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Summary

Dendritic cell (DC) maturation is required for efficient presentation of
autoantigens leading to autoimmunity. In this report, we have examined
whether release of tissue antigens from necrotic thyroid epithelial cells can
trigger DC maturation and initiation of a primary antiself response. DC
were cocultured with either viable (VI/DC) or necrotic (NT/DC) thyro-
cytes, and their phenotypic and functional maturation as well as immu-
nopathogenic potential were assessed. Significant up-regulation of surface
MHC class II and costimulatory molecule expression was observed in NT/
DC but not in VT/DC. This was correlated with a functional maturation of
NT/DC, determined by IL-12 secretion. Challenge of CBA/J mice with NT/
DG, but not with VTI/DC, elicited thyroglobulin (Tg)-specific IgG as well as
Tg-specific CD4" T-cell responses and led to development of experimental
autoimmune thyroiditis. These results support the view that thyroid epi-
thelial cell necrosis may cause autoimmune thyroiditis via maturation of
intrathyroidal DC.

Dana-Farber Cancer Institute, 44 Binney Street,
Smith 736, Boston, MA 02115, USA.

Introduction

Dendritic cells (DC), loaded with self proteins or pep-
tides, have been well known to provoke organ-specific
autoimmune diseases [1-3]. This was first observed in
experimental autoimmune thyroiditis (EAT) with thyro-
globulin (Tg)-pulsed DC [4] and was later confirmed in
the same [5] or other animal models [6,7]. These obser-
vations, the unrivalled capacity of DC to activate naive T
cells, and the detection of DC in lesions associated with
numerous autoimmune diseases [3], including thyroiditis
[8-11], have strongly argued for DC involvement in the
initiation of autoimmunity. The maturation stage of DC
seems to play a pivotal role in this process: under homeo-
static conditions, immature DC are believed to continu-
ally transport autoantigens to draining lymph nodes,
process and present them to cognate T cells in a substim-
ulatory context, leading to T-cell tolerance [3,12-14].
Under the influence of endogenous ‘danger signals’
released by tissues undergoing stress, damage or abnor-
mal death, or exogenous danger signals elaborated by
pathogens, DC undergo maturation [15]. During this ter-
minal differentiation stage, DC generate high levels of
peptide-MHC class IT complexes on their surface and up-
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regulate costimulatory molecule expression, emerging as
ideal antigen presenting cells (APC) for naive T-cells.

Necrotic cells, i.e. disintegrated cells which have released
their cell contents prior to their ingestion by phagocytes, can
cause mouse and human DC maturation in vitro [16-18].
However, the implications of these findings in the induction
of organ-specific autoimmunity have not been adequately
explored. Primary necrosis is triggered by noxious stimuli
such as toxins, hypoxia and extremes of temperature [19],
whereas secondary necrosis refers to the eventual disintegra-
tion of cells that have initially undergone apoptosis but have
not been captured by phagocytes. To the extent that chronic
dietary iodine excess is known to have toxic effects on thy-
rocytes of animals prone to autoimmunity [20-22], we
sought in this study to test:

« whether necrotic primary thyrocytes can mediate matura-
tion of DG;

+ whether DC that have ingested syngeneic necrotic thyro-
cytes can elicit EAT or thyroid antigen-specific responses,
following their adoptive transfer in CBA/J hosts.

LPS-matured DC loaded with Tg, the major thyroid anti-
gen, were used as controls in the study to ensure the effi-
ciency of T cell priming by DC.
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Materials and methods

Animals, antigens and antibodies

Female CBA/J] mice, 6—8 weeks of age, were purchased from
Jackson Laboratories (Bar Harbor, ME, USA). All experi-
mental procedures were reviewed and approved by the
Animal Care Committee at Memorial University of New-
foundland. Tg was purified from frozen thyroid glands of
outbred ICR mice (Bioproducts for Science, Indianapolis,
IN, USA) by passing thyroid homogenates through a
Sepharose CL-4B column [23]. PE-labelled hamster anti-
CD11c (clone HL3), FITC-labelled rat mAbs specific for I-A*
(clone 10-3-6), CD80 (clone 16—-10A1), CD86 (clone GL1)
and CD40 (clone 3/23), and appropriately labelled isotype-
matched control mAbs were purchased from BD Biosciences
(Bedford, MA, USA).

Preparation of mouse thyrocytes and induction of
thyrocyte necrosis

Fresh thyrocytes were prepared from CBA/] mouse thy-
roids according to a protocol described previously [24,25].
Briefly, thyroid lobes were fragmented and incubated for
30 min in 250 pl of digestion medium, consisting of 112
units/ml of Type I collagenase (Sigma, St. Louis, MO,
USA) and 12 units/ml of dispase (Roche Diagnostics
Corp, Indianapolis, IN, USA) in DMEM medium. After
digestion, thyroid follicles were collected and cultured in
Petri dishes or 6-well plates in complete F-12 medium, i.e.
F-12 supplemented with 25% Nu-Serum IV (BD Bio-
sciences), 10 ng/ml somatostatin and 2 ng/ml glycyl-L-
histidyl-L-lysine acetate (both from Sigma). One week after
culture, this procedure yielded approximately 10° thyro-
cytes from one thyroid gland. Primary necrosis of thyro-
cytes was achieved by four freeze (—80 °C)—thaw (room
temperature) cycles leading to complete disruption of the
cell membrane.

Immuofluorescent labelling of Tg in primary
thyrocytes

Thyrocytes were grown in 8-well chamber slides (Nalge
Nunc International, Naperville, IL, USA) for one week.
The cells were then fixed in acetone at —20 °C for 5 min,
and incubated in the presence of rabbit polyclonal anti-
bodies specific for human Tg but cross reactive to
murine Tg (DAKO, Carpinteria, CA, USA). After one
hour, the cells were washed, and a secondary FITC-
conjugated, goat anti-rabbit antibody (Sigma), was added
for 30 min. Thyrocytes cultured only with the secondary
antibody were used as control. Slides were mounted in
50% glycerol and sealed for immunofluorescence imag-
ing under an Olympus Fluoview 300 Laser scanning con-
focal microscope.
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Generation, antigen treatment and phenotypic
analysis of DC

DC were derived from bone marrow precursors according to
a protocol developed by Inaba ef al. [26] and modified by
Lutz et al. [27]. As previously described [28], bone marrow
was collected from femurs and tibias from female CBA/J
mice, depleted of red blood cells by treatment with NH,CL
and plated at 2 x 10° cells per 100 mm Petri dish in complete
RPMI 1640 medium supplemented with 10% supernatant
from the murine- GM-CSF-secreting X63Ag8 cell line [29]
(kindly provided by B. Stockinger, National Institute of Med-
ical Research, London, UK). Eight days later, non adherent
DC were gently dislodged and cultured overnight at 2 x 107
cells per 10 ml in the presence of 200 Lg/ml Tg, or control
antigen (200 pg/ml ovalbumin, OVA), followed by treatment
with lipopolysaccharide (LPS, 1 ug/ml, 6 h). Similar num-
bers of DC were also cocultured with approximately 2 x 10°
necrotic or viable thyrocytes for 24 h. Following exposure to
antigen or thyrocytes, DC were analysed by immunofluores-
cence for cell-surface expression of CDIlc, I-AY, CD80,
CD86 and CD40 markers. Detection of IL-12 secretion in
culture supernatants was performed by sandwich ELISA
using the BD OptEIA mouse ELISA kit, according to the
manufacturer’s protocol (BD Biosciences).

Induction and histological assessment of EAT

DC incubated with soluble antigens or thyrocytes were
washed twice with PBS and 2 x 10° cells per 0-2 ml PBS were
injected i.p. into syngeneic recipient mice. Two weeks later,
the mice were boosted with same number of similarly treated
DC. Thyroid glands were removed 2 weeks after boosting,
and were sectioned and stained with haematoxylin and eosin
(H&E) for histological examination. The degree of mononu-
clear cell infiltration was scored as follows: 0 = no infiltra-
tion, 1 = small interstitial accumulation distributed between
two or more follicles, 2 = one or two foci of inflammatory
cells more than the size of one follicle, 3 = diffuse infiltration
of 10-40% of total area.

T-cell proliferation assay and cytokine detection by
sandwich ELISA

At the time of thyroid gland removal, spleens were col-
lected for detection of antigen-specific T cells. After lysis of
red blood cells by NH,Cl, single cell suspensions of spleno-
cytes were prepared in complete DMEM medium supple-
mented with 10% fetal bovine serum (Cansera, Ontario,
Canada), 20 mM HEPES buffer, 2 mM r-glutamine, 100 U/
ml penicillin, 100 pg/ml streptomycin (all from Life
Technologies, Rockville, MD, USA) and 5x10° M 2-ME
(Sigma), and CD4" T-cells were isolated using MACs sepa-
ration according to the manufacturer’s instructions (Milte-
nyi Biotec Inc., Auburn, CA, USA). In a 96-well plate,
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splenic CD4" T cells at 2 x 10° cells/well were cocultured
with 2x10° cells/well of mitomycin C-treated DC for
3 days in the presence of titrated antigens. During the last
18 h, 1 uCi [’H]-thymidine was added to each well in 25 pl
of culture medium. Cells were harvested and incorporated
radioactivity was measured. Stimulation index (S.I) is
defined as (cpm in the presence of antigen/cpm in the
absence of antigen). After a 48-h stimulation, the IL-2, IL-
4, IL-10, and IFN-y cytokine content of culture superna-
tants was measured by sandwich ELISA using the BD
OptEIA ELISA kit (BD Biosciences).

Detection of Tg-specific IgG by ELISA

The presence of Tg-specific IgG antibodies in serum was
determined by ELISA as previously described [30]. Briefly, in
each experimental group, pooled sera (8 samples per group)
were initially diluted at 1:30 in PBS/Tween/0-1% BSA and
added to Tg or OVA-coated plates at two-fold serial dilutions
at room temperature for 1 h. The binding of serum IgG to
the coated antigens was detected with alkaline phosphatase-
conjugated goat antimouse IgG antibodies (Sigma). The
light absorption of the p-nitrophenolate product at 405 nm

EAT induction by DC exposed to necrotic thyrocytes

was determined using a Vmax plate reader (Molecular
Devices, Sunnyvale, CA, USA).

Results

Generation of Tg-secreting thyrocytes

Primary thyrocytes were freshly prepared from CBA/J] mouse
thyroids, and cultured in 8-well chamber slide in complete
F-12 medium. After one week, thyrocytes were washed in
PBS and treated with rabbit anti-Tg antibodies (primary
antibody) and FITC-labelled goat anti-rabbit antibodies
(secondary antibody). Thyrocytes directly labelled with
secondary antibodies were used as control. As shown in
Fig. 1, almost 100% of the cultured cells showed Tg labelling
in their cytoplasm, confirming their thyrocyte origin.

Necrotic thyrocytes stimulate DC maturation

To test whether exposure to necrotic thyrocytes triggers DC
maturation, phenotype markers of DC, cocultured with
necrotic (NT/DC) or viable thyrocytes (VI/DC), were
assessed by flow cytometry. DC treated with LPS (LPS/DC)

Fig. 1. Immunofluorescent labelling of intracellular Tg in primary thyrocytes. (a) Primary thyrocytes were isolated from CBA/J mice, cultured for

7 days, and stained with rabbit anti-Tg antibody followed by FITC-goat antirabbit antibodies. (b) Control thyrocytes were stained with second antibody

only.
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Fig.2. (a) Phenotypic analysis of DC after exposure to various stimuli by double labelling with PE-anti-CD11c mAb, and FITC-conjugated mAbs
against MHC class I, CD80, CD86 or CD40. (b) Functional analysis of DC exposed to the same stimuli as in (a), as determined by IL-12 secretion in
the culture supernatants. The results are expressed as means = S.D. of triplicate wells. Data are representative of two independent experiments in (a)

and (b).

or untreated DC were used as controls. The expression of
MHC class II, CD80, CD86, and CD40 markers in VI/DC
(70%, 70%, 31% and 4%, respectively), was similar to those
in untreated DC (Fig. 2a). In contrast, these markers were
significantly up-regulated in NT/DC (87%, 88%, 48% and
9%, respectively) (Fig.2a), as well as in LPS/DC with the
exception of CD86 and CD40 which were higher in LPS/DC
(68% and 29%, respectively). IL-12 secretion, a critical
parameter of DC functional maturation [28,30,31], was also
monitored by sandwich ELISA in culture supernatants. As
shown in Fig. 2b, necrotic, but not viable, thyrocytes acti-
vated DC to release significantly higher amounts of IL-12
(approximately 400 pg/ml) than those found in cultures of
untreated DCs (<20 pg/ml). These data clearly demon-
strated that exposure to necrotic thyrocytes can trigger both
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phenotypic and functional DC maturation. Tg or OVA anti-
gen alone did not mediate phenotypic maturation of DC
(data not shown).

DC exposed to necrotic thyrocytes elicit Tg-specific
T- and B-cell responses

To test the immunogenic potential of DC exposed to necrotic
or viable thyrocytes, CBA/] mice (8 mice per group) were 1.p.
challenged twice (on day 1, day 15) with 2 X 10° NT/DC or
VT/DC. Additional groups of mice received the same num-
ber of Tg- or OVA- loaded, LPS-matured DC (Tg/DC, OVA/
DC). It was observed that splenic CD4" T cells exhibited low
but significant proliferative responses to Tg following prim-
ing with Tg/DC or NT/DC (S..=3-3%£0-4 or 32%0-6,
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EAT induction by DC exposed to necrotic thyrocytes
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Fig. 3. NT/DC induce Tg-specific Th1 responses. (a) On d1 and d15, CBA/] mice received an i.p.injection of 2 x 10° DCs exposed to the stimuli shown.

Two weeks after the last challenge, purified splenic CD4" T cells were cocultured with syngeneic mitomycin C-treated DCs (APC) to test recall

proliferative responses to Tg or OVA. Data represent the mean S.I. values of triplicate wells, obtained at antigen concentration of 100 pg/ml. Background
cpm ranged from 1600 to 2200. (b,c) Cytokine determination by sandwich ELISA in 48-h supernatants of the corresponding cultures is shown in (a).
Results are representative of two separate experiments. Statistical significance was determined by the t-test (*P < 0-05, **P < 0-01).

respectively) (Fig. 3a). In contrast, Tg-specific proliferative
responses were undetectable in mice challenged with OVA/
DC or VT/DC. Significant amounts of IL-2 and IFN-y were
detected in culture supernatants of Tg/DC- and NT/DC-
activated CD4" T cells (Fig. 3b,c), whereas IL-4 or IL-10 were
undetectable (data not shown). As expected, challenge with
OVA/DC elicited strong OVA-specific proliferative T-cell
responses and IL-2 or IFN-y release. Interestingly, mice chal-
lenged with NT/DC mounted strong Tg-specific IgG
responses which were significantly higher than those
detected in the sera of Tg/DC-challenged mice (mean
ODygs am = 1:195 versus 0-548, P<0-001) (Table 1). These
results demonstrated that NT/DC were strongly immuno-
genic, as they could initiate both B- and T-cell responses
against Tg, the most abundant thyroid antigen.

DC exposed to necrotic thyrocytes mediate EAT
development

To assess the pathogenicity of NT/DC, the thyroids of CBA/
J mice (8 mice per group) treated as described above, were
obtained on day 28 for histological assessment. As shown in
Table 1, four out of eight mice receiving NT/DC developed
EAT (mean 1.I.=0-9 £ 1-1) with thyroid infiltration indices

Table 1. EAT and IgG responses induced by DC exposed to various stimuli.

ranging from 1 to 3 (Fig. 4). The EAT incidence was similar
to that of the group challenged with Tg/DC, since five out of
eight mice presented with thyroiditis, albeit of higher sever-
ity (mean L.I.=1-5% 1-4). Mononuclear cell infiltration of
the thyroid was undetectable in mice challenged with either
VT/DC or OVA/DC. These data directly support the notion
that DC which engulf necrotic thyroid epithelial cells can ini-
tiate an autoimmune response leading to development of
thyroiditis.

Discussion

Our present findings show that DC which have captured
necrotic thyrocytes can undergo maturation, and enable the
immunogenic presentation of thyroid antigen(s), such as Tg,
on their surface, leading to development of EAT. To our
knowledge, this is the first report showing that DC can pre-
cipitate an organ-specific autoimmune disease following
ingestion of necrotic epithelial tissue. Analogous findings
have been recently reported for a model of a systemic
autoimmune disease in which DC ingesting necrotic spleno-
cytes induced strong anti-dsDNA antibody responses and
accelerated disease progression in lupus-prone mice [32].
Excess iodide is well known to bring about thyrocyte necrosis

Induction of EAT

Serum IgG response

Infiltration Index (I.I)

(OD 405 nm) against

No. of mice
0 1 2 3 Mean + SD with EAT Tg OVA
NT/DC 4 2 1 1 0-88 £ 1-13 4/8 1195+ 0-010 0-193 £ 0-006
VT/DC 8 0 0 0 0-00 0/8 0-285 £ 0-021 0-176 £ 0-005
Tg/DC 3 1 1 3 1-50 £ 1-41 5/8 0-548 = 0-001 0-197 £ 0-006
OVA/DC 8 0 0 0 0-00 0/8 0-192 + 0-004 1615+ 0-010

CBA/J mice (8 mice per group) were i.p. challenged with 2 X 10° of the indicated DC and boosted, 2 weeks later, with the same number of DC.
Thyroids were removed 28 days after the initial challenge for EAT assessment. At the same time, immune sera were collected, pooled and diluted at
1:30 in PBS/Tween/0-1% BSA for IgG determination. ELISA results are expressed as mean OD values of duplicate wells £ SD.

© 2006 The Author(s)
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Fig. 4. Histological appearance of EAT elicited by NT/DC. On d1 and d15, CBA/J mice were i.p. challenged with 2 x 10° indicated NT/DC. Two weeks
after boosting, the mice were sacrificed and the thyroid glands were removed for EAT assessment. (a) Normal gland, L.I. = 0; (b) Interstitial accumulation
of inflammatory cells (arrows), L.I. = 1; (c) One or two foci of inflammatory cells (arrows), LI. = 2; (d) Diffuse infiltration, 10-40% of total area

(arrows), LI = 3. Magnification: x100.

both in vitro [33,34] and in experimental animals prone to
thyroiditis such as Obese Strain chickens [20], BB/W rats
[21] and NOD mice [10]. In humans, administration of the
potent anti-arrhythmia drug amiodarone, which is very rich
in iodine, has been linked to the pathogenesis of thyroiditis,
possibly through the release of autoantigens from the injured
thyroid [35]. Factors that promote enhanced apoptosis of
thyrocytes [36] may also contribute in these processes since
apoptotic cells may undergo secondary necrosis if not
removed in time [37].

The maturation stimuli released by the disintegrated
necrotic thyrocytes are unknown but may include genomic
DNA [38], heat shock proteins [39], the high-mobility group
Bl protein [40] or uric acid [41]. Under the conditions
described herein (i.e. culturing of necrotic thyrocytes with
DC at a 1:10 ratio), it is evident that enough antigenic
material can be released to induce Tg-specific Thl responses
which were equivalent in magnitude to those obtained by
DC loaded with purified Tg. Intrathyroidal DC are prime
candidates for antigen capture in vivo and a small increase in
the number of DC, clustering in the thyroidal interstitium,
is one of the first signs of developing autoimmunity [8].
Thyroid tissue, obtained predominantly from patients
with Graves’ disease, shows the presence of perifollicular
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immature DC at the basal surface of thyrocytes, with long
cytoplasmic protrusions which penetrate the tight junctions
between adjacent thyrocytes [42]. In addition, mature DC
have been observed within lymphoid — like clusters in close
proximity to CD4" T cells [43] in agreement with the concept
that mature DC that fail to migrate to lymph nodes may
serve as nucleation sites for chronic inflammatory reaction
[44]. According to current theory, however, DC ingesting
necrotic thyrocytes are expected to reach the draining lymph
nodes and activate thyroid antigen-specific naive T cells
there.

Tg/DC induced EAT with equivalent incidence but higher
severity than that elicited by NT/DC. These findings confirm
earlier observations that Tg-pulsed DC can initiate EAT
[4,5]. It is quite likely, however, that NT/DC display on their
cell surface T-cell epitopes of other thyroid antigens such as
thyroid peroxidase; but the extent of other antigen partici-
pation, or the involvement of antigenic competition in this
process, remains unknown. The capacity of Tg/DC or NT/
DC to elicit significant Tg-specific IgG responses is also in
agreement with the finding that DC can interact directly
with naive B cells to transfer unprocessed antigen and ini-
tiate class switching [45]. It is not clear why NT/DC induce
stronger anti Tg IgG responses than Tg/DC since maturation

© 2006 The Author(s)
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of DC was mediated by distinct stimuli, in each case. In addi-
tion, it is not known whether Tg freshly released from
necrotic cells may have minor conformational differences
from lyophilized Tg preparations which could be detected by
B cells. Cleavage of autoantigens during necrotic cell death
seems to differ from the caspase-dependent proteolysis
observed in apoptosis [46,47]. An intriguing possibility is
that Tg processing in NT/DC may take place in a different
manner than in Tg/DC, revealing the generation of cryptic
determinants to which tolerance has not been established
[47]. This is a testable hypothesis given the large number of
pathogenic but cryptic Tg determinants already mapped
[48]. A similar hypothesis can be made in iodide-induced
thyrocyte necrosis since we have observed that the processing
of highly iodinated Tg can promote the generation of a cryp-
tic pathogenic determinant [49]. Lastly, it will be interesting
to test whether use of Tg- pulsed tolerogenic DC may pre-
vent EAT induction by NT/DC, as has been recently
observed for EAT elicited by Tg in adjuvant [28], or whether
apoptotic thyrocytes may be needed to generate tolerogenic
DC for this purpose.
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