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In the (SWR x NZB)F, mouse model of lupus, we previously localized the critical autoepitopes for nephritogenic autoantibody-
inducing Th cells in the core histones of nucleosomes at aa positions 10-33 of H2B and 16—-39 and 71-94 of H4. A brief therapy
with the peptides administered i.v. to 3-mo-old prenephritic (SWR x NZB)F, mice that were already producing pathogenic
autoantibodies markedly delayed the onset of severe lupus nepbhritis. Strikingly, chronic therapy with the peptides injected into
18-mo-old (SWRx NZB)F, mice with established glomerulonephritis prolonged survival and even halted the progression of renal
disease. Remarkably, tolerization with any one of the nucleosomal peptides impaired autoimmune T cell help, inhibiting the
production of multiple pathogenic autoantibodies. However, cytokine production or proliferative responses to the peptides were
not grossly changed by the therapy. Moreover, suppressor T cells were not detected in the treated mice. Most interestingly, the
best therapeutic effect was obtained with nucleosomal peptide H4_5, which had a tolerogenic effect not only on autoimmune Th
cells, but autoimmune B cells as well, because this peptide contained both T and B cell autoepitopes. These studies show that the
pathogenic T and B cells of lupus, despite intrinsic defects in activation thresholds, are still susceptible to autoantigen-specific
tolerogens. The Journal of Immunology,1999, 162: 5775-5783.

ucleosome-specific Th cells initiate and sustain the pro-complex web of polyclonal T and B cell hyperactivity and multiple
duction of pathogenic anti-nuclear autoantibodies in sys-susceptibility genes (9-20). Therefore, it was unexpected that a
temic lupus erythematosus (S°H)y a cognate interac-  brief tolerogenic regimen of the nucleosomal peptide epitopes ad-
tion with autoimmune B cells (1-6). In lupus-prone (SWWR  ministered into prenephritic, but autoimmune, SNfice could
NZB)F, (SNF,) mice, we have localized the critical autoepitopes delay the development of lupus nephritis. Moreover, chronic
for lupus nephritis-inducing Th cells in the core histones of nu-tolerogenic therapy with the peptides administered into much older
cleosomes at aa positions 10-33 of H2B and 16—39 and 71-94 @NF, mice with established glomerulonephritis prolonged survival
H4 (3). Autoimmune T cells of SNFmice are spontaneously and even checked the progression of disease. Remarkably, the best
primed from early life to these disease-relevant epitopes (3). Moretherapeutic effect was obtained with the peptide, H4, which
over, immunization of preautoimmune SNmice with these nu- had a tolerogenic effect on both autoimmune T and B cells.
cleosomal peptide autoepitopes precipitates lupus nephritis by trig-
gering Thil-type autoimmune T cells that drive anti-nuclearMaterials and Methods
autoantibody production (3). Th2- and ThO-type cells are also inMice

volved in further maintenance of autoantibody production in Iupus,\IZB and SWR mice were purchased from Jackson Laboratory (Bar Har-

(_1' 7). Here_in, we invgstigg’_ced whether tolerization with the PEP-por, ME). SNF, hybrids were bred at our animal facility. Female mice were
tide autoepitopes we identified would affect the outcome of lupusysed.

as has been the case in several organ-specific autoimmune diseases

(reviewed in Ref. 8). However, unlike organ-specific autoimmune”PS

diseases where the autoimmune response is targeted against a Tee following mAbs were used: anti-IHB3), anti-I-A>%9 (TI1B120),
stricted set of autoantigens and is mediated mainly by a sele@nti-HSA (TIB183), anti-Thy1.2 (TIB99), anti-CD8 (TIB211), and anti-

population of T cells, systemic autoimmunity in lupus involves aCD3 (145-2C11), all obtained from American Type Culture Collection
’ (Manassas, VA).

Synthesis of peptides
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The mice were monitored weekly for proteinuria using albustix (VWR autoantibody production. Culture supernatants were collected, freeze-
Scientific, Chicago, IL) and killed when they developed persistent proteinthawed, and assayed by ELISA for Abs against ssSDNA, dsDNA, histones,
uria (two consecutive weekly readings of 300 mg/dl or greater). Sera wer@and nucleosomes (histone/DNA complex). For studies involving stimula-
collected for the determination of IgG anti-nuclear autoantibodies. Bloodtion of B cells by soluble CD40 ligand (CD40L), CD40L-CD8 fusion pro-
urea nitrogen was measured by azostix (Miles, Ekhart, IN). Kidney sectein (28) was added at 1:4 dilution for the entire 7-day culture period. To
tions were stained with hematoxylin and eosin and anti-mouse Ig for thdurther determine the fate of B cells in tolerized mice, B cells (25
detection of immune complex deposition, and grading of glomerulonephri-L0f/well) were stimulated with 1@.g/ml of LPS or 10ug/ml of anti-mouse

tis by blinded observer was done as described (1, 14, 22-25). In short-terhg F(ab), with and without rIL-4 (50 U/ml) in cultures.

follow-up experiments to test the immunological consequences of the tol-

erance therapy early on, another batch-d2-wk-old SNF mice (nine per

group) were treated as mentioned above, but they received the peptidgssay for regulatory T cells

injections every week for 4 wk. Two weeks after the last injection, these ) )

mice were killed for analysis of autoimmune T and B cells and grading of T0 determine whether the tolerance therapy had induced any regulatory T
renal lesions. For chronic therapy of established glomerulonephritis, 18¢€lls, SNF T cells (2.5 10°%well) or purified CD4" or CD8" T cells
mo-old SNF, mice with 300 mg/di of persistent proteinuria were injected (1 X 10°%well) from the short-term follow-up batch of tolerized or saline-
|p once a month with 30@9 peptide/mouse (SiX mice/group) until they treated control mice were cocultured with a mixture of Splenlc B cells

were moribund and succumbed to renal disease. (2.5 X 10°%well) and T cells (2.5x 10%well) from unmanipulated SNF
mice in 24-well plates for 7 days. Culture supernatants were then collected,
Autoantibody quantitation freeze-thawed, and assayed by ELISA for IgG Abs against ssDNA,

L ) dsDNA, histones, and nucleosomes.
IgG-class autoantibodies to ssDNA, dsDNA, histones, and nucleosomes

(histone/DNA complex), in culture supernatants or serum, were estimated

by ELISA. Anti-DNA mAbs 564 and 205 were used to generate standard

curves (1, 3, 14, 23). Sera were diluted 1:400 and heat-inactivated beforgaesur[S

use. Serum from normal SWR mice were used as negative control. TotdBrief therapy with nucleosomal histone peptides delays the
polyclonal IgG levels were also measured by ELISA (1, 14, 23). development of spontaneous lupus nephritis

Isolation of CD4" T cells and B cells Twelve-week-old prenephritic SNFemales that did not have pro-

Splenic CD4 T cells were isolated as reported earlier (1, 14). Briefly, teinuria (nine mice per group) were injected ,"V' with- either
splenic T cells were purified from 3- to 4-mo-old SNfice by nylonwool ~ H2Big_za Hé16_30 H471 04 O OVAgy; 334 peptide (300ug/
column followed by the lysis of CD8 T cells and contaminating B cells mouse) in saline, and the control group of mice received only
using anti-CD8 (TIB211), anti-la (TIB120), anti-HSA (TIB183), mAbs, saline. Each group of animals received three additional injections

and a mixture of rabbit and guinea pig complement (1:10) (Pel Freez e ; ; P
Biologicals, Rogers, AR). B cells were prepared from Shfice by treat- %@t 2-wk intervals. The mice were monitored weekly for proteinuria

ing splenocytes that had been passed through nylon wool with anti-Thy1.8nd sacrif-iced when thgy developed.severe nephritis. By 22 wk, the
(TIB99) and complement twice. control mice that received only saline started developing severe

nephritis as documented by persistent proteinuria of 300 mg/dI or
greater, and a+ grading of renal pathology (Fig. 1). At 28 wk of
Fresh splenic CD4 T cells (1 10°microwell) from tolerized or control  age, 55.5% of the saline control group, 33.3p6< 0.637, Fisher’s
mice were cocultured in triplicate with irradiated (3000 rad) anti-Thy-1.2 exact test) of the H4_o,peptide-injected group, and 11.1% €&

and complement-treated splenocytes{(3.0°/well) as APC (B cells plus A ; _
macrophage preparation; Refs. 1 and 3) and different concentrations 8'131) of the OVA,5_330peptide-injected group of mice devel

scontrol” or “test” peptide in 200wl final volume in HL-1 serum-free ~OP€d severe nephritis, whereas the HZB;or H4,¢_5,peptide-
medium (BioWhittaker, Walkersville, MD) for 2436 h in flat-bottom 96- injected mice did not develop disease at this time=0.029). The

well plates (Costar, Cambridge, MA). The culture supernatants were relargest difference in incidence of severe nephritis between the pep-
moved from wells after 24—-36 h for cytokine assays (3). Anti-IL-2, anti- tide-injected groups and the saline control was from 36—38 wk of

IFN-vy, and anti-IL-4 capture and biotinylated-revealing Ab pairs and the 0 .
respective standards (rlL-2, rIL-4, rIFi- were purchased from PharM- age. In the control group, 88.8% of the mice had developed severe

ingen (San Diego, CA). Streptavidin-HRP and the substrate tetramethyldisease, whereas the OVA_;39 H2B,_33 O H4;;_g,group had
benzidine were purchased from Sigma (St. Louis, MO). The cytokinesan incidence of only 33.3%jp(= 0.05) and in the H44_5;ogroup
were quantitated according to the manufacturer. only 11.1% (@ = 0.003) of the animals had developed severe
nephritis (Fig. 1). Mice in all groups, except the H4,,peptide-
injected mice, developed severe nephritis by 54 wk of age. The
T cells (2.5 10°well) from the short-term follow-up batch of treated H4,6_so Peptide-injected group had a 55.5% incidence of severe

mice or T cells from unmanipulated SNFice were cocultured, respec- e . .
tively, with unmanipulated or tolerized SNBplenic B cells (2.5¢ 10°/ nephritis even at this advanced age, but the differences were not

well) in 24-well plates for 7 days, as previously described (26, 27). Re-that significant ¢ = 0.08 compared with saline group;= 0.294
spective B cell preparations were cultured alone to measure baselineompared with OVA,5 s35group).

Cytokine assays

Helper assays for IgG autoantibody production
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Table I. Incidence of lupus nephritis at sacrifice in the short-term
batch of mice B Saline
120 @ ova
Grading of Lupus Nephritis 0 @ H2B (10-33)
(percent incidencé) g B Ha (16-39)
Group 0 1+ 2+ 3+ 4+ - O H4(71-94)
80
Saline 333 333 333 o
OVA3535.330 66.6 33.3 =
2B0.a3 66.6 33.3 T
H,4 20 33.3 66.6 <
H471 04 66.6 33.3 40
2 A separate batch of-12-wk-old mice (nine mice/group) were treated with in-
jections once a week for 4 wk. The mice were sacrificed when they were 22—-23 wk . -
old to evaluate their renal pathology. . < -
0- A - =
ds-DNA ss-DNA Nucleosome Histone
T cell response to peptides in treated animals FIGURE 2. Ability of CD4" T cells from treated mice to help autoan-

| ioulated ice T cell | imed tibody production. Twelve-week-old SNice were injected with respec-
n unmanipulated SNfFmice, T cells are spontaneously primed to tive peptides (30Qwg/mouse) or saline every week for 4 wk. Two weeks

the nucleosomal peptides early in life and respond to them in VitrQysier the last injection, CD4T cells from the treated groups were cocul-
(3). Therefore, T cells isolated at the time of sacrifice from pep-tured with B cells from unmanipulated SNice for 7 days. Units of IgG
tide-treated or control mice in the long-term follow-up experi- autoantibodies produced in the culture supernatants are expressed as
ments (Fig. 1) were cocultured with APC in the presence of themean= SEM/dI from five experiments. Baseline levels of IgG autoanti-
peptides or nucleosomes, and their responses were measured sgies produced by B cells cultured by themselves were: anti-dsDNA,
incorporation of fH]thymidine for proliferation and cytokine 4.1%* 0.8; anti-ssDNA, 2.2+ 0.1; anti-nucleosome, 4.4 1.1; and anti-
(IL-2, IFN-v, and IL-4) production by ELISA. As these mice had histone, 3.7+ 0.6.

already developed a4 grade of severe nephritis at the time of

testing, the background levels of proliferation were high (data nosomal Ab production showed a similar pattern. The cocultures with
shown). There was no deviation in cytokine production when thel cells from H2B, 53 H4,5_3 and H4, g, peptide-injected
saline-treated group was compared with the peptide-treated grougggoups produced 2.5- to 4-fold less anti-nucleosome autoantibody
(data not shown). compared with that of the saline-treated control gropp<0.03—

To test the immunologic consequences of the peptide therap(.05), but in the case of OVA; 339group the reduction was not
early on, before it is obscured by full-blown disease, another set osignificant (0 = 0.061). The effect on anti-histone Ab induction,
~12-wk-old SNF mice was injected with the various peptides or overall, was not as dramatip(= 0.1).
saline once a week for 4 wk and were killed 2 wk after the last
injection. The animals were 22- to 23-wk-old at this time. We refer
to this batch of mice as the “short-term” follow-up batch. At this
earlier time point of sacrifice, the incidence and grading of renalTo determine whether the diminished help by the CDRB cells
pathology in this batch of mice are shown in Table I. Also in this from peptide-treated mice were due to anergy or deletion, rlL-2
batch of mice, we did not detect any consistent differences in cyranging from 12.5 to 100 U/ml was added to the helper assay
tokine production levels or cytokine profiles in T cells from the cocultures (T cells from treated mice plus B cells from unmanipu-
saline control vs the peptide-treated groups of mice in response tiated SNE mice) at the beginning of the 7-day period. The saline-

The addition of rIL-2 to CD# T cells does not lead to recovery
of T cell help

any of the peptides or to nucleosomes (data no shown). treated control mice produced 162 15.5 U of anti-dsDNA Ab,

) ) ) ) and the addition of rIL-2 increased this concentration very little
Peptlde_ therapy impairs CD4T cell help for autoantibody (Fig. 3). CD4" T cells from the OVA,s 530 Hdyy o, and
production H2B,,_sspeptide-treated mice did not show any improvement in

The helper assay for autoantibody-inducing ability is a much morgheir helping ability after the addition of riL-2 (Fig. 3). The ex-
rigorous test for autoimmune Th function. Therefore, in additionalception was the Hg _sopeptide-treated group, where there was a
experiments we used the helper assay to determine the function efiodest recovery of help with an increase by 35% in anti-dsDNA
T and B cells in tolerized animals from the short-term follow-up autoantibody production after the addition of riL-g € 0.05), but
batch. To test the ability of T cells to functionally help B cells, the 30% increase in anti-ssDNA and 20% increase in anti-
CD4" T cells were isolated from the peptide-treated mice andnucleosome Abs were not significant (Fig. 3).

cocultured with B cells isolated from unmanipulated 16- to 20- ) . )

wk-old SNF, mice in a helper assay. The coculture supernatants 1€ €ffect of peptide therapy on the ability of autoimmune B
were assayed for the presence of IgG Abs against ss-DNA, d<£€lls to receive T cell help

DNA, nucleosomes, and histones. The results shown are the medrne effect of peptide therapy on immune function of the B cells
values= SEM of five experiments (Fig. 2). Anti-dsDNA Ab pro- was determined by coculturing the B cells from the peptide-treated
duction was reduced by50% in the cultures containing T cells mice with CD4" T cells from unmanipulated SNFmice (3- to
from OVAg,3 339 H4,1 o4 and H4 4 5o peptide-injected groups  4-mo-old) in the helper assay. When such T cell help was pro-
in comparison to the saline-injected group & 0.03). The vided, the B cells from the peptide- and saline-treated groups did
H2B,,_s3peptide-treated group showed a 5-fold decrease. Inducnot show any difference in augmenting their ability to produce 1gG
tion of anti-ssDNA Ab was also reduced by55% in the autoantibodies, with the exception of the 44,4peptide-injected
H2B,,_szzand H4 s_55groups in comparison to the saline-injected animals, whose B cells still produced diminished levels of all au-
group (p = 0.005-0.001), but reductions in the O¥A s3;cand  toantibodies in these cocultures. The level of anti-dsDNA Abs pro-
H4,, o, peptide-treated groups were not significant. Anti-nucleo-duced by B cells from Hg_5q peptide-treated mice (4% 10.1
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FIGURE 3. Effect of IL-2 on the ability of T cells to help autoimmune B cells. Experimental conditions were similar to Fig. 2. In the results shown here,
100 U/ml rIL-2 was added to the specified culture at the beginning of the 7-day period.

u/dl) was significantly reduced in comparison to saline-treatedsaline-treated group produced 17010.9 U vs B cells from the

mice (160* 18.5 U/dl) (p = 0.03; Fig. 4). The production of H4,5_s4peptide-treated group, which produced 607.9 U (p =

anti-ssDNA Abs also showed a similar pattern: B cells from the0.005). Production of anti-nucleosome Abs was reduced by 3-fold
compared with controls (145 20.8 vs 45+ 5.9 U) in the H44_34
peptide-treated group, and anti-histone Ab production was reduced

B saline by ~4-fold (!o = 0.003_) in H4_5o peptide-injected anima_lls as
0 ova compared with the saline group. In the case of,H4, peptide-
O] H28B (10-33) injected animals, the production of anti-nucleosonpe={ 0.01)
2004 O H4(16-39) and anti-histone f§ = 0.003) autoantibodies, but not anti-dsDNA
O H4(71-94) or anti-ssDNA autoantibodies, remained significantly low as com-
pared with the saline group, even with the T cell help. The baseline
.é’ autoantibody production by B cells cultured by themselves ranged
= Iq ]_ from 1.3 to 2.5 U/ml in these experiments (Fig. 4).
)
g L \ | i |
2 IS " 5 T The effect of anti-Ig F(al, and rIL-4 on B cells of H45_54
< 1007 @ N - - peptide-treated mice
: \ 1] : : B cells from H416,39peptide-tree_1ted animals were Iegs responsive
. .= i ’ to help from T cells of unmanipulated SNknice (Fig. 4). To
*l = , assess whether this was due to deletion of autoimmune B cells or
':E :E e g due to anergy, purified (T cell-depleted) B cells from the treated
Ig= ~H : : mice were stimulated with anti-Ilg F(§) in the presence or ab-
A= N= & " sence of rlL-4, and the production of IgG anti-dsDNA, ssDNA,
0- ds-DNA | ss-DNA Nucleosome' Histone nucleosome, and histones were measured. Saline-treated or

FIGURE 4. Efiect of peptide th bility of B cells t . OVA,,5_330peptide-treated mice produced high levels of autoan-
: ect of peplide therapy on abiily of 5 Ce¥s 10 TeCeIVE yihhdies, whereas B cells from the iH4 ;4 peptide-treated group

help. Mice were treated as mentioned in Fig. 2. B cells were purified from’,. . . .
these mice and cocultured for 7 days with T cells isolated from unmanipu-dICI not respond even when stimulated with anti-lg Ffain the

lated SNF mice. The units of IgG autoantibodies produced are expressedpres_ence of high Ievels_of riL-4, suggesting a possible deletion of
in mean= SEM from five experiments. The baseline autoantibody levelsautoimmune B cells (Fig. 5). In contrast, B cells from A4,
produced by B cellsultured alone were: anti-dsDNA, 2 0.96; anti-  peptide-treated mice could be stimulated to produce autoantibodies
ssDNA, 2.1+ 0.34; anti-nucleosome, 25 1.9; and anti-histone, 1.3 1.0. to levels similar to the saline-injected mice (data not shown). The
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FIGURE 5. Effect of H4,_sopeptide treatment on autoimmune B cells. FIGURE 7. B cell response to LPS in peptide-treated mice. B cells (T
Purified B cells from H4g_so OVAg,5 530 OF Saline-treated mice (treated Cell-depleted) were isolated from the different peptide-treated mice or the
as in Fig. 2) were cultured for 7 days in the presence gid/nl of anti-Ig control saline-injected mice and stimulated with LPS fig@ml), and the
F(ab), (in the absence of any T cells). riL-4 (50 U/ml) was added at the 19G autoantibody levels were measured after 7 days of culture. The results
start of the 7-day culture period in some wells. Units of autoantibody pro-are expressed as meanSEM U/dl from five experiments. The baseline
duction are expressed in mean SEM/dI from five experimentsl In this autoantibody levels produced by B cells cultured alone were same as in
figure and in Figs. 6 and 7, the baseline autoantibody levels produced by Big. 5.
cells cultured alone were: anti-dsDNA, 210.72; anti-ssDNA, 1.9 0.1;
anti-nucleosome, 1.& 1.0; and anti-histone, 2.6 1.6.
tures enhanced the production of Abs by B cells from the saline-
treated mice further: anti-dsDNA increased from23.2 to 60+
basal level of autoantibody production by B cells cultured aloneg 1 U, anti-ssDNA from 25- 3.5 to 54+ 2.2 U, anti-nucleosome
ranged from 1.9 to 2.1 U (Fig. 5). from 7 = 1.8 to 75+ 5.6 U, and anti-histone from 1& 2.7 to
70 = 3.3 U. However, the levels of augmentation with soluble
gzgtizf;e-frtez];es(?lr%?clz CD40L and riL-4 on B cells of;gi4s, CD40L and IL-4 were much lower than that induced by intact Th
cells from the autoimmune mice (Fig. 4 vs Fig. 6), indicating that
Soluble CD40L-CD8 fusion protein was added to the B cell cul- additional molecules/mechanisms might be involved. B cells from
tures at a 1:4 final concentration with or without riL-4. Purified (T the H4,,_ 5, peptide-treated group did not produce significant

cell-depleted) B cells from the saline-treated or OMA ;39p€P-  amounts of autoantibodies even with CD40L and rlL-4. (Fig. 6).
tide-treated mice produced anti-nuclear autoantibodies upon stim- _ ) )
ulation with CD40L (Fig. 6). The addition of riL-4 to these cul- The B cell response to LPS in peptide-treated mice

Purified B cells (T cell-depleted) were isolated from the peptide-
treated mice and stimulated with the potent mitogen LPS. B cells

- from all the groups responded by augmenting autoantibody pro-
Saline : CD40L . i
0 Saline : CD4OLs rIL-4 duction to levels _comparable to that of the saline-treated group
B OVA:CD4oL (p = 0.07-0.1; Fig. 7).
80 - Fl OVA:CD40L+ rlL-4
O Ha (16-39) : CDAOL a IgG anti-nuclear autoantibody levels in sera of peptide-treated
[] H4(16-39) : CD4OL+ riL-4 .
& J_ mice
5 Sera were collected from the mice at the start of treatment, at 36
= ; k of ti int of test diff inincid f
3 p r wk of age (a time point of greatest difference in incidence of severe
2 i - r j nephritis between peptide-treated vs control-saline group; Fig. 1),
g - E and at the peak of the disease. IgG Ab levels were measured for
20- /5? ﬁ o anti-dsDNA, ssDNA, nucleosome, and histone at a 1:400 dilution
= ;": k] L; of sera. The anti-dsDNA Ab level in the saline-treated group
= g by (mean= SEM) was 5.5+ 0.3 U, and in the OVA,5 33 H2B,o_
- g . 33, H4,6_39 and H4,, 4,groups these levels were 8t01.0, 7.7+
= ’ =7 0.9,9.0+ 2.1, and 5.4 1.1 U, respectively, at the start of treat-
- - L1 E;’; ment. At 36 wk of age in the saline-injected group, anti-dsDNA
= ‘ ] = levels went up to 26= 3.2 U, but were 15.6- 4.2, 14.0+ 3.2,
= .zﬁ = t HA. = 13.0*+ 4.0, and 17.1= 2.7 U in the OVA;,5_ 339 H2B; o 35 H46_
0- ds-DNA ss-DNA 'Nucleosome Histone 39, and H4,,_ 4, groups, respectively (compared with the saline-

injected group, the values ranged from 0.03 to 0.05) (Fig. 8).

or OVAg,5 s3gpeptide-treated mice. Purified (T cell-depleted) B cells from Similartime point comparisons of antl-ssDNA and anFl-
saline-treated or Hg_;q0r OVAg,5_s30peptide-treated mice were stimu- nUdeosome Ab levels also showed a reductlon_ in _the p?ptldg-
lated with soluble CD40L-CD8 fusion protein, with or without rIL-4 (50 treated mice that was comparable to the reduction in their anti-
U/ml). After 7 days, the culture supernatants were assayed for autoantibod§SPNA autoantibody levelsp(= 0.04-0.05). The levels of anti-
levels. The results are expressed in mean unitsSEM/dl from five  histone Abs varied in different groupg (= 0.3-0.01; Fig. 8). At
experiments. the time of sacrifice, when the mice had developed severe nephritis

FIGURE 6. Effect of soluble CD40L and IL-4 on B cells from H4 54
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FIGURE 8. 1gG autoantibody levels in the serum of peptide-treated mice.,3NEe were bled at the start of the brief therapy with peptides (Fig. 1)
and at 36 wk of age (widest difference between control and treated mice in disease incidence) and were assayed for IgG autoantibody levels. The resul
are expressed in meah SEM U/dl.

(Fig. 1), the serum levels of autoantibodies were similar among thél4-,, o, or H2B,,_550r the OVA;,5_530peptide (30Qug/mouse).
peptide- and saline-treated groups (data not shown). Total polyThe mice were monitored by measuring proteinuria until they died.
clonal IgG levels were not significantly different in the peptide- The saline-injected mice showed rapid progression of disease and
treated group from the saline-control group, varying from 8—-11died within 2 mo after the start of the treatment. At this time point,
mg/ml. 66.6% of the H4, o, and H2B ,,_s; peptide-injected group of

] animals were alive f = 0.061), whereas none of the animals
The sea_lrch_ for T gells that coulgl down-regulate autoantibody  ireated with OVA 5 330 OF Hy_sohad died p = 0.002), even
production in peptide-treated mice at 22 mo of age (Fig. 9). All of the peptide-treated groups main-
To find if any regulatory T cells might have been generated bytained their starting levels of proteinuria during the course of the
peptide therapy, the ability of the T cells from treated mice totherapy, with the exception of the k4 ;opeptide-injected group,
inhibit the autoantibody production in cocultures of T and B cellswhere 66.6% of the animals actually showed a reduction in pro-
from unmanipulated SNFmice was determined. T cells or puri- teinuria levels from 300-1000 mg/dl t¢100 mg/dl. By 26 mo of
fied CD4" or CD8" subsets of T cells from the short-term fol- age, all H45_5, peptide-treated mice remained alive; in contrast,
low-up batch of tolerized or control mice were cocultured with all H4,, o, peptide-treated mice were deag £ 0.002), and only
splenic B and T cell mixtures from unmanipulated SNiice in ~~ one animal in the OVAy; 335 and H2B, 35 peptide-treated
24-well plates for 7 days. IgG Abs against ssDNA, dsDNA, his-groups survived ¢ = 0.015 vs H4_sogroup; Fig. 9).
tones, and nucleosomes were estimated. No significant reduction . .
in autoantibody production by the addition of T cells from the DISCUSSION
peptide-treated mice was observed (data not shown). These studies show that despite an intrinsic polyclonal hyperac-
tivity and a lowering of the threshold of activation (9, 10, 12-17),
pathogenic T and B cells of established lupus can still be func-
tionally down-regulated with tolerogenic administration of appro-
Among unmanipulated SNFmice, a small fraction of animals priate autoepitopes. The results also highlight the importance of
develop severe renal disease relatively later than others. We fohucleosomes as a dominant player in the pathogenic autoimmune
lowed >1000 animals and found 30 18-mo-old SNiice that response that evolves from or with the polyclonal hyperactivity (1,
had established glomerulonephritis with persistent proteinuria 06, 23, 29-34). Nucleosomes are natural products of apoptosis (35),
300 mg/dl. These old mice (six/group) were chronically treatedand the potential T and B cell repertoire for nucleosomal autoan-
every month with the nucleosomal histone peptides,H4, tigens is vast (4, 36). However, the normal immune system ignores

Treatment of established glomerulonephritis with nucleosomal
peptides
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FIGURE 9. Treatment of established lupus nephritis with nucleosomal peptides. Eighteen-month-qlan@&sKsix/group) with established glomer-
ulonephritis were injected with 30@g/mouse of respective peptides per month. The animals were followed by proteinuria measurements until they died.
The mice that were alive continued to receive the peptide injections every month. The results are expressed as the percentage of animals. that survivet

such products of apoptosis under physiological conditions (37-played on class Il molecules of resting APC (41-44). In fact, the
39). The spontaneous emergence of T cells primed to nucleosom#&rmer may be the reason for the beneficial effect of the OVA
Ags early in life is a lupus-specific event that is genetically peptide, which binds strongly to 1421, 41, 42). Alternatively,
programmed (1, 40). the OVA peptide, which also bears charged residues, could have
The mechanism of the “tolerogenic” effect of the nucleosomalacted as an antagonist or an altered peptide ligand for the promis-
peptides on the diminishing autoantibody-inducing ability of the cuous T cells of lupus (4, 21, 41, 42). But, unlike the nucleosomal
Th cells of lupus is unknown. Anergy of the autoimmune Th cells peptides, immunization with the OVA peptide in CFA does not
in the conventional sense is unlikely, because their helper activitynduce lupus nephritis or stimulate the pathogenic Th cells of lupus
in autoantibody production could not be revived by supplements of3). Tolerization with peptides corresponding to complementarity-
IL-2 (Fig. 3) or stimulation with nucleosomal peptides plus IL-2 determining regions 1 and 2 of the \fegion of an anti-DNA
(data not shown). Moreover, we did not detect any immune deviautoantibody that is recurrently expressed in $hkce (1), or
ation in cytokine profiles of T cells from the treated mice. The with the complementarity-determining region peptide of a nonspe-
administration of high doses of soluble protein or peptide Ags iscific control, anti-malaria Ab (1), does not have any significant
known to cause tolerance by apoptosis or anergy of cognate T celisffect on the incidence of nephritis in the SNfice (S. Adams, P.
or by generation of regulatory T cells (reviewed in Ref. 8). SomeLeBlanc, and S.K. Datta, unpublished observations). However, in
deletion of autoimmune Th cells in the treated mice here remainshe (NZB X NZW)F, mice, tolerization with autoantibody-derived
a possibility, but it is probably minor, because cytokine responsegeptides does have a therapeutic effect (45), and interestingly such
to the peptides were not different between T cells from the salingoeptides have charged residues like the nucleosomal peptides. In
control and the peptide-treated groups. Perhaps the autoantigetie future, studies to define the TCR and MHC contact residues in
primed memory T cells of lupus are more resistant to deletion oithe nucleosomal peptide autoepitopes may reveal the mechanism
anergy by these criteria. Moreover, no evidence of down-regulaef the beneficial effect of the OVA peptide.
tory T cells were detected in the treated mice. Therefore, the pep- The second reason for “tolerance spreading” could be because
tide therapy might have impaired some unknown signals or mechindividual TCRs of the pathogenic autoantibody-inducing Th cells
anisms involved in the interactions between autoimmune T and Bf lupus recognize more than one nucleosomal peptide epitope in
cells that are required for the specialized function of pathogeni@ promiscuous or degenerate fashion and in the context of diverse
autoantibody production. Indeed, this special functional ability toclass 1l molecules (3, 4). High-affinity interactions between the
induce pathogenic autoantibodies may require some maturationdipus TCRs and MHC-nucleosomal peptide complex due to recip-
event(s), because it is detectable in T cells of older, 3- to 4-mo-oldocally charged residues probably overcomes the requirement for
SNF, mice, whereas the T cells of younger mice are incapable oMHC restriction. Therefore, a single nucleosomal epitope with
providing such help (26), although they respond to nucleosomesharged residues could possibly tolerize a spectrum of lupus Th
spontaneously and hyperexpress CD40L (1, 14). The superior awells that could recognize, in different registers, one or two shared
toantibody-inducing ability of intact T cells, as compared with residues in apparently different peptide autoepitopes. This plastic-
soluble CD40L and IL-4 (Fig. 4 vs Fig. 6), also suggests the in-ity of TCRs is being increasingly appreciated by structural and
volvement of additional mechanisms. Furthermore, what is strikfunctional analysis (4, 46-51).
ing here is that any one of the nucleosoamal peptide autoepitopes The third possibility for “tolerance spreading” is the multipotent
we identified could diminish pathogenic autoantibody productionand promiscuous helper activity of the pathogenic Th cells of lu-
across the board (tolerance spreading) and markedly delay the dpus. Remarkably, a single lupus Th clone can help either a
velopment of nephritis. dsDNA-specific, ssSDNA-specific, histone-specific, high-mobility
Large doses of soluble peptides could competitively block im-group chromosomal protein-specific, or nucleosome-specific B
munogenic presentation of autoepitopes by displacing them froneell, because each of these B cells by binding to its respective
class Il molecules of APC and also by being predominently dis-epitope on the whole chromatin can take it up and process and then
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subsets of naive but potentially autoimmune B cells. Anergic B
cells could be tolerogenic to autoimmune T cells because they
would present nucleosomal autoantigens without providing co-
stimulation (12, 14, 15, 43, 56, 57). B cell epitope mapping of
histones targeted by autoantibodies found in spontaneous SLE is
still evolving from earlier studies (31, 58, 59). Recent studies in-
dicate not all anti-histone reactivities are equal. Anti-histone Abs
that react exclusively with histones are probably not pathogenic in
lupus, but anti-nucleosome Abs are (1, 29, 30, 33, 34, 58, 60). The
latter pathogenic autoantibodies see different epitopes, including
exposed as well as buried ones in core histones of nucleosomes,
and conformational determinants are yet to be identified (29, 61).
Nevertheless, H4 _sq falls within the region targeted by lupus
autoantibodies. As shown here, the overlapping of epitopes for
Anti-Nacleosome pathogenic Th cells and autoimmune B cells of lupus makes
Beell H4,6_soa highly efficient tolerogen, and this principle might be
relevant to other autoimmune diseases as well (62, 63). We have
previously identified an additional epitope in nucleosomal core
histone H3, H35_,, and the splenic T cells of prenephritic SNF
mice spontaneously responded to this peptide (3). Interestingly,
this T cell epitope is also bound by spontaneously arising anti-
DNA autoantibodies of lupus (64). Future studies should deter-
mine whether H3;_;,,iS also a potent tolerogen for therapy of
FIGURE 10. Production of diverse autoantibodies in SLE by promis- lupus nephritis in SNEmice. Thus, autoantigen-experienced and
cuous help. In this instance, a single Th cell that is specific for a nucleopresumably memory T and B cells of lupus can be functionally
somal histone peptide could help different autoimmune B cells that ardnactivated, at least for their ability to produce pathogenic autoan-
either specific for DNA, nucleosomes, histones, or the nonhistone hightjpodies by tolerogenic therapy with nucleosomal peptides. Fi-
mobility group chromosomal protein (1, 2). Each of these types of B cellsy)y, gespite tolerance spreading, the peptide-treated mice did not

would bind to its respective e_pltope in chromatin, but take up and proce_saevelop any generalized immunosuppression, they were housed in
the whole nucleosome particle and then present the relevant peptldgonventional cages. and their total serum 1aG levels were not af-
epitope in the core histone to this particular Th clone (3). This principle of ges, 9

multipotent, intermolecular help involving different B cell epitopes in the fected by the therapy.
complex chromatin particle would also apply to other pathogenic autoan-
tibody-inducing Th cells of lupus that are specific for high-mobility group References
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