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Abstract

The purpose of this study was to determine the effect of den-
dritic cell (DC) transfers on the incidence of diabetes in female
nonobese diabetic (NOD) mice. Groups of 4-wk-old NOD fe-
male mice were given a single foot pad of DCs (70-90% purity)
isolated from the draining lymph nodes (LN) of the pancreas
(PLN), the cervical LNs, or the axillary /inguinal LNs. In ad-
dition, other groups of NOD mice received purified spleen DCs,
purified PLN T cells (the major contaminating population in
DC preparations), or the injection vehicle PBS. All groups
were monitored for diabetes for one year.

Significant protection from diabetes was observed in NOD
mice receiving > 1 X 10* PLN DCs in comparison to mice
receiving other DCs populations, PLN T cells, or PBS (P
< 0.05). The pancreata of NOD mice that received PLN DCs
demonstrated significantly lower levels of lymphocytic infiltra-
tion in the islets that age-sex matched nondiabetic female NOD
control mice (P < 0.05). LN cells from nondiabetic NOD mice
that received PLN DC protected irradiated female recipients
from the adoptive transfer of diabetes to a greater degree than
LN cells from age and sex matched nondiabetic female NOD
mice that did not receive PLN DC transfers at 36 d (P = 0.014)
and at 1 yr (P = 0.0015) after transfer.

These data suggest that the PLN DC transfers are able to
modulate autoimmunity and limit diabetes expression in the
NOD mouse. PLN DCs transfers may regulate autoimmunity
by the induction of regulatory cells. (J. Clin. Invest. 1992.
90:741-748.) Key words: nonobese diabetic mice « dendritic
cells « diabetes » autoimmunity

Introduction

The nonobese diabetic (NOD)! mouse is a well established
model of type 1 diabetes (1-4). NOD mice universally develop
insulitis but not all animals develop diabetes (5). Approxi-
mately 25% of NOD/Ym female mice and 70% of male mice
do not develop diabetes (UCLA colony data). A reduction in
the incidence of diabetes in NOD mice has been accomplished
by a number of nonspecific manipulations including injection
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of CFA, viruses, and the cytokines IL-1, IL-2, and tumor ne-
crosis factor (TNF) (6-9). Investigators have suggested that
the NOD mouse contains cells that function to inhibit the au-
toimmune response which may be enhanced by these maneu-
vers (6, 8, 10). For example, natural suppressor cells can be
augmented in NOD mice by the administration of CFA (6).
Other studies have suggested that protective cells are CD4-posi-
tive T cells that are found in unmanipulated NOD mice, to
varying degrees at different ages (10).

The “honeymoon period,” an apparent spontaneous re-
mission of type 1 diabetes seen in some new onset patients may
represent a down modulation of the autoimmune response for
a brief period of time. Peripheral blood leukocyte analysis from
prediabetic patients suggests that there are increased numbers
of cells with the suppressor/inducer phenotype before diabetes
onset and the number of these cells diminishes at the time of
diabetes onset (11). Combined, these animal and human stud-
ies suggest that the autoimmune response to the beta cell can be
modulated, perhaps through regulatory cells.

Regulatory or effector T cells responses may be induced by
stimulation with antigen-presenting cells. The dendritic cell
(DC), a unique antigen-presenting cell, may play an important
role in the regulation of the autoimmune response. Various
investigators have demonstrated that DCs are able to transfer
experimental autoimmune diseases such as thyroiditis and en-
cephalomyelitis with great efficiency (12-14). Conversely,
DCs also have the potential to control the autoimmune re-
sponse by a variety of mechanisms. DCs are the chief stimula-
tors of the syngeneic mixed lymphocyte response (SMLR)
(15). The SMLR, which is depressed in NOD mice (16), may
be important in the generation of suppressor/inducer cells
(17). Furthermore DCs pulsed with a high concentration of an
antigen can inhibit the immune response to that antigen (18).
In contrast pulsing with low antigen concentrations stimulates
the immune response ( 18). DCs also participate in the thymic
selection of the T cell repertoire (19). In addition, these anti-
gen-presenting cells may play a role in the shaping of peripheral
tolerance (20). Thus DCs have the potential to modify the
autoimmune response.

Little is known about the function of DCs in NOD mice. As
discussed DCs could function to either augment or reduce the
autoimmune response of NOD mice. We chose to investigate
the function of DCs in the NOD mouse in transfer experi-
ments. We were particularly interested in ascertaining the
function of pancreatic lymph node (PLN) DCs for the follow-
ing reasons. First, DCs are an early component of the islet
infiltrate in the animal models of type 1 diabetes (21, 22). In
addition, DCs have been shown to take up antigen in tissues
and travel via the afferent lymphatics to the draining LNs
where they stimulate immune responses (23, 24). Thus DCs in
the islets may acquire relevant antigens and migrate to the
draining PLN where they stimulate an immune response. The
following experiments demonstrate the effect of PLN DC
transfers on diabetes incidence in NOD mice.
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Methods

Animals. NOD/Ym mice of various ages were obtained from the
UCLA colony. NOD mice used as DCs donors were female, 820 wk of
age. Recipient mice were 4-wk-old NOD females. The colony at UCLA
is checked yearly, and was negative for a number of viruses and myco-
plasma currently, and during the period of experimentation. The vi-
ruses screened for include: mousepox, murine hepatitis, polyoma, Sen-
dai, Reovirus 3, adenovirus, Theller’s GD-VII, LCMV, K virus, and
minute virus. In addition, the skin, oral cavity, rectal area, genito-uri-
nary area, and abdominal cavity were all inspected for the presence of
infection or tumors before use. If infection or tumors were found the
animals were excluded from experiments. Mice were also evaluated for
diabetes by urine glucose testing at the time of use. NOD mice with
glycosuria were also excluded. 4-wk-old female littermates served as
recipients. These littermates were randomly divided amongst the
various experimental groups to control for potential variation in the
incidence of diabetes amongst different litters and also controlled for
the vertical transmission of viruses. The different experimental groups
of recipient mice were housed two to three animals per microisolator in
close proximity to each other and fed standard lab chow and water
from the same sources ad lib. All animals were handled by the same
animal care technicians.

Monitoring for diabetes. The urine of recipient mice was monitored
weekly for glucose with Tes-Tape (Eli Lilly & Co., Indianapolis, IN)
after injection. Mice that were found to be glucose positive for three
consecutive days were then placed on insulin therapy with Lente insu-
lin (Eli Lilly & Co.) and monitored daily for glycosuria. Recipients that
were urine glucose negative at the time of sacrifice were tested for hyper-
glycemia by capillary blood glucose with an Accucheck II (Boehringer
Mannheim GmbH, Mannheim, Germany). Glucose values of 60 to
140 mg/dl were considered to be normal. Diabetes was defined as
glucose values above 300 mg/dl. The incidence of diabetes was closely
monitored in the colony mice over the period of the experiment.

DC purification. DCs were purified from PLN, axillary/inguinal
(A/I) LNs, and cervical LN, as described by Knight (13). Spleen DCs
were purified by culturing freshly isolated NOD whole spleen cells at a
concentration of 1 X 107/ml overnight in RPMI 1640 plus 2-ME as
described (13). Cells were washed one time in medium and then sepa-
rated as before on metrizamide (Sigma Chemical Co., St. Louis, MO)
gradients. This preparation consistently yielded DCs from all lymphoid
tissues that were 70-90% pure. Purified DCs were then cells washed
twice in PBS and used for injection. PLN DCs were obtained in very
small numbers. 8-12 (8-20-wk-old) NOD female mice yielded 5.0 X
10-3.0 X 10° PLN DCs. The different groups of DCs (i.e., PLN DCs,
cervical DCs, etc.) given to recipient mice were derived from the same
pool of NOD donors to control for possible variation in donor cells and
to control for the transmission of viruses to recipients.

T cell preparation. T cells were prepared by adherence to nylon
wool columns as described by Julius (25). The purity of the prepara-
tion was assessed by labeling cells with Thy1.2 (Becton-Dickinson Co.,
Mountain View, CA). This method consistently yielded T cells of 80—
90% purity.

Foot pad injection. Cells were suspended in PBS. 4-wk-old NOD
female mice were then lightly anesthetized with ether, and injected in
each hind foot pad with 25 gl of various doses of DCs (1.0 X 104-2.0
X 10° DCs), T cells (1.5 X 10*) from the various lymphoid tissues,
or PBS.

DC migration studies. The migration of DCs injected into the foot
pad of NOD mice was studied by labeling these cells with a vital fluores-
cent dye, Hoechst 33342 (Sigma Chemical Co.), which labels cell nu-
clei. DCs were exposed to Hoechst 33342 (6 ug/ml) for 15 min at
37°C. The cells were then washed twice with PBS before injection. DC
labeling was assessed with a Nikon Optiphot microscope with fluores-
cent capability prior to injection. DC viability was assessed forupto 8 h
after labeling with trypan blue exclusion and was 90% or greater. 4-wk-
old female NOD mice were injected in the foot pad with 1 X 10° labeled
PLN DCs or A/I DCs. Popliteal LNs, inguinal LNs, cervical LNs,

axillary LNs, spleen, thymus, and pancreas were harvested at 3and 5d
after injection and 5 um frozen tissue sections prepared. These sections
were then examined with fluorescent microscopy. 4-wk-old control
mice (BALB/c and B10.BR) were also examined in a similar fashion.

Popliteal LN proliferative assay. Popliteal LNs of NOD mice were
removed 5 d after the injection of various populations of purified DCs.
NOD mice were injected in one footpad with 5 X 10* PLN DCs and in
the other footpad with PBS. Control NOD mice were injected in a
similar fashion with PBS and 5 X 10 axillary/inguinal LN DC in the
other footpad. Single cell suspensions of the popliteal LN were pre-
pared by teasing it over a steel sieve. 100,000 cells were placed in RPMI
1640 10% FCS, plus 2ME, counted, placed in 96-well culture plates,
and pulsed with 1 ¢Ci [*H]thymidine for 16 h before harvesting. All
experiments were performed in triplicate.

Histology. NOD pancreata were removed at sacrifice. The pan-
creata were fixed in 10% buffered formalin, processed, and paraffin
sections examined. Five interrupted serial sections cut 150 um apart
were stained for insulin by indirect immunohistochemistry, and then
counterstained with hematoxylin. The five sections were scored blindly
by an independent observer. The data obtained were analyzed by a
second blinded observer. The scoring system employed used a 1 to 10
point scale illustrated in Fig. 1. In addition the number of islets in each
section was counted and the total for five sections was averaged.

Diabetes transfer protocol. The protocol used for the transfer of
diabetes was that described by Wicker et al. (4). Briefly, 8-11-wk-old
NOD female mice were irradiated (850 rads) and then given 2.0 X 107
spleen cells by tail vein injection from an acutely diabetic NOD female
(diabetes duration < 30 d). The mice were then observed daily for the
development of diabetes by urine glucose monitoring. Mice that were
glycosuric were then tested for blood glucose by chemstrip. Diabetic
mice demonstrated glucose values > 300 mg/dl.

Inhibition of diabetes transfer. A modified 2-d transfer protocol was
used to test the ability of cell populations to inhibit the transfer of
diabetes. This protocol was similar to that described by Boitard et al.
(10). Briefly, mice were irradiated as before and on day one given
intravenous injections of either 2.0 X 107 LN cells from 1-yr-old nondi-
abetic NOD mice that had received PLN DC transfers. The LN cells
were pooled from the cervical, axillary, inguinal, PLN, and peri-aortic
LNs. Other recipients received the same number of LN cells from do-
nors that were age- and sex-matched NOD mice that did not receive
PLN DC transfers. On the second day both groups received injections
of 2.0 X 107 spleen cells from acutely diabetic NOD mice. In addition
in each of the 2-d transfers an internal control group received the same
dose of diabetic spleen cells alone.

Results

DC migration after footpad injection. The migration of DCs
was assessed after labeling these cells with a nuclear vital fluores-
cein dye. These labeled cells, purified from the PLNs of 12-wk-
old NOD female mice, were injected into the footpad of 4-wk-
old NOD female mice. The labeled DCs were found only in the
popliteal LN when examined on day 3 and 5 after injection.
Fluorescent cells were not found in the pancreas, spleen, thy-
mus, or other LNs. A few fluorescent cells were found in the
footpad of injected mice. The vast majority of fluorescent cells
were found in the subcapsular space and the medullary cords of
the popliteal LN. No fluorescent cells were found in the effer-
ent lymphatics. NOD mice injected with A/I DCs demon-
strated the same pattern of migration. Control mice similarly
injected in the footpad with DCs demonstrated the same find-
ings. The fluorescent dye intensity diminished to low levels
when LNs were examined at 7 d and was absent at day 14. Thus
analysis at later time points was prevented.

These experiments demonstrated that PLN and A/I DCs
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Table 1. Popliteal Lymph Node Proliferation Assay

Average cpm [*H]thymidine

Recipient
No. PBS A/1DCs PLN DCs

1 350 495 —

2 538 650 —

3 268 261 —

4 207 191 —

5 421 — 1,440

6 357 — 1,269

7 533 — 1,870
Average 313.2+156 399.2+211 1,526.3+309*

4-wk-old NOD female mice received footpad injections of PBS in the
left footpad, and either 5 X 10* A/I DCs or PLN DCs in the right
footpad on the same day. The animals were killed at day 5 after in-
jection and 1 X 10° cells were placed in microtiter wells, pulsed with

1 uCi of [PH]thymidine, and harvested 16 h later. Each assay was
performed in triplicate. The proliferative activity of the popliteal LN
on the side that had received PLN DCs was significantly greater that
of popliteal LNs that had been exposed to either PBS or A/I DCs (* P
< 0.05). There was essentially no difference between the PBS and
A/I DC groups at the 0.05 significance level. Parametric analysis of
variance was performed using the 7 test.

from the NOD mouse migrate to the popliteal LN, and cannot
be detected in other lymphoid tissue or the pancreas. Fluores-
cent DCs were seen in large numbers in these LN. This suggests
that the generation of an immune response by transferred DCs
would likely be confined to the popliteal LN, at least initially.

Popliteal LN proliferative assays. The proliferative activity
of cells from the popliteal LNs of 4-wk-old NOD mice, previ-
ously injected in the footpad with different populations of DCs
from the same pool of donors, was assessed after overnight
incubation with [*H ]thymidine. Popliteal LN cells harvested 5
d after the injection of PLN DCs demonstrated significantly
higher levels of proliferative activity than the popliteal LN cells
that had received either PBS or A/I LN DCs (P < 0.001) (see
Table I). The level of proliferative activity of popliteal LN cells

09

that had been exposed to A/I LN DC or PBS were essentially
equal.

These data suggest that PLN DCs are capable of producing
cell proliferation in the popliteal LN to a greater degree than
DCs isolated from LNs that are not associated with the lym-
phatic drainage of the pancreas.

DC transfers. 4-wk-old NOD female mice were given bilat-
eral footpad injections of pooled DCs (8-12 NOD mice) iso-
lated from the spleens and various LNs of NOD mice that were
8-20 wk of age. DCs populations used in transfer experiments
were consistently of 70-90% purity. The remaining cells were
composed of T lymphocytes (10-20%), B lymphocytes
(< 5%), and macrophages (5-10%) (data not shown). Recipi-
ent mice received various doses of DC (1 X 10%to 2 X 10°%/
mouse (see Fig. 2). The mice were then observed for the devel-
opment of diabetes for one year. There was a 100% survival of
NOD mice in experimental and control groups that remained
nondiabetic during the observation period. Once animals be-
came diabetic, survival was limited to a few weeks with insulin
therapy. During the period of experimentation the incidence of
diabetes in 1-yr-old NOD female colony mice was ~ 75-78%.
This percentage has remained consistent over several years.
The results of these experiments are displayed in Fig. 2. NOD
mice that received injections of PBS developed diabetes in 7 of
10 recipients. NOD mice that had received DCs from LNs not
associated with the pancreas, i.e., the A/I LN, developed dia-
betes at a rate identical to that of the colony (78%).

This was also true for the cervical LN DC population. Cer-
vical LNs are the draining LN of the submandibular gland
(SMG). The SMG of NOD mouse is also involved in an inflam-
matory process (sialitis). The sialitis process occurs concur-
rently the insulitis process of the pancreas (21). Cervical LN
DCs were given to recipients to test the hypothesis that DC
from a draining LN of an inflamed gland other than the pan-
creas were equally as effective in preventing diabetes. Cervical
DCs however were found to provide no protection from dia-
betes (8:10; 80% diabetes).

Nylon wool-purified PLN T cells were also given to recipi-
ents in a dose that was equivalent to the number of T cells
found in PLN DC preparations (1.5 X 10* cells). NOD mice

Figure 2. 4-wk-old NOD female mice received bilat-
eral footpad injections of various DC populations
(70-90% purity) isolated from LNs and spleens of

—o8aw) nondiabetic 8—20-wk-old NOD female mice. Other

NOD mice received nylon wool-purified PLN T cells,

—\ (70%) and another group received the injection vehicle PBS.

Diabetes Incidence

=0 (67%) The mice were checked weekly for a period of one

year for the onset of glycosuria by tes-tape. If mice
were found to be glycosuric diabetes was confirmed

by chemstrip. The incidence of diabetes in each group
is plotted in this figure as a function of time (weeks).
The incidence of diabetes in NOD mice that received
PLN DCs was statistically significant from all other

’:(2-,.,., groups (P < 0.05) with the exception of mice that re-

CELL DOSE
1.5x104
2.0x10%

1.Ox 108
1.0 x 108

1x104 -2x10% |

ceived spleen DC transfers (P = 0.14). If, however,

the three animals that received low doses of PLN DCs

are removed from the analysis the difference between

the PLN DC and spleen DC group reaches statistical
, significance (P = 0.01). Survival curve analysis of

1
30 40
Week of Diabetes Onset

S0

60 diabetes incidence using the log rank test was per-
formed to statistically analyze the data.
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receiving PLN T cells developed diabetes in 5:6 (83% ) of recipi-
ents.

In marked contrast PLN DCs transfers were found to be
highly protective in that only 4:15 animals were observed to
develop diabetes in a 1-yr period. Two of the four animals that
became diabetic in this group received low doses of PLN DCs
(1 X 10* cells/recipient). If the three animals that received 1
X 10* PLN DCs are removed from the analysis then the dia-
betes incidence in this group drops to 17%. The difference in
diabetes incidence between the PLN DC group (including
those animals that received low doses of PLN DCs) and the
other transfer groups reaches statistical significance (P < 0.05)
in all cases with the exception of the spleen DC group (P
= (0.13). NOD mice receiving spleen DCs, which were given at
higher doses (2 X 10° cells/recipient ), however did not mark-
edly effect the incidence of diabetes in recipients (4:6; 67%). If
the three animals receiving 1 X 10* PLN DCs are removed
from the analysis the difference between the spleen DC group
and the PLN DC group also reaches statistical significance (P
=0.01).

These results demonstrate that PLN DCs given to 4-wk-old
NOD female mice as a single footpad injection markedly in-
hibit the development of diabetes in the recipient. This protec-
tive effect is not seen to any degree in the other populations
DCs or with PLN T cells.

Pancreatic histology of NOD mice. The effect of PLN DC
transfers on the insulitis process of NOD mouse recipients was
assessed by histologic examination of the pancreas. In a pilot
study four female NOD mice that received PLN DCs at 4 wk of
age and four female NOD mice that received PBS injections at
the same age were killed at 8 wk of age and their pancreata
examined. The NOD mice that received PLN DCs did not have
any evidence of lymphocytic infiltration in the islets examined,
whereas the PBS injected mice all had evidence of insulitis at
this age (data not shown).

In the follow up study the pancreata of NOD mice that had
received either PLN DCs or A /I DCs at 4 wk of age, and then
became diabetic, were evaluated histologically within 4-8 wk
of the onset of their disease (see Table II). In addition, the
pancreata of untreated female NOD colony mice were also
examined within 4-6 wk of the onset of their diabetes. The
islets of all of the diabetic NOD groups (including those that
had received PLN DCs) were infiltrated with a large number of
lymphocytes and were small in size in comparison to those of
the nondiabetic group (data not shown). The average infiltrate
score for these diabetic animals were similar (range; 8.1-9.2).
Very few islets in the pancreas of the diabetic groups were posi-
tive for insulin by immunohistochemistry. The pancreata of
NOD mice that had received PLN DCs demonstrated a histo-
logic score similar to that of the other diabetic mice examined.
The PLN DC recipients however demonstrated more islets per
section (average 15.3 per five sections). This difference, how-
ever, did not reach statistical significance.

The pancreata of NOD that had received PLN DCs at 4 wk
of age, but failed to develop clinical diabetes, were examined
when the animals reached 1 yr of age or greater. In addition, the
pancreata of age-sex matched colony NOD mice that failed to
develop diabetes were also examined. The histologic appear-
ance of the islets of both of the nondiabetic groups were mark-
edly different from their diabetic counterparts. As seen in Ta-
ble II, the number of surviving islets was much greater and the
infiltration scores were far lower than those of diabetic animals.

Table II. Pancreatic Histology Scores of NOD Mice

Cells Average Average islet no./
NOD group transferred n score five sections
Diabetic NOD none 6 88+1.2 5.6+5.2
Diabetic NOD A/I DCs 6 9.2+1.0 9.8+8.2
Diabetic NOD PLN DCs 6 8.1+14 15.3+5.8
Nondiabetic NOD  None 11 4.2+22 51.9+42.7
Nondiabetic NOD  PLN DCs 12 2.3+0.9* 50.0+£21.2

The pancreata of diabetic female NOD mice that had received no
treatment (spontaneous colony diabetes), and NOD mice that devel-
oped diabetes after receiving either NOD PLN or A/I DCs at 4 wk of
age were examined histologically in paraffin sections stained with
hematoxylin, and for insulin by immunocytochemistry within 4-8
wk of disease onset. In addition the pancreata of nondiabetic 1-yr-old
NOD PLN DC recipients, and nondiabetic age-sex matched colony
mice, were examined in a similar fashion. The pancreata of all mice
were scored blindly using a 10-point scale (see Fig. 1). Untreated
diabetic NOD mice had few islets that were negative for insulin. Dia-
betic NOD mice that had received PLN DCs had greater numbers
of islets/five sections (15.3) than did the other two diabetic NOD
groups. The colony nondiabetic NOD mice had markedly lower in-
filtrate scores and many large insulin-positive islets. NOD mice that
received PLN DCs had significantly lower infiltration scores than
those of colony nondiabetic animals (* P < 0.05). Results are ex-
pressed as an average+SD. Analysis of variance was performed using
the post hoc ¢ test.

The NOD mice that received PLN DCs demonstrated signifi-
cantly lower infiltration scores than those of the nondiabetic
NOD mice that did not receive PLN DC transfers (P < 0.05; ¢
test). The islets of NOD mice that received PLN DC transfers
were often completely free of infiltration. If lymphocytic accu-
mulation did occur, it remained outside of the islet in the peri-
ductal region.

Inhibition of diabetes transfer. The possibility that cell-me-
diated suppression of insulitis and diabetes is enhanced in
NOD mice that received PLN DCs was assessed in a modified
adoptive transfer setting. 100% of NOD female recipients that
were irradiated and then injected with diabetic spleen cells 48 h
later developed diabetes within 22 d of transfer (see Fig. 3). To
test for the inhibition of diabetes transfer LN cells ( pooled from
the cervical, A/I, PLN, peri-aortic LN, and popliteal LN ) from
NOD mice were given to irradiated NOD female recipients on
day one, followed by diabetic spleen cells on day two. LN cells
from 1-yr-old nondiabetic female NOD mice that did not re-
ceive DC transfers initially inhibited the transfer of diabetes in
some animals (5:8 [63%] animals became diabetic at 22 d).
This protection, however, was short lived in that 8:8 recipients
became diabetic within 36 d of transfer (see Fig. 3).

When irradiated NOD mice were injected with pooled LN
cells from nondiabetic female NOD mice that received PLN
DC on day one the transfer of diabetes was markedly inhibited.
31% (5:16) of NOD recipients became diabetic within 22 d and
only 50% (8:16) of mice became diabetic by 36 d after transfer.
The five mice that eventually became diabetic did so at 50, 78,
100, 121, and 181 d after transfer. Three mice (19% ) remained
nondiabetic at 1 yr of age. The protection seen in this group at
36 d was statistically different from the other two groups (P
= 0.014). Furthermore survival curve analysis of the diabetes
incidence using the log rank test indicated that NOD mice that
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received PLN DC transfer were protected to a significantly
greater degree that animals from the other two transfer groups
(P =0.0015).

These experiments suggests that NOD mice that received
PLN DC transfers contain cellular elements that inhibit the
transfer of diabetes to a greater degree than LN cells from age-
matched nondiabetic control NOD mice. There was, however,
an initial delay in the transfer of diabetes in some animals that
received LN cells from 1-yr-old unmanipulated NOD mice
given on day one. 1-yr-old nondiabetic mice have a low proba-
bility of developing spontaneous diabetes and may contain reg-
ulatory elements that inhibit the development of the disease in
these animals. It may be that PLN DC transfers enhance simi-
lar regulatory elements in transferred animals.

Discussion

In these studies we demonstrate that PLN DC transfers mark-
edly perturb the autoimmune response of prediabetic NOD
mice and prevent diabetes in the majority of recipient animals.
PLN DCs, when compared to DCs isolated from other LN
groups, were unique in their ability to protect recipients from
diabetes. Histologic examination of the islets of 1-yr-old nondi-
abetic NOD mice that received PLN DCs demonstrated a low
degree of lymphocytic infiltration suggesting that a single
transfer of PLN DCs was able to inhibit, but not completely
ablate, the autoimmune process. Furthermore, LN cells from
NOD mice that received PLN DC transfers markedly inhibited
the adoptive transfer of diabetes by diabetic spleen cells demon-
strating that these recipients contained potent regulatory cells.
These studies suggest that PLN DCs may play an important
role in the regulation of autoimmunity.

Of particular interest was the finding that isolated PLN DCs
in comparison to other populations of NOD LN DCs were
highly effective at modulating the autoimmune response.
" There are a number of potential explanations for the unique
protective effect provided by PLN DC transfers. First, cyto-
kinessuch asIL-1 or granulocyte macrophage-colony-stimulat-
ing factor are known to augment DC function. It could be
envisaged that PLN DCs are “activated” upon exposure to
these cytokines produced in the inflamed islet (27, 28). After
cytokine exposure DCs may become more potent simulators of
regulatory cells. DCs isolated from the cervical LN, an LN
associated with the inflammation of the SMG of NOD mice

(26), however, were not protective. This suggests that the pro-
tective effect of PLN DCs is not due to their exposure to an
inflammatory process.

Second, the protective effect seen with PLN DC transfers
may be due to the acquisition of islet antigen(s) by these anti-
gen-presenting cells. DCs have been shown to take up antigen
in tissue sites and migrate via the afferent lymphatics to the
draining LN where they activate T and B lymphocytes (23, 24,
34). We postulate that DCs present in the insulitis lesion (21,
22) acquire islet antigen(s) before they migrate to the PLN.
This hypothesis is supported by the observation that DCs iso-
lated from LNs that do not share a common lymphatic drain-
age with the pancreas, i.e., cervical LNs and A /I LNs, were not
protective. Furthermore, preliminary experiments demon-
strated that the transfer of A /I LN DCs, which do not provide
protection in the transfer setting, do so if they are pulsed with
sonicated islets before their transfer (unpublished data). Fi-
nally, a preliminary analysis of the histopathology of the SMG
of NOD mice that received cervical LN DCs transfers demon-
strated low levels of lymphocytic infiltration in this organ in
comparison to the SMG of NOD mice that received PLN or
A/1 LN DC transfers. This suggests that cervical LN DC
transfers modify the immune response in the SMG. These re-
sults support the hypothesis that the suppression of disease by
DC transfers is dependent on their exposure to tissue antigens
and on this basis may be tissue- or antigen-specific.

Because DCs are potent antigen-presenting cells for T cell
responses we hypothesized that the protection provided by
PLN DC transfers may be due to the stimulation of regulatory
cells. Indeed, we found that LN cells from NOD mice that
received PLN DC transfers inhibited the transfer of disease by
diabetic spleen cells to a significantly greater degree than did
LN cells of unmanipulated nondiabetic NOD mice. The ability
of DCs to stimulate regulatory cells may be related to their
potency as stimulators of the SMLR, a response in which sup-
pressor/inducer cells are produced (29, 30). We have found
that the DCs of NOD mice, like those of nonautoimmune
strains, are potent stimulators of the SMLR (manuscript in
preparation). It is possible that PLN DCs injected into the
footpad effectively stimulate suppressor/inducer cells in the
popliteal LN that may be specific for the insulitis process. Lym-
phocytes primed in the popliteal LN by PLN DCs may then
exit this tissue and home to sites of inflammation such as the
islet or other lymphoid compartments. In support of this con-
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cept Inaba et al. recently demonstrated that lymphocytes
primed by antigen pulsed DC disseminated to other lymphoid
compartments (31).

Previous studies support the hypothesis that DCs play a key
role in autoimmunity, but contrary to our study, suggest that
DC transfers precipitate autoimmune disease. Knight et al.,
using experimental models of autoimmune disease (thyroiditis
and encephalomyelitis) demonstrated the efficient transfer of
disease by splenic DCs derived from animals with active au-
toimmune disease (12, 13). Several differences exist between
our experiments and those of Knight, such as the use of a spon-
taneous autoimmune disease model, the use of draining LN
DCs, and footpad versus intravenous injection. The apparent
disparity between these experiments and ours may exist be-
cause PLN DCs may contain high levels of antigen in compari-
son to splenic DCs. Knight et al. have suggested that the con-
centration of antigen present on DC may play a key role in the
type of immune response generated by these cells (18). They
have demonstrated that high concentrations of antigen on DCs
tend to suppress the immune response to the given antigen. In
our experiments large numbers of PLN DCs reaching a target
LN, the popliteal, may present a high concentration of islet
antigen to T cells and generate a regulatory immune response.

Lymphoid cells, other than DCs, which contaminate DC
preparations could contribute to, or may be primarily responsi-
ble for protecting NOD recipients from diabetes. T cells, the
major contaminant in DC preparations ( 10-20% ), could gener-
ate protection as T cells isolated from animals with autoim-
mune disease can be used as a vaccine to protect recipients (32,
33). Arguing against this possibility is the finding that nylon
wool-purified PLN T cells from NOD donors with active au-
toimmune disease (8-12 wk of age) did not modulate autoim-
munity.

In addition accessory cells, such as B cells and macro-
phages, contained in the PLN DC preparations could present
islet antigens, and also stimulate regulatory cells. The number
of these cells in DC preparations is small in comparison to the
total number of DCs (< 5% B cells, and 5-10% macrophages),
but it is nonetheless possible that they could contribute to the
modification of the autoimmune response. Indeed, a number
of recent studies suggest that B cells and macrophages modify
immune, and autoimmune responses.

Recently Eynon and Parker demonstrated in vivo that
small resting B cells induce antigen specific T cell tolerance
when soluble antigens (Fab fragments of rabbit-anti-mouse
IgD) are targeted to these cells (35). B cells contained in the
PLN DC populations appear to be of the small, resting type
(data not shown). Tolerance in their system, however, is not
permanent and lasts only a few weeks. These authors suggest
that the mechanism of antigen-specific tolerance induction is
through deletion or inactivation of T cells in the periphery by B
cells presenting the soluble antigen. It may be that resting B
cellsin the PLN DC preparation induce anergy or delete autore-
active T cells in recipient NOD mice. Our data, however, sug-
gest that the mechanisms of self tolerance generated by PLN
DC transfers is different from that suggested for B cells by En-
yon and Parker (35). First, protection provided by PLN DC
transfers is long lasting. Second, protection appears to be me-
diated by cells capable of actively suppressing the transfer of
diabetes, which does not fit the model of anergy or clonal dele-
tion. However, the contribution of PLN B cells to the protec-
tion phenomena witnessed needs to be more closely evaluated

as B cells could augment protection by deletion of autoreactive
cells or by inducing anergy.

Further evidence for the modulatory effect of B cells and
macrophages comes from the work of Ben-nun and Yossefi in
the experimental autoimmune encephalomyelitis (EAE)
model (36). These investigators demonstrated that pretreat-
ment of recipients with intraperitoneal injections of gamma
interferon-treated macrophages and B cells pulsed with myelin
basic protein (MBP) before myelin basic protein and adjuvant
immunization, blocked the development of EAE. They sug-
gested that the mechanism of protection provided by MBP-
pulsed macrophages and B cells is by the diversion of autoreac-
tive cells away from the target organ, the central nervous
system.

Our experiments differ in several important ways from
those of Ben-nun and Yossefi (36). First, B cells and macro-
phages were treated with gamma interferon, and the numbers
of B cells and macrophages used in these experiments was 100-
fold greater than the number of these cells contaminating our
DC preparations. Our results suggest that the mechanism of
protection of PLN DC transfers is not mediated by the diver-
sion of autoreactive cells away from the target organ as sug-
gested by Ben-nun and Yoseffi for macrophages and B cells,
but instead is mediated by potent regulatory cells that effec-
tively inhibit the transfer of diabetes. Furthermore, we found
no evidence to support the diversion of autoreactive lympho-
cytes as there was no accumulation of lymphocytes in the foot-
pads of recipients nor was there enlargement of the popliteal
LNs of NOD mice that received PLN DC transfers.

However, because of the potential contribution of PLN B
cells and macrophages to the potent protective effect of PLN
DC transfers it will be important to evaluate the contribution
of each of these cell types to this phenomena. We are currently
evaluating the effect of the transfer of each of these PLN anti-
gen-presenting cells on the incidence of diabetes in the NOD
mouse. It may be that therapeutic strategies using B cells, mac-
rophages, or DCs pulsed with antigens relevant to the autoim-
mune response will provide viable approaches to the modula-
tion or prevention of clinical autoimmune disease.

Viruses such as murine hepatitis virus are known to modify
the incidence of diabetes in NOD colonies (37). The low inci-
dence of diabetes in the PLN DC group could be due to the
presence of viruses in these animals that modified disease inci-
dence. However, this is not likely for the following reasons.
First, recipients were randomized into the different experimen-
tal groups to control for variation in the incidence of diabetes
between different litters. This also would control for the verti-
cal transmission of viruses. Second, the different groups of DCs
used in the experiments were all derived from the same pool of
donor mice. This would control for the transmission of viruses
from donor to recipient. All recipient mice were housed under
the same environmental conditions as were colony mice. We
did not detect a lower incidence of diabetes in colony mice, or
in the experimental control groups (i.e., A/I LN DC group)
during the experimental observation period. Finally, we found
that the NOD mice that received PLN DC transfers that be-
came diabetic were randomly distributed amongst different
cages of this experimental group, suggesting that specific cages
of PLN DC recipients were not uniquely infected with viruses
that lowered diabetes incidence.

These studies demonstrate that the PLN DC transfers are
very effective in protecting NOD recipients from diabetes. The

Prevention of Diabetes in NOD Mice by Dendritic Cell Transfer 747



data also suggest that PLN DC transfers uniquely provide pro-
tection from diabetes. This in vivo phenomena may occur be-
cause PLN DC carry a biologically relevant islet peptide that is
presented to NOD lymphocytes and promotes the activation of
regulatory elements. PLN DCs may thus play an important
role in an immune regulatory network in the NOD mouse.
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