Major peptide autoepitopes for nucleosome-specific
T cells of human lupus
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We tested 154 peptides spanning the entire length of core histones of nucleosomes for the ability to
stimulate an anti-DNA autoantibody-inducing T helper (Th) clone, as well as CD4* T-cell lines and
T cells, in fresh PBMCs from 23 patients with lupus erythematosus. In contrast to normal T cells,
lupus T cells responded strongly to certain histone peptides, irrespective of the patient’s disease sta-
tus. Nucleosomal peptides in histone regions H2B1¢_33, H416.30 (and overlapping H414 »5), H471_04, and
H39;_10s (and overlapping H31¢o-114) were recurrently recognized by CD4 T cells from the patients with
lupus. Remarkably, these same peptides overlap with major epitopes for the Th cells that induce anti-
DNA autoantibodies and nephritis in lupus-prone mice. We localized 2 other recurrent epitopes for
human lupus T cells in H2A34_45 and H449_¢3. All the T-cell autoepitopes have multiple HLA-DR bind-
ing motifs, and the epitopes are located in histone regions recognized by lupus autoantibodies, sug-
gesting a basis for their immunodominance. Native nucleosomes and their peptides H4 1630, H471_04,
and H39;_10s induced a stronger IFN-y response, whereas others, particularly, H2A34_4s, favored an IL-
10- and/or IL-4-positive T-cell response. The major autoepitopes may reveal the mechanism of

autoimmune T-cell expansion and lead to antigen-specific therapy of human lupus.

J. Clin. Invest. 104:345-355 (1999).

Introduction

A select population of autoimmune T helper (Th) cells
drives B cells to produce pathogenic anti-DNA autoan-
tibodies in systemic lupus erythematosus (SLE) (1-3). To
identify their immunogen(s), the autoimmune Th cells
of lupus were cloned from patients with SLE, as well as
from the (SWR x NZB)F; (SNF;) mice that sponta-
neously develop lupus nephritis (1, 2, 4-6). In lupus-
prone mice, a majority of such pathogenic Th clones
respond to nucleosomal antigens, and nucleosome-spe-
cific T cells are detectable early in the mice, long before
they begin to produce pathogenic autoantibodies (3, 6,
7). Pathogenic autoantibody-inducing Th cells of
human lupus are also specific for nucleosomal antigens
(3, 8), and nucleosome-specificity of the autoantibodies
that are induced by such Th cells probably mediates
glomerular binding and the development of lupus
nephritis (6, 9-12). Thus nucleosomes are primary
immunogens that mightinitiate the cognate interaction
between pathogenic Th and B cells of lupus. Nucleo-
somes can be released from apoptotic cells even in nor-
mal subjects (13, 14), but the spontaneous expansion of
nucleosome-reactive T cells occurs in lupus-prone mice
(6,7). These Th cells are essential for sustaining the path-
ogenic autoantibody-producing B cells of lupus (15, 16).
Herein, we have identified the peptide autoepitopes in
nucleosomes that are recurrently recognized by the
autoimmune T cells of patients with SLE.

Methods

Patients and bealthy donors. Short-term CD4 T-cell lines
were derived from 5 patients with active lupus (all
female; aged 18-50 years), 5 patients in long-term remis-
sion (all female; aged 21-51 years), and 6 normal
(healthy) subjects (2 male and 4 female; aged 24-52
years), as described previously (17). PBMCs from anoth-
er set of 8 patients with lupus in long-term remission (2
male and 6 female; aged 28-55 years), and 4 patients
with active lupus (all female; aged 22-47 years), were
studied directly for intracellular cytokine production.
Disease activity by Systemic Lupus Activity Measure
(SLAM,; ref. 18) ranged between 7 and 20 for patients
with active lupus. None of the patients in remission had
detectable proteinuria or serum anti-DNA autoanti-
bodies at the time of testing, and their SLAM ranged
between 0 and 4. The patients in remission had never
received any cytotoxic drugs. Steroids had been discon-
tinued for several years in the patients in remission,
except for 2 who had received a short course of low-dose
steroids (prednisone, 10 mg/d) 2 months before their
blood samples were drawn for the assays.

Antibodies. Anti-CD3 (OKT3) mAb was obtained from
American Type Culture Collection (Rockville, Mary-
land, USA). Anti-CD28 mAb (clone 9.3) was provided by
Kathy Cabrian (Bristol-Myers Squibb, Seattle, Wash-
ington, USA). Purified mAb’s for ELISA, phycoerythrin-
conjugated (PE-conjugated) mAb to human IL-10, and
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Figure 1

IL-2 production by anti-DNA autoantibody-inducing T-cell clone DD2 in response to nucleosomal histone peptides (10 UM each) present-
ed by autologous EBV B-cell APCs. Bars represent mean of triplicate values. Values higher than 3 SD (horizontal line) above the mean of
background (DD2 + APCs without added peptide produced 132 pg/mL IL-2) were considered as stimulatory. IL-2 production by DD2 in

response to anti-CD3 stimulation was 554 pg/mL.
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FITC-conjugated mAb to human IL-2 were from
PharMingen (San Diego, California, USA). PE-conju-
gated mADb to human IL-4, FITC-conjugated mAb to
human IFN-y, peridinin chlorophyl protein (PerCP)
anti-human CD4, and purified anti-human CD28
(clone L293) were from Becton Dickinson Immunocy-
tometry Systems (San Jose, California, USA).

Antigens. All peptides were synthesized by pin method
(Chiron Mimotopes, San Diego, California, USA), and
their purity was checked by amino acid analysis (7).
Overlapping 15-mer peptides were synthesized span-
ning the entire stretch of all 4 core histones in nucleo-
somes, and each overlapped the preceding amino acid
by 12 residues (7). Peptides used for intracellular
cytokine response studies were also 15 mer, except for
3 longer (24-mer) histone peptides (H2B1¢-33, H416_39,
and H47, 94) that were also used. Nucleosomes were
prepared as described (6, 7).

Cell preparation. PBMCs from patients or healthy
donors were isolated as described (1, 17). Aliquots of
these cells were used to make short-term T-cell lines
and Epstein-Barr virus-transformed (EBV-trans-
formed) B-cell lines. Others cells were either used
directly for stimulation with antigens or frozen into
liquid nitrogen. To make short-term CD4 T-cell lines,
CD4* cells were selected from PBMCs using anti-CD4
mAb-coupled magnetic beads and then freeing them
by using DetachBeads (Dynal Inc., Oslo, Norway). The
CD4 T cells were expanded by 1 round of stimulation
with plate-bound anti-CD3 and anti-CD28 (clone 9.3)
mAb’s and with recombinant IL-2 (20 U/mL) in RPMI-
1640 with 10% human AB serum (Pel-Freez Biologicals,
Brown Deer, Wisconsin, USA). The expanded T cells

were frozen in liquid nitrogen within 2 weeks of cul-
ture. EBV B-cell lines for use as antigen-presenting cells
(APCs) were made as described (2, 3).

Stimulation of short-term T-cell lines. Short-term line T
cells were rapidly thawed from liquid nitrogen and
expanded once again with plate-bound anti-CD3 and
anti-CD28 mADb’s and recombinant IL-2 (20 U/mL).
The cells were then removed to new culture wells and
rested in fresh medium for 10-14 days. For stimulation
assays, 96-well plates were coated with goat anti-mouse
IgG antibodies (2 pg/mL) overnight at 37°C. (This anti-
body would cross-link the mouse anti-human CD28
mAD that would be added later.) After washing twice
with Dulbecco’s PBS, autologous irradiated (30 Gy)
EBV B cells (10°/well) were first added into wells and
cultured together with different histone peptide anti-
gens or control peptides for 6 hours in HL-1 serum-free
medium (BioWhittaker Inc., Walkersville, Maryland,
USA). This antigen-pulsing was followed by addition of
CD4 T cells (105/mL) from the short-term lines into the
wells together with 0.5 pg/mL mouse anti-human
CD28 mAD. The final volume of the cultures was 200
ML/well. After 24 hours of culture at 37°C, 100 pL
supernatant was carefully collected from each well for
an IL ELISA, without removing the cells. The cell cul-
tures were continued with freshly added medium (100
ML containing 20 U/mL recombinant IL-2) for a total
of 72 hours, followed by addition of [*H]thymidine for
another 18 hours. Incorporated radioactivity was
measured as described (3). HLA class II dependence of
antigen-specific responses of the CD4 T cells was deter-
mined by blocking with a panel of mAb’s to HLA class
II molecules as described (3). The pathogenic autoanti-

The Journal of Clinical Investigation |

August 1999

| Volume 104 | Number3



body-inducing T-cell clone DD2 from a patient with
lupus nephritis (2, 3) was similarly tested.

ELISA for IL-2 secretion. Anti-human IL-2 capture and
biotinylated antibody pairs and standards were from
PharMingen. ELISA was performed according to the
manufacturer’s instructions.

Direct stimulation of PBMCs ex vivo. Measurements of anti-
gen-specific, intracellular cytokine responses of T cells
were done as described with slight modifications (19-21).
Purified PBMCs (106) were placed in polystyrene tissue
culture tubes (12 X 75 mm; Becton Dickinson and Co.,
Franklin Lakes, New Jersey, USA) containing 0.5 mL of
HL-1 serum-free medium supplemented with 100 U/mL
penicillin, 100 Hg/mL streptomycin, and 2 mM
L-glutamine (GIBCO BRL; Grand Island, New York, USA),
appropriately titered peptide antigen preparations, and 1
Hg/mL anti-CD28 mAb, L293 (Becton-Dickinson and
Co.). Anti-CD3 mAb was added to a duplicate set of cul-
tures as a positive control. Culture tubes were incubated
for 18 hours. Brefeldin A (final concentration 1 pg/mL;
Sigma Chemical Co., St. Louis, Missouri, USA) was added
to the tubes for the last 17 hours of incubation.

Flow cytometry analysis. Staining of PBMCs for intra-
cellular cytokines and surface markers was done as
described (19-21). Five parameter analyses were per-
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Figure 2

(a) IL-2 production by a representative short-term CD4 T-cell line L-
EB, with different concentrations of histone H449_¢3 peptide-pulsed
autologous EBV B-cell APCs. Stimulation with 0.01-100 UM peptide
showed significant differences (*P < 0.05 at 0.07 UM, Student’s t test)
from background (T cells plus APCs cultured without peptide). (b) An
example of MHC class Il-dependent recognition of nucleosomal pep-
tides. Presentation of H449.¢3 peptide by autologous EBV B cells to
short-term T-cell line L-EB was inhibited mainly by anti-DR mAb.

formed on FACScalibur (Becton Dickinson Immuno-
cytometry Systems) using FITC, PE, and PerCP as the
fluorescent parameters. Methods of cytometer setup
and data acquisition have been described previously (1,
17, 19-21). For each analysis, 10,000 events were
acquired and gated on CD4 expression and a light scat-
ter gate designed to include only viable lymphocytes (1,
17, 19). Isotype-matched negative control reagents were
used for setting markers to delineate “positive “ and
“negative” populations.

Results

Response of an anti-DNA autoantibody—inducing lupus Th-cell
clone to histone peptides. We first tested the response of a
well-characterized CD4 T-cell clone, DD2, that was
derived from a patient with active lupus nephritis (2, 3).
DD2 induces the production of a pathogenic variety of
anti-DNA autoantibodies when cocultured with autol-
ogous B cells, and it recognizes nucleosomes (3). Like
other pathogenic autoantibody-inducing Th clones of
human and murine lupus, DD2 bears charged residues
in CDR3 loops of its T-cell receptor (TCR) o and f3
chains, and it uses a member of the Va8 family (3, 22). A
shown in Figure 1, DD2 can be stimulated by histone H4
peptides located in amino acid positions 67-99. The
other nucleosomal histone peptides did not stimulate
DD2, except for H3ss_69, which stimulated very weakly.
These results confirmed autoantigenic specificity of
DD2, as tested previously with whole antigens (3), and
demonstrated that the peptide epitope scanning (pep-
scan) with synthetic histone peptides would work for
human lupus T cells.

Localization of major peptide epitopes for autoimmune T
cells by using short-term CD4 T-cell lines. To narrow down
the histone regions, we used short-term CD4 lines first
because a large number of cells were required to scan
the entire library of overlapping peptides spanning all
the nucleosomal core histones. Dose-response curves
were determined after localizing stimulatory histone
peptides for the respective T-cell lines. A representative
example is shown in Figure 2a. On the basis of these
studies, we used 10-UM peptides in further experi-
ments. The short-term lupus T-cell lines were also test-
ed for HLA-class II dependence for antigen recognition
and were found to recognize their respective peptide
epitopes presented by HLA-DR molecules. A represen-
tative example is shown in Figure 2b.

Altogether, 10 short-term CD4 T-cell lines derived
from patients with lupus and 6 such lines derived from
healthy donors were tested for IL-2 response to 154 his-
tone peptides presented by autologous EBV B-cell lines.
Response of a representative short-term T-cell line (L-
SC) derived from a patient with lupus is shown in Fig-
ure 3, and the results of short-term T-cell line (N-JV)
derived from a normal control donor are shown in Fig-
ure 4. All the short-term T-cell lines from normal
donors showed very weak and insignificant responses to
the histone peptides (Figure 4). By contrast, the lupus
T-cell lines, which were also polyclonal, responded
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Figure 3

Example of a pepscan of L-SC, a short-term CD4 T-cell line from a patient with lupus, with histone peptides presented by autologous EBV
B-cell APCs. The baseline for y axis is set at 3 SD above the mean of background values obtained with T cells cultured with APCs alone. IL-2
production responses to peptides above that value are shown.
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strongly to peptides corresponding to certain regions in
the core histones (Figure 3). A summary of significant
responses of all the short-term T-cell lines derived from
10 different patients with lupus is shown in Figure 5.
These pepscan results localize the epitopes recognized
consistently and recurrently by autoimmune T cells
from different patients (Figure 5). There were no dis-
cernible differences between the responses of T-cell lines
derived from patients with active lupus and from those
with inactive lupus. Results of proliferative responses of
the T cells to the nucleosomal peptides were consistent
with their IL-2 production responses (data not shown).

On the basis of the consensus stimulatory epitope
regions identified by using the lupus T-cell lines and
clone DD2 (Figures 1-5), we selected sixteen 15-mer
peptides (Figure 6) for further testing of T cells direct-
ly in PBMCs of patients with lupus and of normal sub-
jects. For further studies, we also used 3 longer (24-
mer) peptides that overlapped some of these epitopes
and were found to be relevant to pathogenic Th and B
cells of lupus-prone mice (refs. 7, 23; Figure 6).

Histone peptide epitopes for CD4 T cells in PBMCs of patients
with lupus. We wanted to confirm that the peptide
autoepitopes (Figure 6) were also relevant to unmanip-
ulated CD4 T cells in PBMCs of patients with lupus.
Flow cytometry for newly synthesized, intracellular
cytokines is ideal for rapidly detecting antigen-specific
responses and determining the frequency of CD4 T cells
response to a particular epitope (19-21). Because
autoimmune T cells are preactivated in vivo in patients
with active disease, we found that activation markers,
such as CD69, CD25, or CD79, were not as reliable. We
also optimized the intracellular cytokine assay by pro-

viding costimulatory signal via CD28, which did not
cause any nonspecific background stimulation, as
described (19). Moreover, this method could be applied
directly to PBMCs without T-cell purification. Intracel-
lular production of newly synthesized IFN-y, IL-2, IL-10,
and IL-4 was assayed in response to the panel of peptide
epitopes in Figure 6. As an additional background con-
trol, we used the H3g3 97 peptide, which, although being
partly within a stimulatory region in H3 (Figure 6), was
not recognized by any of the T-cell lines or clone DD2
(Figures 1-5). Two representative cytokine staining pro-
files from patients R-WG and R-SC are shown in Figure
7. Cells positive for a particular cytokine form a discrete
population; single cells producing more than one
cytokine were rare in these fresh PBMCs.

The results of intracellular cytokine production
response of CD4 T cells in PBMCs from 12 patients
with lupus are shown in Figure 8. Eight patients in
remission and 4 patients with active disease, designated
by prefixes, R- and A-, respectively, were studied. Results
from 7 normal controls, designated by N-, are shown in
Figure 9. The absolute numbers of CD4 T cells were
comparable in the PBMCs of patients with lupus in
remission and those from normal subjects. An equal
number of events from every sample were analyzed.
After doing preliminary studies with test antigens, such
as tetanus toxoid, mumps, and candida, and taking into
account previous experience in other systems (19-21),
we considered a response to the nucleosomal antigens
to be unequivocally positive when the frequency of pos-
itive cells was greater than 0.2% and the values were at
least 2-fold higher than respective background values
(“medium”; Figures 8 and 9). Repeat assays with
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Figure 4

IL-2 production by N-JV, a short-term CD4 T-cell line from a representative normal donor to histone peptides using autologous EBV B-cell
APCs. The horizontal line in each panel demarcates 3 SD above the mean of background values. None of the normal T-cell lines showed a
response to any of the peptides that was 3 SD above their respective background values.
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Figure 5

Summary of IL-2 production responses of short-term T-cell lines to nucleosomal histone peptides in 10 patients with lupus. The results
are expressed as percentages of maximal responses of the T-cell lines stimulated by anti-CD3 mAb. Bars represent mean values from
10 lupus T-cell lines, with error bars in SEM. Values of T cells cultured with autologous EBV B-cell APCs alone were considered as
background. The baseline for y axis is set at 22%, which is 3 SD above the mean of background values (14.5%). A peptide was con-
sidered stimulatory when it elicited a positive response above this baseline. For instance, the average of responses of all 10 T-cell lines
to H446.30 peptide was 23 + 2.6. All the stimulatory peptides in the panels elicited positive responses in all 10 lupus T-cell lines to lev-
els greater than 3 SD above their respective background values. The extreme right bar in the bottom right (H4) panel was the mean
value of responses of the 10 lines to whole nucleosome preparation.
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Stimulatory Region 15-mer synthetic Amino acid sequence
peptide

H2A 34-48 H2A 3448 LRKGNYAERVGAGAP
H2A 72-86 H2A 7,584 DNKKTRIIPRHLQLA
H2A 97-126 H2A g7.414 LGKVTIAQGGVLPNI
H2A 406.120 GVLPNIQAVLLPKKT

H2A 412126 QAVLLPKKTESHHKA

H2B 13-27 H2B {3.57 GSKKAVTKAQKKDGK
H2B 46-60 H2B 46.60 KQVHPDTGISSKAMG
H2B 68-82 H2B gg.62 DIFERIAGEASRLAH
H3 91-105 H3 g1.105 QSSAVMALQEASEAY
H3 100-114 H3 100.114 EASEAYLVGLFEDTN
H4 4-30 H4 5.4 KGGKGLGKGGAKRHR
H4 1408 GAKRHRKVLRDNIQG

H4 49-63 H4 49.63 LIYEETRGVLKVFLE
H4 67-93 H4 47.54 RDAVTYTEHAKRKTV
H4 7357 TEHAKRKTVTAMDVV

H4 7543 KTVTAMDVVYALKRQ

Figure 6

A library of histone peptides that correspond to the stimulatory epi-
tope regions identified with lupus T-cell lines and clone DD2.
In addition, three 24-mer peptides that overlapped some
of these epitopes were used for further studies: H2Bjg.33
(PKKGSKKAVTKAQKKDGKKRKRSR), H416_30 (KRHRKVLRDNIQG-
ITKPAIRRLAR), and H471-04 (TYTEHAKRKTVTAMDVVYALKRQG). All
peptide sequences are identical to those in human histones (GenBank).

aliquots of cells from the same sample gave almost iden-
tical results (SD <5%). Some of the nucleosomal pep-
tides caused impressive stimulation of T cells from the
patients with lupus; by contrast, positive responses were
rare in the normal subjects (compare Figure 8 with Fig-
ure 9). IFN-y and IL-4 responses to nucleosomes and
some of their peptides were greater than 10-fold above
background values, and corresponding IL-10 responses
were up to 20-fold higher in some of the patients (Fig-
ure 8). These results are highly significant because the
frequency of autoantigen-specific responder CD4 T
cells was measured by this assay (19). Remarkably, the
ability to respond to the nucleosomal peptides was still
present in the patients in long-term remission. In fact,
responses as a whole were considerably attenuated in
the PBMC:s of some of the patients with active lupus (A-
KJ and A-WB), possibly owing to prior activation in vivo
and exhaustion or desensitization. Interestingly, IL-10
responses to certain nucleosomal peptides were in many
cases higher than corresponding anti-CD3 responses,
even in the patients in remission; and in some patients,
responses to certain peptides were stronger than to the
whole nucleosome particle (Figure 8).

In Figure 10, a summary of the percentage of positive
responders to a particular nucleosomal peptide among
the patients with lupus is shown. Although some
cytokine responses showed spreading to many epitopes
in a few cases, such as R-DS, R-JE, and A-MC (Figure 8),
certain nucleosomal peptides turned out to be recur-
rent epitopes for the autoimmune T cells of patients

with lupus. Among the patients whose PBMCs were
tested and whose T cells were not desensitized, as deter-
mined by anti-CD3 stimulation, the incidence of posi-
tive responders ranged from 50% to 100% to the fol-
lowing autoantigens in the panel: nucleosomes and
their longer 24-mer peptides H2Bjo 33, H416-30, and
H471 94, as well as the 15-mer nucleosomal peptides
H2A 3448, H391_105s and overlapping H3190-114, H4142s,
which is overlapped by H414_39, and H449_¢3 (Figure 10).

The type of cytokines that were predominantly pro-
duced was influenced in some instances by the
autoantigen and in others by the patient’s T cells. For
example, the ratio of IFN-y/IL-10-positive cells
responding to H39;_10s was 70 in patient R-SS, but the
opposite was the case in patient R-HH, in whom the IL-
10/IFN-y ratio of response to the same peptide was 10
(derived from Figure 8, after subtraction of respective
background values). Similarly, H449¢3 induced a
stronger IFN-y response in R-SS, but a stronger IL-10
response in A-MC. Overall, 4 of the patients (R-DS, R-
DW, R-SS, and R-SC) had a higher percentage of IFN-
y-producing cells in response to the peptides; 5 others
(R-JE, R-HH, A-MC, A-VS, and A-WB) were skewed
more toward IL-10- and/or IL-4-producing cells; 1
patient (R-WG) appeared to favor both IFN-y- and IL-
10-positive cells (depending on the peptide used for
stimulation); and 2 others (R-FN and A-KJ) were poor
responders in general. Despite these variations, anti-
CD3 stimulation overwhelmingly favored IFN-y-pro-
ducing CD4 T-cell response in all cases (12/12). After
subtracting background values (“medium”; Figure 8),
the ratios of IFN-y/IL-10-positive CD4 T cells ranged
from 2.7 to 171 (mean + SEM = 58.6 + 15.9), IFN-y/IL-
4 from 2.1 to 114.5 (20.3 + 10.8), and IL-2/IL-4 from 0.6
to 24.8 (9.7 + 2.8) upon anti-CD3 stimulation of
PBMC:s from the 12 patients. Using similar analysis, an
IFN-y-positive T-cell response was favored in the cases
of the following autoantigens: nucleosomes, H416_39,
H449_53, H471_94, and H391_105. The H391_105 peptide B.ISO
stimulated IL-10- and/or IL-4-positive T-cell response
among 7 of the 8 responders (Figure 10), but the latter
type of cytokine-positive cells was dominant in only 2
patients. In the case of H2Bo33 and H2As4 4, the
majority of the responders were in favor of a relatively
stronger IL-10- and/or IL-4-positive T-cell response.

Discussion

Nucleosomes are one of the major immunogens for
autoimmune T cells that drive the production of patho-
genic anti-DNA autoantibodies in SLE. Despite the het-
erogeneity of human lupus and epitope spreading, we
were able to find the autoepitopes in core histones of
nucleosomes that are recurrently recognized by the
autoimmune T cells derived from 23 patients with lupus.
We used a representative anti-DNA autoantibody-induc-
ing T-cell clone, as well as short-term T-cell lines from 10
other patients with lupus, to localize the major autoepi-
topes. While deriving the T-cell lines, we did not stimu-
late the lupus T cells with any exogenously added nucle-
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Figure 7

Representative 2-color intracellular cytokine staining of gated CD4* T cells freshly obtained from 2 patients with lupus who were in remis-
sion (R-WG and R-SC). IFN-yand IL-10 response (a) and IL-2 and IL-4 production (b) in response to stimulation by anti-CD3, nucleosomes,
or the histone peptide epitopes. Demarcation of the quadrants was set based on background staining of the T cells cultured in medium
alone. Percentage values for the respective cytokine stainings can be found in Figure 8.

osomal peptides. We have previously shown that the one-
time expansion to make the lines by anti-CD3, anti-
CD28, and IL-2 (low dose) stimulation yields T cells that
retain the original autoantibody-inducing function and
antigenic specificity of the autoimmune T cells of lupus
(2,17,22). We confirmed and narrowed down the major
autoepitopes further in freshly obtained PBMC T cells
from 12 additional patients by a multiparameter flow
cytometry assay that detects rapid intracellular accumu-
lation of cytokines after short-term antigenic stimula-
tion (19, 20). Proliferation assays or limiting dilution
analysis is not suitable for epitope mapping because they
involve days of culturing during which activation-
induced cell death occurs (24).The advantage of this
assay, besides sensitivity and almost immediate analysis
of T cells ex vivo, is that only newly synthesized cytokines
in response to nucleosomal peptides added to the cul-
tures are detected. Any cytokines synthesized during pre-
activation of the lupus T cells in vivo would be secreted
out of the cells before addition of Brefeldin A, thus reduc-
ing background.

Remarkably, the recurrent autoepitopes identified
here for the human lupus T cells, namely H2B1¢_33,
H305-10s, H416-39, and H471_o4, overlap the major autoepi-
topes for nephritogenic T cells in lupus-prone SNF;
mice (7). These peptides, and native nucleosomes, pref-
erentially stimulated IFN-y-producing T cells in the
patient’s PBMCs, as is the case in murine lupus (7). The
nephritogenic autoantibodies in murine lupus that fix
complement and bind to Fcy receptors in inflammato-
ry cells belong to the IFN-y-dependent IgG subclasses

(25-27). The strength of signaling might have induced
more of a Thl-type response (28); however, the same
epitopes could also induce a Th2 type (IL-10, IL-4) of
response in some of the patients, as described in Results.
Another feature, the inability of freshly obtained T cells
from patients with active lupus to make an IL-2
response, is probably due to prior activation in vivo that
desensitized them, because they are known to recover
upon resting in vitro (29). However, exceptions are seen
here in the case of A-MC or A-VS (IL-4 in the latter), and
the ability to respond may depend on the time point
when the PBMCs are harvested from patients. This phe-
nomenon is even more striking for IL-10 responses to
some of the nucleosomal peptides, which in many cases
were much higher than anti-CD3-stimulated respons-
es of the lupus T cells, even from the patients in remis-
sion (Figure 8). For example, the IL-10-positive
response of R-WG’s CD4 T cells to H2A7, g6 or H2Bgs s>
peptide is 20-fold or more higher than background, but
corresponding anti-CD3 response is only 4.5-fold high-
er, and so on, in the case of many of the patients with
lupus. However, anti-CD3-induced IFN-y responses
were high in T cells from the same samples. Moreover,
in the case of patients in remission in whom the T cells
have a resting phenotype comparable to normal sub-
jects (17), the preferential IL-10 stimulation by some
peptides over anti-CD3, in some of the patients, would
suggest nucleosomal autoantigen-specific modulation
of cytokine production. The importance of IL-10 and
other Th2 cytokines in the pathogenesis of lupus has
also been documented, but its mechanism is not known
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Figure 8

Flow cytometry results of intracellular cytokine staining of viable, CD4*-gated T cells from peripheral blood of all the patients with
lupus. T-cell response to a peptide epitope was considered positive when the percentage of positive cells was twice the background
(medium alone) and at least 0.2% of the total viable CD4* T cells were stained positive. Positive response is shown in shaded and bold
numbers. nd = not done.
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Figure 9

Flow cytometry results of intracellular cytokine staining of CD4 T cells from all the normal subjects. A positive response is displayed, as in
Figure 8. The normal T cells did not show a positive response to the longer (24-mer) peptides (data not shown).

(30-32). Thus, nucleosomes may not elicit a straight-
forward Th1 or Th2 type of response.

Remarkably, T-cell responses to nucleosomes and their
peptide epitopes were detected in vitro in all 13 patients
with inactive lupus, although their disease was in long-
term remission and their serum anti-DNA antibody lev-
els were not elevated. The peptides were probably not
being presented in vivo in the patients with inactive
lupus, owing to lack of an adequate number of compe-
tent APCs, particularly anti-DNA B cells. Moreover, if the
numbers or functional activity of autoimmune B cells
are diminished during remission, autoantibody produc-
tion would not occur even if T-cell help were provided, as
we have shown in anti-CD40 ligand antibody-treated
mice with lupus (16). Most importantly, however, the
ability to respond to nucleosomal peptides is not suffi-
cient for full helper competence of lupus T cells. Indeed
T cells from patients with inactive lupus do not help in
anti-DNA autoantibody production (1), although they
respond to nucleosomes in vitro as shown here. In lupus-
prone mice, T cells responsive to nucleosomes are
expanded very early in life, but the ability of the same
nucleosome-specific T cells to help in the production of
pathogenic anti-DNA autoantibodies appears several
months later, along with an appearance of anti-DNA
autoantibodies in serum of the animals (6). Thus, addi-
tional signals and maturational events might be required
for the specialized function of helping in pathogenic
autoantibody production (23, 33). Similar to a lowered
threshold for expression of CD40 ligand (17), an expand-
ed number of T cells that can respond to nucleosomal
peptides upon exposure in vitro is another latent, genet-
ically programmed defect that we have unmasked in the
patients in remission. This is not surprising, because
multiple susceptibility genes and multiple steps are

involved in the production of pathogenic autoantibod-
ies and development of lupus nephritis.

Although the TCR repertoire of the pathogenic Th
cells may become diverse with “epitope spreading” as
the disease progresses (34), primary immunodominant
autoepitopes could be identified, probably owing to the
considerable cross-reactivity that exists in TCR-
MHC/peptide interactions (7, 22, 35-42). Indeed, indi-
vidual TCRs of the pathogenic autoantibody-inducing
Th cells of lupus recognize more than 1 nucleosomal
peptide epitope in a promiscuous or degenerate fashion
and in the context of diverse class II molecules (7, 22).
High-affinity interactions between the lupus TCRs and
MHC-nucleosomal peptide complex due to reciprocal-
ly charged residues probably overcome the requirement
for MHC restriction, but not MHC dependence (22).
Thus, a single nucleosomal epitope could possibly toler-
ize a spectrum of lupus Th cells; and indeed, toleriza-
tion with any one of the major nucleosomal peptide epi-
topes for autoimmune Th cells in murine lupus can
diminish pathogenic autoantibody production across
the board (tolerance spreading) and delay the develop-
ment of nephritis or halt the progression of established
disease (23). Moreover, the pathogenic Th cells of lupus
are also multipotent in helper activity. Tolerization of
such Th cells could deprive multiple autoimmune B
cells of help (3, 26, 23). Importantly, we show here that
similar autoepitopes are also recognized by human
lupus T cells. Interestingly, the recurrent T-cell autoepi-
topes of human lupus (Figure 10) fall within histone
regions that are also targeted by lupus autoantibodies
(43-45). The overlapping of epitopes for autoimmune
Th cells and B cells makes H414_39 a highly efficient
tolerogen for therapy of murine lupus nephritis (23).
Furthermore, the nucleosomal autoepitopes for human
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Figure 10

Frequency of positive responders to the histone autoepitopes among
the patients with lupus shown in Figure 8. Bold and shaded numbers
highlight when 50% or more responded to a particular epitope; bold
and italics represent at least 40% responders. These epitopes were
also recognized by T-cell lines and clones from other lupus patients
(Figures 1-6). AAssays could not be done in all cases owing to lack of
sufficient PBMCs. The responses of certain lupus T cells were poor,
judging from their anti-CD3 response, and those are also excluded
from the total.

lupus T cells have multiple DR-binding motifs (Figure
11). Thus, their recognition by autoimmune T cells
might also be MHC dependent (Figure 2b), but unre-
stricted (22), suggesting that they could be used for
tolerogenic therapy across diverse HLA-DR alleles. Non-
MHC genes within the MHC locus, such as those for

TNF or for C4A null allele, rather than genes for any
particular MHC molecule, are probably directly respon-
sible for lupus susceptibility (46, 47).

Thus, identification of major nucleosomal peptide
autoepitopes for the T cells of human lupus might be
important for understanding how such autoimmune
T cells arise, for tracking such T cells using peptide-
MHC tetramers, for identifying molecular mimics in
environmental pathogens, and for developing anti-
gen-specific therapy.
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