire. Alternatively, differences in the T cell repertoire
patients); furthermore, in the majority of individuals, the intra- might occur early in the development of the immune response;
assay variance among control wells on different plates was equasuch mechanisms may include an inherent difference in the pre-
thereby confirming that subtraction of mean values for controlcursor frequency of Ag-specific T cells among different individuals
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as a result of thymic selection of the total T cell population; in- modulation of the T cell repertoire, which, in turn, could play a
volvement of different APCs, possibly influenced by the cytokinedirect role in predisposing an individual to develop IH. Our find-
milieu at the time of Ag exposure; and chemical or physical prop-ings demonstrate the importance of studying T cell repertoires and
erties of the Ag. Clearly, antigenic properties play an importantprovide the first step to understanding how diverse immune re-
role in development of the response. Indeed, it has recently beesponses arise in humans.

shown that human T cell cytokine patterns and IgE and 1gG4 Ab
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