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This study evaluated to what extent presentation of exogenously acquired self-Ags via MHC class | molecules on DC might
contribute to the activation of self-reactive CTL and subsequent development of autoimmune disease. We show here by using the
rat insulin promotor lymphocytic choriomeningitis virus glycoprotein model of autoimmune diabetes that the activation of self-
reactive CTL by DC after uptake of exogenous Ag is very limited, first by the short half-life of MHC class I-associated peptides
on DC in vitro and in vivo, and second by the rather inefficient MHC class | presentation of cell-associated self-Ags by DC. These
two mechanisms are probably crucial in establishing high thresholds for the induction of self-reactive CTL that prevent auto-
immune sequelae after release of sequestered and previously immunologically ignored tissue Agehe Journal of Immunology,
2001, 166: 3678—3687.

mune responses against a set of self-Ags resulting impresent pancreatic self-Ags via MHC class Il during the develop-
pathological damage in single organs or generalized inment of autoimmune diabetes in nonobese diabetic mice (9). Fur-
various tissues. It appears that the majority of self-Ags are immuthermore, it has been shown in vitro that DC may present MHC
nologically ignored because they are either expressed at immunalass I-associated peptides after uptake of concentrated protein
logically privileged sites (1-3) or they are not expressed above &10) or after uptake of virus-infected, apoptotic cells (11). MHC
certain threshold to achieve central or peripheral tolerance (4, 5xlass I-restricted presentation of exogenous soluble, particulate, or
As a consequence, autoimmune reactions are most likely initiatedell-associated Ags has been termed cross-priming (12) and can be
when previously ignored Ags are presented in sufficient amountslemonstrated in vivo in certain transgenic model situations where
and over a sufficiently long time in secondary lymphoid tissues.self-reactive CTL are peripherally deleted (13, 14). However, if
Transport of Ags to secondary lymphoid tissues is mediated byruly ignored self-Ags could easily gain access to the exogenous
professional APCs, particularly dendritic cells (3Qp). There- MHC class | cross-presentation pathway, e.g., in the course of a
fore, it is important to determine whether, how, and to what extentcytopathic virus infection, self-reactive CTL could be activated
presentation of self-Ags by DC might contribute to the activationand initiate a self-perpetuating circle of tissue destruction and sub-
of either self-reactive helper or CTLs and subsequent developmersiequent increased release of self-Ags. Therefore, it is conceivable
of autoimmune diseases. that a number of mechanisms exist that limit the induction of anti-
Cellular debris, such as that resulting from cytopathic viral in- self reactions, particularly in the CD8 compartment. These may be
fections or traumatic tissue damage, may be taken up by DC ansignals such as negative feedback stimulation via CTLA-4 during
processed via the exogenous pathway to be presented as peptide8-T cell interaction (15). However, it is unclear and unexplained
associated with MHC class Il molecules (7). Indeed, DC are highlyto what extent presentation of self-peptides via MHC class |, par-
efficient in acquisition of exogenous Ags and presentation of highticularly after exogenous uptake of either peptides or whole pro-
teinacious Ag by DC, influences the induction of autoimmunity.
) ) o In the present report, we investigated mechanisms that might
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H8 mice; HA, influenza hemagglutinin; NP, nucleoprotein; B6, C57BL/6. TCR specific for H2-1 and the major LCMV-gp epitope gp33-41 (gp33)

A utoimmune diseases are characterized by vigorous imlevels of MHC class Il-restricted peptides in vitro (8). DC also
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(17), or for a 2/V38.3 TCR specific for I-R and the LCMV-gp peptide  were produced as described previously (26) and used to identify gp33-
p13 (18) have been described previously. Experiments were conductespecific CD8 T cells in spleen cell suspensions. Erythrocytes were lysed

with age (8—16 wk)- and sex-matched animals. with FACS lysis solution (Becton Dickinson), and the cell suspensions
. . were analyzed on a FACScan flow cytometer (Becton Dickinson) after
Cell lines, Abs, and peptides gating on viable lymphocytes.

Methyl-collanthrene-induced fibrosarcoma cells expressing LCMV-gp
(MC-gp) have been described previously (19). MC-gp were made apoptoti
by cultivation at 43°C for 24 h; necrotic MC-gp were produced by three Freshly removed organs were immersed in HBSS and snap-frozen in liquid
rounds of freeze-thawing. Apoptosis of MC-gp was tested by FACS analnitrogen. Tissue sections ofiin thickness were cut in a cryostat and fixed
ysis, and routinely 50-75% of the apoptotic MC-gp were propidium iodidein acetone for 10 min. Sections were incubated with anti-mouse mAb
negative and annexin V positive; necrotic MC-gp were always 100%against CD8 cells (YTS169.4.2), and polyclonal guinea pig Abs against
trypan blue positive. EL-4 (H%3, a thymoma cell line, was used as target insulin (Dako, Glostrup, Denmark). Alkaline phosphatase-labeled, species-
cell. LCMV-gp peptides KAVYNFATM (gp33), FQPQNGQFI (nucleo-  specific goat Abs (Tago Scientific, Burlingame, CA) were used as second-
protein (NP) 396), and GLNGPDIYKGVYQFKSVEFD (p13) were pro- ary reagents. The substrate for the red color reaction was AS-BI phosphate/
duced from Neosystem Laboratoire (Strasbourg, France). New Fuchsin. Sections were counterstained with hemalum. Fifteen to 20

Supernatants or purified Ig from the following mAb-producing hybrid- islets from two or three histological sections of each mouse were evaluated.
omas were used: rat anti-mouse CD4 (YTS191.1; Ref. 20), rat anti-mousghe fluorescent dye CFSE (Molecular Probes, Eugene, OR) was used to
CD8 (YTS169.4.2; Ref. 20), rat anti-mouse CD45R (RA3-3A1/6.1; Amer- |abel DC (24). A total of 2x 10° CFSE-labeled DC were injected s.c. into
ican Type Culture Collection (ATCC), Manassas, VA), rat anti-mous8 I-A  the footpad of naive recipients. Draining popliteal lymph nodes were re-
(B21-2; ATCC), anti-CD40 (21), anti-CTLA-4 (22), and anti-H2-[141-  moved at different time points, immersed in HBSS, and snap-frozen in
51; Ref. 23). liquid nitrogen. Histological procedures were performed as above using
rabbit anti-fluorescein Ab (Dako).

(I:mmunohistology

Preparation and Ag pulse of DC

Generation of DC from B6 and H8 bone marrow cultures has been deMeasurement of blood glucose

scribed previously (24). Both DC populations express high levels of therpe gucose concentration in blood obtained from a tail vein was measured
costimulatory molecules CD80, CD86, and CDA0, aris0% of the cells 1y ysing an ELITE Haemoglucometer (Bayer, Wuppertal, Germany). Mice
express high levels of MHC class Il Ags. Incubation of the DC with LPS \yare considered diabetic with valuesi4 mM at two consecutive
leads to further up-regulation of these surface markers (not shown). For Agaasurements.
pulsing, DC were resuspended in RPMI 1640/5% FCS &tmloand in
cubated with the indicated peptides for 60 min. Alternatively, DC were R It
cocultivated with apoptotic or necrotic MC-gp at a ratio of 1:5 (DC:MC- esults ) . . .
gp) for 6 h at37°C followed by metrizamide gradient centrifugation to DC pulsed with exogenous peptide exhibit reduced ability to
separate the fibroblasts from the DC. DC were washed two times wittinduce diabetes in RIP-gp mice
balanced salt solution and i.v. injected in a volume of 0.5 ml. . . .

We have shown previously that DC derived from H8 mice (H8-

Cytotoxicity assays DC) and constitutively expressing a viral neoself-peptide (the

Spleen cells (4 10F/well) from primed mice were restimulated for 5 days H-2D"-restricted peptide gp33 derived from LCMV-gp) are able to
in 24-well tissue culture plates with2 10° gp33-labeled, irradiated (1000 induce autoimmune diabetes after adoptive transfer into RIP-gp
rad) spleen cells in IMDM supplemented with 10% FCS, penicillin/strep- mice (27). In RIP-gp mice, the viral transgene (LCMV-gp) is im-

tomycin, and 0.001 M 2-ME. Restimulated spleen effector cells from one - - . .
well were resuspended in 1 ml MEM/2% FCS, and 3-fold serial diIutionsmunomgIcally ignored such that both strong initial expansion and

were made (indicated as dilution of culture). For detection of primary ex
vivo cytotoxicity, effector cell suspensions were prepared from spleens of

immunized mice at the indicated time point after priming. EL-4 cells were 2 x 10° H8-DC 2 x 10° B6-DC/GP33
pulsed with LCMV-gp33 or LCMV-NP394 (10° M, 1.5 h at 37°C) and 40
used in a standard 5HCr release assay or in an overnight (15 h) assay. £ A B
Unlabeled EL-4 cells served as controls. The supernatant of the cytotox-é 30
icity cultures was counted in a Cobra Yl Counter (Canberra Packard, & * * *V * *
Downers Grove, IL). Spontaneous release was always below 20% for 5 h§ 20
assays and below 30% for overnight assays. ®
°
Proliferation assay g 10 I’.‘%'
o
DC were preincubated with gp33 at the indicated concentration or left 0 U ) U —
untreated and washed twice with balanced salt solution. Spleen cells from 0 4 8 12 16 20 24 0 4 8 12 16 20 24

318 TCR-transgenic mice recognizing the gp33 epitope were incubated in

round-bottom 96-well plates with 3-fold serial dilutions of DC, starting 5 5
with 2 X 10* DC per well. In blocking experiments, DC were incubated 40 2x 10" H8-DC/GP33 5x 10" B6-DC/GP33
with the indicated concentration of anti-H22BnAb 141-51 for 30 min 3 C D
before the addition of 318 responder cells. After incubation for 48 h at g 44
37°C/5% CQ, [*H]thymidine (1 uCilwell) was added for a further ineu o  / \AJ
bation period of 12 h. Proliferation was determined #s]thymidine in- 3
corporation by using a Microbeta scintillation counter (Wallac, Turku, E 20
Finland). -:
o 10
Cytofluorometry 2
Naive B6 mice were transfused i.v. with>8 10° syngeneic spleen cells 0 D 4 B8 12 16 20 24 0 4 8 12 16 20 24

from 318 mice (containing-5 X 10* TCR-transgenic CTL) on day-1

(B6/318). To detect expansion of transgenic TCR-expressing T cells (25)

after immunization with H8-DC, peripheral blood cells were stained for fiGURE 1.
CD8 and transgenic &2 and \38.1 using FITC-conjugated rat anti-mouse tion with H8-DC- or gp33-pulsed B6-DC (B6-DC/gp33). Mice were re-
CD8, PE-conjugated rat anti-mousex® and biotinylated rat anti-mouse titively i ized with 2¢ 10 of (A) H8-DC (M = 16 B6-DC/
V38.1, respectively (all obtained from BD PharMingen, San Diego, CA) petitively Immunized wi ol (A) H8-DC (0 = 16), () BE-
followed by streptavidin-Tricolor (Caltag, South San Francisco, CA). Ac- 9P33 € = 16), (C) H8-DC pulsed with gp33r(= 6) on days 0, 2, 8, and
tivation of gp33-specific CTL was detected by staining with biotinylated 12, or ©) with 5 x 10° B6-DC/gp33 @ = 10) on days 0, 2, 4, 8, 10, and
anti-CD44 (BD PharMingen) followed by incubation with streptavidin- 12. Arrows indicate day of DC injection. Values of three representative
Tricolor (Caltag). Tetrameric class | complexes of H?2&nd gp33-41  mice per group are shown.

Days post immunization

Blood glucose levels in RIP-gp mice after i.v. immuniza-



3680 DENDRITIC CELL-INDUCED AUTOIMMUNE DISEASE

Table I. Influence of peptide turnover and concomitant Th for the induction of diabetes in RIP-gp mice after DC immunization

Incidence of Onset of
Immunization Protocdl Additional Treatmerit Diabete§ Diabetes (day)

2 X 10° H8-DC (4X) None 15/16 112
2 X 10° B6-DC/gp33 (&) None 0/16 -
5 X 10° B6-DC/gp33 (&) None 6/14 12¢2
5 X 10° B6-DC (6x) None 0/4 -
2 X 10° B6-DC/gp33+ p13 (4X) 10° Smarta i.v. 3/3 9+1
2 X 10° B6-DC/gp33+ p13 (4x) 10° Smarta i.v. 10/10 10+ 1
2 X 10° B6-DC/gp33+ p13 (4X) 10° Smarta i.v. 2/3 12, 13
2 X 10° B6-DC/p13 (4x) 10° Smarta i.v. 0/3 -
2 X 10° B6-DC/gp33+ pl3 (4X) None 0/6 -
2 X 10° B6-DC/gp33 (4) 100 pg anti-CD40 i.v. 3/9 12
2 X 10° B6-DC/gp33 (&) 100 pg anti-CTLA-4 i.v. 0/6 -

2Mice were immunized i.v. repetitively with the indicated amount of DC (H8-DC; B6-DC/gp33, B6-DC pulsed with gp33 aMt®6-DC/gp33+ pl3, B6-DC pulsed
with gp33 at 10° M and p13 at 10Qug/ml) four times on days 0, 2, 10, and 12 or six times on days 0, 2, 4, 8, 10, and 12.

b Mice received either the indicated number of splenocytes from TCR-transgenic Smarta mice-ef day00ug anti-CD40 mAb or anti-CTLA-4 mAb on days1, 6,
and 12.

¢ Mice were scored diabetic with blood glucosd4 mM on two consecutive measurements.

sustained activation of self-reactive CTL by repetitive immuniza-strong anti-self CTL responses in 6 of 14 mice (FiD.dnd Table
tion with DC (27) or by infection with LCMV (2) are required to 1), suggesting that the amount of Ag available for a certain time
mediate autoimmune disease. Here, we assessed whether DC @hring interaction of DC with self-reactive CTL is probably a crit-
ogenously loaded with gp33 are able to induce diabetes in RIP-gjzal parameter for CD8-T cell-mediated autoimmune disease.
mice. We chose a protocol where repetitive i.v. injection ok 2 The histological analysis of pancreata from RIP-gp mice on day
10° H8-DC led to manifest diabetes in 90% of the RIP-gp mice 14 after repetitive immunization with either H8-DC (Fig./2and
(Fig. 1A). In contrast to the rapid hyperglycemia that developedE), gp33-pulsed B6-DC/gp33 (Fig. B, C, F, andG) or unpulsed
after injection of H8-DC, RIP-gp mice remained normoglycemic control B6-DC (Fig. 2,D andH) revealed that activation of self-
when the same protocol was applied with nontransgenic DC dereactive CTL by H8-DC led to strong and destructive infiltration of
rived from B6 mice (B6-DC) exogenously pulsed with gp33 (Fig. insulin-positive pancreatic islets (FigARwith CD8-positive lym-
1B). H8-DC exogenously loaded with gp33 also induced diabetephocytes (Fig. E). Similarly, repetitive priming with a high dose
(Fig. 1C), indicating the endogenous production of self-peptide isof B6-DC/gp33 (six injections of 5< 10°) elicited a destructive
responsible for the high autoimmune potential of the constitutivelyinsulitis (Fig. 2,C and G), whereas less frequent immunization
gp33-expressing H8-DC. Increasing the dose and frequency of apvith a lower dose of B6-DC/gp33 (four injections of 2 10°)
plication of exogenously peptide-loaded B6-DC partially compen-induced only a mild inflammation in the endocrine pancreas with
sated for the limited ability of peptide-pulsed B6-DC to elicit peri-insular infiltration of CD8 T cells (Fig. 2,B andF). RIP-gp

¢

2x10°H8-DC  2x10°B6-DC/GP33  5x10°B6-DC/GP33  5x10°B6-DC

Insulin
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FIGURE 2. Immunohistological analysis of pancreatic islets in RIP-gp mice on day 14 after repetitive i.v. immunization with H8-DC or B6-DC/gp33.
After adoptive transfer of % 10° H8-DC (A andE), 2 X 10° B6-DC/gp33 on days 0, 2, 8, and 1B &ndF), 5 X 10° B6-DC/gp33 on days 0, 2, 4, 8,

10, and 12 € and G), or 5 X 10° unpulsed control B6-DC on days 0, 2, 4, 8, 10, and D2afid H) pancreata were analyzed for the presence of
insulin-producing islet cellsA-D) and CD8 T cells (E-H). Original magnification:x<80.
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FIGURE 3. Persistence of DC in vivo. After labeling with CFSE,>2 10° H8-DC or B6-DC/gp33 were injected s.c. into the footpad of naive B6
recipients. At the indicated time points, the popliteal lymph nodes were removed and analyzed for the presence of CFSE-positive DC by immunohisto-
chemistry A, Number of CFSE DC per lymph node section at the indicated time points postinjection. Values representr&&from six lymph nodes

(two sections per lymph node) per time point. Representative microphotographs of T cell areas of popliteal lymph nodes showiBOCGHF®Einjection

of (B andC) H8-DC or O andE) B6-DC/gp33.

mice immunized repetitively with a high dose of control B6-DC cessed in parallel and served as controls. B6-DC pulsed with gp33
did not show inflammatory responses in the pancreas (Fi§ 2, at high concentrations, i.e., at 19M or 10~8 M, maintained the
andG). Taken together, it appears that there are significant qualeapacity to stimulate naive CTL in vitro for48 h (Fig. &). After
itative differences in the autoimmune potential between DC conypulsing of the DC at the low concentration of T8 M, the stim
stitutively expressing a self-peptide and DC that have acquired thalatory capacity of the DC was strongly reduced after 1 day (Fig.
peptide exogenously: H8-DC induced destructive insulitis and
manifest hyperglycemia, whereas exogenously pulsed DC induced
mild insulitis, and only when administered in high numbers and A

) . ! : Day 0 B Day 1 Day 2
with high frequency did a hyperglycemia develop. 250 i 400 d cacc o
. ) . N . G W aoo{ ™ 20
Rapid peptide turnover on DC limits their ability to activate T 150 200{ ¥
CTL effectors E 100)-8- Be.00/cP32 200 150
L . . o O B86-DC 100
The above findings suggested that the duration of peptide presen-  se; 1001 50
tation by DC in the microenvironment of lymphoid tissues might Py olQ . oL 2 e
Nil -6 -8 -10-12 Nil 6 -8 -10-12 Nil 6 -8 -10-12

critically influence the activation of self-reactive CTL. In princi-

L. ) X A GP33 concentration (log M)
ple, two steps limiting peptide presentation by DC in these exper- ¢

iments may be envisaged: 1) short persistence of the exogenous 1o = H3.DC

peptide on DC, and/or 2) shorter life-span of peptide-pulsed DC. § 4] _o B6-DC/GP33 10°M
To test the latter possibility, B6-DC and H8-DC were labeled with & 60, —4— B6-DC/GP33 10°M
CFSE and injected s.c. into the footpad of naive C57BL/6 recip- i a0 -¥- B6-DC/GP33 10°M
ients. One and 2 days after injection of>2 10° cells, similar £ —+— B6-DC/GP33 10™'M
numbers of both H8-DC or B6-DC/gp33 reached the draining pop- 3

liteal lymph node (Fig. 3A, B, andD). From day 2 on, the number R 3 10 100

of DC decreased continuously and both H8-DC and B6-DC/gp33 mADb (ug/ml)

were hardly detectable by day 5 after injection (FIigA3C, and  FIGURE 4. Persistence of MHC class I-associated peptides on DC in
E). As the persistence of H8-DC and B6-DC/gp33 appeared to bgitro. DC were pulsed with gp33 at the indicated concentration for 60 min
comparable, it appears more likely that differences in the persisat 37°C, washed, and eithe)(tested immediately on day O or recultured
tence of peptide may account for the profound differences in théor (B) 24 h or (C) 48 h before being tested for their ability to stimulate
autoimmune potential of exogenously peptide-pulsed vs constitubaive gp33-specific 318 spleen cells. H8-DC and untreated B6-DC served
tively peptide-expressing DC. as controls. The data show th#]thymidine incorporation at a DC:spleen
Therefore, we evaluated the persistence of gp33 on DC in vitrdzell ratio of 1:10. On_e of two experimen_ts with comparaple results is
and in vivo. For the in vitro assays, B6-DC were pulsed with gpgsshown.D, Effect of anti-H2-[¥ mAb on DC-induced proliferation of 318

. o . . . . 27 " "spleen cells. H8-DC or B6-DC pulsed with gp33 at the indicated concen-
for 60 min at 37°C and either tested immediately by COCultlv"’ltlontration were preincubated with the blocking mAb 141-51 at the indicated

with TCR-transgenic T cells recognizing gp33 in the context of .oncentration for 30 min before addition of 318 responder céiThy-
H-2D" (318 cells; Ref. 17 and Fig.A) or first cultured in the  midine incorporation was determined after 48 h. Results are expressed as
absence of peptide for 1 (FigB#or 2 days (Fig. €) before they  the percent ofH]thymidine incorporation considering the maximal pro
were used as stimulators. H8-DC and unpulsed B6-DC were prokiferation in each condition in the absence of blocking mAb as 100%.
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FIGURE 5. In vivo persistence of MHC class I-associated peptides on DC. Expansion and activation of TCR-transgenic CTL after adoptive transfer of
(A--D) H8-DC- or E-H) gp33-pulsed B6-DC in naive B6 recipients. A total 0k210° H8-DC or B6-DC/gp33 were either cotransferred on the same day

with 5 X 10° spleen cells from TCR-transgenic 318 miég B, E, andF) or injected 2 days before transfer of the transgenic 318 spleen €zli3, G,

andH). Expansion of the TCR-transgenic T cells C, E, andG) was analyzed on day 4 by three-color FACS analysis and is indicated as percentage of
Va2"VB8.1* cells in the CD8 compartment. The activation of TCR-transgenic CTL after DC immunizaijoB, (F, and H) was monitored using
up-regulation of CD44 on TCR-transgenic CTL as a marker. The values indicate the percentage Bf'Gi24d after gating on CD8Va2" cells.
Expansion ), depicted as percentage o2V 38.1" cells after gating on CD8lymphocytes, and activatiod) of 318 cells, depicted as percentage of
CD44"" TCR-transgenic CTL, after transfer of H8-DC or B6-DC pulsed with gp33 at the different concentrations. B6 mice that receit6t 5.8

spleen cells without DC immunization served as controls. Representative data from one of two experiments are shown.

2° in vitro tet/GP33-positive 1° ex vivo

4B) and lost after 2 days (Fig.@), indicating that B6-DC were 100 CD8 T cells 100
efficiently pulsed with gp33 and presented MHC class Il-associated A B c
peptides only for a limited period of time when pulsed with low
doses of gp33. Next, we evaluated the availability of gp33 on
H8-DC and B6-DC by blocking with an Ab specific for H®2D  H8-DC€
(141-51; Ref. 23). H8-DC or B6-DC/gp33 were incubated with
increasing concentrations of the blocking Ab and subsequently
cocultured with 318 spleen cells. The anti-MHC class | Ab inhib- o
ited the proliferative response induced by H8-DC and B6-DC
pulsed with 10° and 108 M gp33 in a similar extent, whereas
proliferation induced by B6-DC pulsed with T8° M gp33 was
completely inhibited (Fig. B). These data suggest that the relative ps-per
density of the gp33 Ag on H8-DC and B6-DC pulsed with gp33 at P33
high concentrations is, at least initially, equivalent.

To determine the turnover of gp33 on DC in vivo, H8-DC (Fig.
5, A-D) or B6-DC/gp33 (Fig. 5E—H) were adoptively transferred T 109 10 102 100 10? o %0 10 3
into naive recipients, and TCR-transgenic 318 spleen cells were Dilution of CDB-FITC —» E:T ratio
cotransferred either on the same day (FigA5B, E, andF) or 2 culture
days later (Fig. 5C, D, G, andH). Four days after the transfer of FIGURE 6. CTL expansion and activity after priming with H8-DC or
TCR-transgenic T cells, the expansion of gp33-specific CTL wasB6-DC exogenously loaded with gp33. B6 mice were immunized i.v. with
determined by staining for the transgenic TCRg2&and \j38.1. In (A-C) 2 X 10° H8-DC or D-F) with 2 x 10° B6-DC/gp33. Eight days
addition, the activation status of the cells was assessed by stainingfer. spleen cells were eitheA @nd D) restimulated in vitro for 5 days
for the activation marker CD44. H8-DC transferred and “parked”With peptide-labeled, irradiated spleen gells and then tested in a standard
in vivo for 48 h were still able to significantly expand and activate 51 *'Cr release assayBandE) stained with gp33-tetramer vs CD8-FITC
naive CTL (Fig. 5C andD), compared with H8-DC cotransferred and analyzed by flow cytometry, o€(andF) analyzed immediately for

. ) . direct ex vivo CTL activity in a 15-#'Cr release assay. Numbers in B and
with 318 cells on the _same_d_ay (Fig. é,arld B). Pt_aptlde-puls_ed E indicate percentage of gp33-tetramer-positive cells in the CD8 compart-
B6-DC showed a similar efficiency to activate naive CTL (Fig. 5, ment (mean of three mice per group). Specific lysis was measured on
E andF) when cotransferred with 318 cells on the same day. HOW-gp33-labeled EL-4 target cell®ij or on EL-4 cells without peptideT).
ever, B6-DC pulsed with gp33 at 16 M had lost their ability to  Spontaneous release wed2% in the 5-h assay and 28% after 15 h.
expand and activate naive 318 cells after 48 h (Figs&ndH). Representative data from one of three experiments.
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B6-DC/necrotic B6-DC/apoptotic

FIGURE 7. Priming of CTL with necrotic or apo- _GP3;“C'GP+ v ~Gr33 MC'EPGP33 B6-DC/GP33
ptotic fibroblasts. B6-DC were coincubated with either 100 100 1— 100 ~
(A and B) necrotic or C and D) apoptitic LCMV-gp A B c D E 110.5 M
expressing MC-gp cells f& h a37°C at a DC: MC-gp 80 i 80+ . 80+ _,_18.10“:\','
ratio of 1:5. As a control for DC function gp33 peptide 60 1 60- ] 60 10" M
(final concentration 10° M) was added for the last 60
min of the incubation period andD). Live DC were 404 . 404 A 40
recovered by metrizamide gradient centrifugation,
washed, and % 10° DC were i.v. injected into naive 20 R 20 : 20+
B6 mice.E, Titration of gp33 on B6-DC and induction % o o__&._._ B @ ol
of gp33-specific CTL after adoptive transfer 0f210° 2 1 3927 1 3 9 27 1 3 927 1 3 9 27 1 3 9 27
gp33-pulsed DC. NecroticH(and G) or apoptotic A :_.2 5 x 10° necrotic 10° avoptotic
and|) MC-gp were injected directly into the spleen of ' x MC.Gp Mpc-GpP iradiated MC-GP
naive B6 mice either once on day B &ndH) or twice o X dav0 2x.d 0.3 (8000 rad)
on days 0 and 3G andl). J, Induction of gp33-specific "?, 100 1x, day 0 2x, days 0,3 100 X, day X, days 9, 100 .
CTL after intrasplenic injection of graded numbers of © F G H I J - }84
nonreplicating, irradiated MC-gp. Eight or 10 days after 80+ E 80+ E 80+ _':'_105
injection of DC or MC-gp, spleen cells were restimu-
lated in vitro for 5 days with peptide-labeled, irradiated 60+ 1 601 1 601
spleen cells and tested in a 52Cr release assay on 404 | 404 | 40
gp33-labeled EL-4 target cells (closed symbols) or on
EL-4 cells pulsed with the irrelevant NP394 peptide 204 4 204 4 20-
(open symbols). Spontaneous release wa2%. Data
are from one of two experiments with similar results. 0- - 0- g—a-u’ o

13 927 13 927 1.3 927 13 9 27 1.3 9 27

Dilution of culture

Fig. 5,1 andJ summarize these experiments and show that B6-DCand activation of both Smarta Th cells and gp33-specific CTL by
pulsed with gp33 at 10° M or 108 M, but not with 10 *° M, peptide-pulsed DC, RIP-gp mice rapidly developed diabetes, com-
efficiently expanded and activated naive CTL after transfer on dayarable to the kinetics after transfer of constitutively gp33-express-
0. Importantly, after only 1 day, gp33-pulsed B6-DC had lost mosting H8-DC (Table 1). Only 1x 10° DC-activated Smarta spleno
of their in vivo-stimulatory capacity for gp33-specific CTL (Fig. 5, cytes containing~1-2 X 10* TCR-transgenic Th cells were
| andJ, day 1), indicating that the turnover of gp33 on B6-DC in sufficient to compensate for the limited activation of gp33-specific
vivo is rapid and might be a limiting factor for the activation of CTL by peptide-pulsed DC (Table I). In contrast, in the absence of
naive CTL. additional TCR-transgenic Th cells, B6-DC pulsed with gp33 and
Although the persistence of peptide on DC in vivo appeared tg13 did not induce diabetes (Table I). Similarly, DC pulsed with
be rather short, gp33-pulsed B6-DC still mediated an efficient exp13 alone and coinjected with>X 10" Smarta splenocytes failed
pansion and up-regulation of activation markers on gp33-specifito elicit a diabetogenic response (Table 1), indicating that both
CTL when cotransferred simultaneously with the TCR-transgenidslet-specific CTL and relatively large numbers of specific Th cells
CTL. Similarly, H8-DC (Fig. &) and B6-DC/gp33 (Fig. B) in- had to be activated by peptide-pulsed DC to induce a strong au-
duced comparable polyclonal CTL responses as determined in ®immune response. A similar effect was achieved when unspecific
5ICr release assay after secondary restimulation in vitro or byTh-like” signals were provided by repeated injection of a cross-
staining with tetrameric MHC class | complexes (FigBGandE). linking anti-CD40 Ab; 33% of the RIP-gp mice treated with gp33-
In contrast, primary ex vivo cytotoxicity was significantly stronger pulsed DC and anti-CD40 developed diabetes (Table I). Interest-
after priming with H8-DC (Fig. €) compared with priming with  ingly, blocking of CTLA-4 did not lower the threshold for
B6-DC/gp33 (Fig. €), indicating that the short persistence of activation of diabetogenic CTL after stimulation with gp33-pulsed
gp33 on B6-DC limits the differentiation into effector CTL. Col- B6-DC (Table I). Thus, rather strong signals, provided either by
lectively, these data suggest that DC presenting exogenously acencomitantly activated transgenic Th cells or via stimulation of
quired self-peptides can efficiently prime self-reactive CTL. How- APC via CD40 were required to convert a weak anti-self response
ever, the autoimmune potential of these self-reactive CTL isinduced by DC presenting exogenously acquired self-peptides into
reduced because the differentiation into CTL with effector functionclinically manifest autoimmune disease.

is limited by the rather short half-life of the peptides on DC o ) ) ]
in vivo. Inefficient presentation of MHC class I-associated peptides by

DC after acquisition of exogenous Ags
Concomitant induction of T help is required to compensate for
the limited activation of self-reactive CTL by DC presenting
exogenous peptide

It has been suggested that acquisition of exogenous Ags, e.g., re-
leased from either necrotic or apoptotic cells, by bone marrow-
derived APC might be a mechanism for induction of CTL re-
We next examined whether activation of cognate CO#4 cellsor  sponses (29). To evaluate the role of exogenously acquired self-
nonspecific activation signals might influence the response of\gs by DC for the induction of autoimmune responses, we tested
gp33-specific CTL. This was achieved by either cotransferringthe activation of gp33-specific CTL with either apoptotic or ne-
TCR-transgenic Th cells specific for the LCMV-gp epitope pl3crotic LCMV-gp-expressing fibroblasts (MC-gp). The specific
(Smarta cells; Ref. 18), by nonspecific activation of APC via CD40CTL response after adoptive transfer of B6-DC pulsed with ne-
(28), or by blocking potential negative regulatory signals, such agrotic MC-gp was negative (FigAjJ. Similarly, B6-DC exposed to
inhibition via CTLA-4 (15). After injection of Smarta splenocytes apoptotic MC-gp fo 6 h did not elicit a measurable CTL response
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Table II. Induction of autoimmune diabetes or insulitis by apoptotic or necrotic cells in RIP-gp mice

Immunization Protocél Additional Treatmerft Incidence of Diabetés Severity of Insuliti§
2 X 10° H8-DC s.c. (&) None 4/4 +++
107 irr. MC-gp s.c. (6}) None 1/6 + or ++
107 irr. MC-gp s.c. (6}) 10° Smarta i.v. 3/6 +4 or +++
10" apopt. MC-gp s.c. (8) None 0/4 -
10" necr. MC-gp s.c. (B) None 0/6 -
10" necr. MC-gp s.c. (8) 10° Smarta i.v. 0/4 +

aMice were immunized s.c. either repetitively with>2 10° DC on days 0, 2, and 10 or with 1@radiated MC-gp (irr. MC-gp, 8000 rad), 1@poptotic MC-gp (apopt.
MC-gp, 24 h at 43°C), or T0necrotic MC-gp (necr. MC-gp, three freeze-thaw cycles) on days 0, 2, 4, 8, 10, and 12.

b Mice received the indicated number of splenocytes from TCR-transgenic Smarta mice eridaywere left untreated.

¢Mice were scored diabetic with blood glucos€4 mM on two consecutive measurements.

dnsulitis was classified on day 14 by immunohistochemistry as streng+) with severe destructive infiltration ir-90% of the islets, moderate-(+) with destructive
infiltration in 50-90% of the islets, and weak ( with <50% destructive infiltration and mainly periinsular and perivascular infiltration; () no insulitis. Two to four mice were
evaluated per group. Fifteen to 20 islets were evaluated from two to three histological sections per mouse.

after adoptive transfer into naive recipients (Fig).7However, exacerbated the insulitis in these mice (Table II). Similarly, in
when the DC were pulsed with gp33 for the last 60 min of theRIP-gp mice treated with necrotic MC-gp, the islet-specific Th
incubation period, a strong CTL response was generated (F&. 7, cells contributed to an aggravation of the islet infiltration leading
andD), indicating that the DC were not damaged by the cellularto mild insulitis (Table I1).
debris and were still capable of activating gp33-specific CTL. The
minimal amount of peptide that DC had to be exposed to to induce
a minimal CTL response was 18° M (Fig. 7E).

MC-gp express significant amounts of LCMV-gp and are able to
directly trigger CTL responses without cross-priming being in- 40 A
volved when they reach organized secondary lymphoid organs (19,
30). To assess the immunogenicity of MC-gp that cannot directly
activate CTL any longer, we directly introduced necrotic (FigF 7,
andG) or apoptotic MC-gp (Fig. 7H andl) into the spleen, where
splenic DC and other professional host APC could take up and
process the cellular proteins and induce gp33-specific CTL. Re-
peated intrasplenic injection of necrotic MC-gp induced a minimal
CTL response (Fig.@), whereas after single injection of’6 10°
MC-gp, CTL activation was barely detectable (Fidr)7Neither
single (Fig. H) nor repeated (Fig.|Y injection of 1¢ apoptotic 0l . : i i : : i :
MC-gp elicited a significant CTL response. The number of ne- 0 2 4 6 8 10 12 14 16
crotic cells had to be reduced, because the cellular debris formed
clumps that caused death of the animal whehx 10° cells were
injected directly into the spleen. As mentioned above, MC-gp ex-
press considerable amounts of LCMV-gp; therefore, the failure of 100 22k MC'GE GP33NFA Ctrl
apoptotic or necrotic MC-gp to elicit a significant CTL response is
not likely to be a result of insufficient Ag amount, because only 801 -
1 X 10* irradiated, i.e., nonreplicating, MC-gp induced a CTL

C
response after intrasplenic injection (Figl).7 604 - -
We next determined whether repeated delivery of apoptotic or &
necrotic MC-gp via the s.c. route, where immature dermal and 40 R "
epidermal DC might efficiently pick up and transport the cellular
Ag to secondary lymphoid organs, elicits a significant anti-self 20-

response in RIP-gp mice. As a control,>2 10° H8-DC were
repetitively administered s.c. Similar to the i.v. route, s.c. appli-
cation of H8-DC induced severe insulitis and long-lasting hyper- 90 30 10 3 90 30 10 3 90 30 10 3
glycemia (Table I1). Peripheral s.c. injection of high doses'Ybd .

irradiated MC-gp that migrate to secondary lymphoid organs and E : Tratio

directly induce CTL responses (19, 30) elicited a weak anti-isletFIGURE 8. Repetitive priming with necrotic MC-gp does not tolerize
response with mild insulitis and diabetes in one of six mice. Im-gp33-specifc CTLA, RIP-gp mice were immunized either 5 times s.c. on
portantly, repetitive application of high doses of necrotic or apo-days—10, —8, —6, —4, and—2 with 10’ necrotic MC-gp (necr. MC-gp),
ptotic MC-gp did not suffice to induce diabetes or insulitis (Table three times i.p. on days10, —6, and—2 with 100 ug of gp33 in IFA

I1). To test whether concomitant delivery of LCMV-gp-specific Th (gp33/IFA), or left untreated (Ctrl). On day 0, mice were infected with 200

. - g ... PFU of LCMV i.v. and blood glucose values were tested on the indicated
might convert the weak anti-self response after priming Wlthdays. B6 were treated as above with either necrotic MCR)p dp33 in

MC-gp into an autoimmune response W'th pathological CONS€rp (C), or left untreated ) and infected with 200 PFU of LCMV i.v.
quences, 10Smarta spleen cells were adoptively transferred 1 dayEight days later, direct ex vivo cytotoxicity was determined in a B@r
before the start of the treatment with MC-gp cells. In the presencejease assay on gp33-pulsed (closed symbols) or NP396-pulsed (open
of high numbers of islet-specific Th cells, repetitive priming with symbols) targets. Specific release for unpulsed targets<w&¥6. Spon-
irradiated MC-gp induced diabetes in 50% of the RIP-gp mice andaneous release was15%.

30
—- necr. MC-GP
—&— GP33/IFA

201 {1 ctrl

Blood glucose (mM)

Days post infection

o

% specific lysis

;
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One might argue that the failure to detect any autoimmunityphoid tissues is of prime importance for the induction of anti-self
after repetitive priming with either high doses of apoptotic or ne-CTL responses and the degree of tissue destruction. Constitutively
crotic MC-gp is attributable to induction of tolerance after presen-gp33-presenting DC efficiently expanded the gp33-specific CTL
tation of the exogenous Ag (“cross-tolerance”; Ref. 29). To testpool and induced differentiation of the CTL into effectors. In con-
this, RIP-gp (Fig. 8) or B6 (Fig. 8) mice were repetitively im-  trast, although the initial expansion of gp33-specific CTL precur-
munized s.c. with 10 necrotic MC-gp and subsequently chal sors was comparable, exogenously peptide-pulsed DC could not
lenged with LCMV. Similar to untreated controls, RIP-gp mice mediate complete differentiation of gp33-specific CTL. Therefore,
primed with necrotic MC-gp developed diabetes between days & appears that the prolonged presentation of peptide by DC for 2—4
and 12 (Fig. ). In addition, B6 mice primed with necrotic MC-gp days is important to mediate both expansion and differentiation of
(Fig. 8B) showed a strong CTL reactivity against gp33 as well asCTL. Extended presence and/or high doses of Ag in local prolif-
the nucleoprotein epitope 396 (NP396) on day 8 after infectioneration/differentiation clusters of APC with CTL might be a pre-
with LCMV, comparable to untreated controls (Fid>)8 In con- requisite for optimal induction of T cell responses as suggested by
trast, repetitive i.p. administration of 1Q0y of gp33 in the mild  Mitchinson and O’Malley (32). Accordingly, gp33-pulsed DC had
adjuvant IFA tolerized gp33-reactive CTL, but not NP394-reactiveto be adoptively transferred repetitively over several days and in
CTL (Fig. 8C) and therefore prevented LCMV-induced diabetes in higher doses to achieve diabetogenic CTL responses in our model
RIP-gp mice (Fig. 8). Taken together, these data clearly show situation.
that, in our model system, MHC class | presentation of cell-asso- The failure to induce autoimmunity because of the limited per-
ciated Ags derived from cellular debris is rather inefficient and didsistence of exogenous peptide on DC could be compensated for by
not lead to tolerization of self-reactive CTL. Importantly, even the simultaneous induction of strong T help provided by simulta-
presence of high numbers of islet-specific Th cells did not converheously activated TCR-transgenic Th cells. The observed effect of
the weak anti-self CTL activity after priming with necrotic MC-gp Th may be a result of various mechanisms: bystander help to lim-
into a self-perpetuating and clinically manifest autoimmuneited CTL responses, activation of IFiNer TNF effector pathways,

response. or enhanced maturation or activation of DC, perhaps by stimula-
) ) tion via CD40 (28, 33). Indeed, injection of an activating anti-
Discussion CD40 mAb was able to partially compensate for the reduced im-

Our study shows that stringent thresholds limit the induction ofmunogenicity of peptide-pulsed DC. However, the addition and
self-reactive CTL by DC after acquisition of exogenous peptidesactivation of specific Th cells was more efficient than CD40 liga-
or cell-associated Ag. Importantly, our data indicate a clear hiertion in lowering the threshold for obtaining autoimmunity in re-
archy for the induction of autoimmunity by DC: priming with DC sponse to DC presenting exogenous self-peptides. It has been
constitutively expressing a self-peptide elicited strong anti-selfshown that DC also mature rapidly during cognate interaction with
CTL responses and clinically manifest autoimmune diseaseCTL, even in the absence of CD40 (34), indicating that a number
whereas the rapid turnover of exogenously loaded, MHC clas®f Th cell signals are required to mediate complete CTL activation
l-associated peptides on DC allowed expansion of self-reactivén the three-cell interaction between DC, Th cells, and CTL.
CTL but limited differentiation of CTL into effectors and thereby CTLA-4 has been suggested to be important for the maintenance
restricted the development of autoimmunity. In addition, the rathef peripheral tolerance by inhibiting T cells that received only
low, if at all measurable, efficiency of DC to present exogenouslylow-level costimulation for brief periods (35). However, inhibition
acquired Ag via MHC class | is probably of prime importance to of T cell activation via CTLA-4 does not appear to be involved in
avoid self-perpetuating, CTL-mediated autoimmune responses. the present system as blockade of CTLA-4 ligation was not able to
increase the ability of DC presenting exogenous self-Ag to mediate
autoimmunity. The presented system of DC-induced autoimmune
disease appears to be particularly well suited to further investigate
During their ontogeny, DC undergo characteristic functionalthe Ag-specific interactions of the three cell types and their im-
changes that allow Ag acquisition in peripheral nonlymphoid or-portance of CTL and Th cell activation and subsequent induction
gans during the immature stage and, after maturation, efficient A@f an autoimmune disease.
presentation in secondary lymphoid tissues. The turnover of MHC ) ) ) .
class ll-associated peptides in vitro is high on immature DC,A role for cross-presentation by DC in the induction of
whereas inflammatory stimuli leading to DC maturation signifi- 2Utoimmunity?
cantly enhance the half-life of MHC class Il molecules and pro-The genetically regulated cognate interaction between target cells
long Ag presentation (8). Similarly, the turnover of MHC class and activated CTL resulting in target cell lysis has been termed
l-associated peptides on human DC in vitro appears to be regulaté®MHC restriction” (36). However, it has also been shown that
by maturation stimuli such as virus infections (31). Our compar-exogenous, cell-associated proteins may gain access to the MHC
ison of exogenously peptide-pulsed DC with DC constitutively class | presentation pathway via “cross presentation” (12). In ad-
expressing the respective peptides allowed evaluation of the sigdition, cross-presentation has been demonstrated in transgenic sit-
nificance of peptide persistence on DC in vitro and in vivo. We uations, where model Ags such as OVA (37) or influenza hemag-
found that the half-life of gp33 on nontransgenic DC is short andglutinin (HA; Ref. 14) are expressed in peripheral nonlymphoid
thereby limits the activation of gp33-specific CTL. This is most tissues. In OVA-transgenic mice, the peripheral Ag is presented
likely attributable to the spatial distribution and the initially rather via MHC class | in draining secondary lymphoid organs by bone
rare cognate interaction between adoptively transferred DC and thmarrow-derived APC (37). However, it appears that whenever the
responding CTL. In vivo, DC and responding CTL firstly have to expression of a self-Ag is high and widespread, central (thymic)
home to secondary lymphoid organs and, secondly, most probablplerance eliminates self-reactive, high-avidity T cells (37, 38).
have to go through a number of noncognate interactions beforeocal and intermediate expression of self-Ags, such as HA in
meeting the correct partner. RIP-HA mice, may also lead to elimination of high-avidity anti-
Our data clearly show that the amount of self-peptides on DGCself CTL by deletional mechanisms possibly involving cross-pre-
and the duration of peptide presentation by DC in secondary lymsentation via MHC class | (14, 39). However, complete deletion of

Duration of self-Ag presentation by DC is a critical parameter
for autoimmune responses
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self-reactive CTL via cross-priming in the “intermediate expres-
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In conclusion, we have demonstrated that the rapid turnover of

sor” situation of RIP-HA mice appears to be rather inefficient, MHC class I-associated peptides and the rather inefficient presen-
because>100 days were needed for the elimination of only* 10 tation of exogenous cellular self-Ags are likely to be basic and

self-reactive, high-avidity CTL (14).

important mechanisms to limit the autoimmune consequences of

Spontaneous autoimmunity that is mediated by cross-presentaelf-Ag presentation by DC.

tion can only be detected in “high expresser” situations with wide-

spread expression of transgenic OVA, when central tolerancgcknomedgments

meghanisms .are bypassed by transfer 9f TCR-transgenic CTL (13)ye thank Lenka Vik and Anne Henzelin for expert technical assistance and
Similarly, peripheral tolerance mechanisms that prevent spontanggorbert Wey and Ida Schmieder for excellent photography.

ous autoimmunity, e.g., in RIP-HA mice (39), can be circumvented

by crossing with TCR-transgenic animals, thereby providing greaheferenceS
numbers of self-reactive T cells that can either not be tolerized byl. Barker, C. F., and R. E. Billingham. 1972. Immunologically privileged shels.

the peripheral tolerizing mechanism (40, 41), or perhaps may be
accidentally activated too frequently when compared with a “nor- 2:
mal” low-frequency CTL precursor situation. In contrast, in trans-
genic situations with lower and more restricted expression of the
model self-Ag, e.g., OVA (5) or LCMV-gp (2) in pancreatic islet
cells, the presence of high numbers of specific TCR-transgenic T
cells does not induce autoimmunity, despite potential release ofa.
self-Ag from pancreatic islets and subsequent cross-presentation in
local lymph nodes (5). Therefore, it appears that self-perpetuatings
autoimmunity attributable to cross-presentation is a phenomenon
that appears in certain transgenic constellations where T cell fre-
quencies are extremely high and/or central tolerance mechanismsg,
are bypassed. The data presented in this report strongly support
this interpretation because not even a minimal autoimmune re-
sponse was detected in RIP-gp when large amounts of self-Ag ing.
the form of apoptotic or necrotic cells were repetitively injected.
Only in the presence of high numbers of specific TCR-transgenic
Th cells did a mild insulitis develop after injection of necrotic
LCMV-gp expressing fibroblasts. However, in this situation as
well, a self-perpetuating and progressive autoimmune response di
not develop and the mice stayed normoglycemic. Taken together,
it appears that high threshold levels for presentation of exogenous
Ags via MHC class | prevent self-perpetuating autoimmune
disease.

3.

9.

12.

Use of exogenously peptide- or tumor protein-pulsed DC in
antitumor vaccination

The migratory function and strong Ag-presenting properties make
DC excellent vehicles for transport of tumor Ags into secondaryi4.
lymphoid organs to facilitate induction of antitumor immunity.
Indeed, DC are used currently in many tumor treatment programs,
as a means to generate primary antitumor immune responses or to
enhance the existing tumor immunity (42, 43). However, Ag-spe-
cific tumor immunotherapy can be only successful if the tumor Ag ¢
has been immunologically ignored previously, i.e., specific, high-
avidity T cells have not been centrally or peripherally deleted, and
antitumor T cells can be induced by appropriate immunization.;;
Therefore, it is possible to apply the conclusions from the present
report also for the induction of tumor immunity with DC. First,
tumor-specific CTL are probably most efficiently induced when a
previously ignored tumor Ag is constitutively expressed by the
DC. A number of approaches have been described to achieve it?:
vitro transfection of DC with tumor Ags (44, 45). Second, exog-
enous pulsing of DC with tumor peptides is less efficient, because
the rapid in vivo turnover of MHC class I-associated peptides lim-2-
its the induction of specific CTL or requires additional exogenous
stimuli, such as activation of APC via CD40. Finally, exogenous?21.
pulsing of DC with whole tumor proteins is probably very ineffi- .,
cient. It has been shown that either large amounts of pure protein
or, alternatively, special delivery vehicles such as microbeads are
required to overcome this inefficiency of exogenous loading of?®
MHC class | molecules by DC (46).
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