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Transient upregulation of IDO in dendritic cells by human chorionic
gonadotropin downregulates autoimmune diabetes
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Abstract

Objective: Pregnancy induces a state of immunological tolerance that aims at
suppressing immune responses against the fetus and has been linked to temporal
remission of pre-existing autoimmune disorders. To understand the mechanisms of this
reversible immune regulation, we investigate the role of a key pregnancy hormone,
human chorionic gonadotropin (hCG), in immune tolerance against autoimmune type 1
diabetes in nonobese diabetic (NOD) mice. Research Design and methods: We injected
hCG into cytokine gene deficient NOD mice, and evaluated the effects of hCG
administration on T cells and dendritic cells (DCs). Results and conclusions: We show
that administration of hCG to NOD mice inhibits both the activation of diabetogenic
CD4"and CD8" T cells, in vitro and in vivo, and the progression of T1D by upregulating
the expression of indoleamine 2,3-dioxygenase (IDO) in dendritic cells (DCs). IDO
upregulation is transient and declined shortly after hCG withdrawal. DC-depletion
restores the diabetetogenic activity of splenic T cells from hCG-treated mice, and
inhibition of IDO activity by 1-methyl-tryptophan (1-MT) abrogates the hCG-induced T
cell suppression and resistance to T1D. We propose that hCG-induced upregulation of
IDO in DCs plays a major role in pregnancy-associated resistance to autoimmunity.



Type 1 diabetes (T1D) is a T cell-
mediated autoimmune disorder, resulting
from the selective destruction of the
insulin-producing B cells of the pancreas
by islet antigen-specific CD4" and CD8"
T cells (1). The onset of hyperglycemia in
NOD mice is preceded by a protracted
preclinical period of islet inflammation.
This preclinical period is associated with
the activation, recruitment and local
accumulation of diabetogenic T cells.
These processes are driven by islet
antigen-loaded  professional  antigen
presenting cells (APCs), consisting
primarily of dendritic cells (DCs) in
pancreatic lymph nodes (PLN) (2; 3).
Dysregulated DC functions, such as
defective IFN-y-dependent induction of
indoleamine 2,3-dioxygenase (IDO) (4),
might contribute to the autoimmune
proclivity of this strain.

IDO is a rate-limiting enzyme for
tryptophan degradation via the kynurenine
pathway. The depletion of local
tryptophan by IDO-expressing DCs
triggers proliferation arrest and anergy in
T cells (5), whereas tryptophan
metabolites, such as kynurenine and
picolinic acid, induce apoptosis of
activated T cells (6). IDO upregulation
has been shown to protect allogeneic
engrafts from rejection (7) and to inhibit
experimental asthma (8), presumably due
to the suppressive effects of IDO on T
cell-mediated immune responses. In
addition, administration of a tryptophan
catabolite inhibited the relapse of
experimental autoimmune
encephalomyelitis (EAE) (9). By contrast,
IDO inhibition exacerbated EAE and
autoimmune colitis (10; 11). Thus, IDO
expression in DCs clearly has the
potential to  regulate  autoimmune
responses. IDO expression in DCs is often
a cytokine (including type | and Il

interferons)  dependent process that
functions as a feedback regulatory
mechanism to downregulate inflammatory
responses (6).

The placenta transiently expresses 1DO,
largely in an IFN-y independent manner
(12). IDO expression by the placenta
likely constitutes an important component
of maternal tolerance, since inhibition of
IDO activity in pregnant mice promoted
the rejection of the allogeneic fetus (13;
14). However, IDO expression in the
placenta is unlikely to be programmed
genetically in the fetus, because cells of
both maternal and fetal origins express
IDO (12; 15-17). In addition, increased
numbers of IDO-expressing cells were
found in both the decidua and the
circulation in pregnant women (18),
suggesting that an as yet-unknown
pregnancy-associated factor induces a
systemic, albeit transient, expression of
IDO.

As a major pregnancy hormone, chorionic
gonadotropin (CG) is produced by the
embryo and placenta, and the
concentration of CG in the maternal
circulation increases exponentially during
early pregnancy. In human gestation, the
peak concentration reaches over 100
IU/mL from less than 1 IU/mL in a few
weeks (19). CG has been found to induce
multiple genes in different tissues and
cells to facilitate embryo implantation and
fetal development (20), and the receptor
for hCG (human CG) (LH/hCG receptor)
is expressed in almost every tissue and
cell (21). Interestingly, administration of
hCG to NOD mice inhibited the
development of T1D (22), suggesting a
role of hCG in immune regulation. In the
present study, we investigated the
potential mechanisms through which hCG
may inhibit diabetogenesis. We show that
hCG induces the expression of IDO in



DCs in an IFN-y independent manner and
that 1DO-expressing DCs inhibit the
expansion of islet specific autoreactive T
cells and the onset of T1D in NOD mice.
hCG-induction of IDO is transient, and
autoreactive T cells from hCG-treated
NOD mice regain their diabetogenic
potential in the absence of IDO-
expressing DCs.

Research Design and Methods

Mice and reagents. NOD, NOD.scid,
NOD™"" mice and IL-10 and IFN-y
deficient NOD mice (NOD"®") mice
were purchased from The Jackson
Laboratory (Bar Harbor, ME). Stat6-
deficient NOD mice were produced by
backcrossing a mutant Stat6é gene from the
B6 onto the NOD background for 11
generations. The deficient 1110 gene was
then crossed from IL-10 deficient NOD
mice into Stat6-deficient NOD to develop
Stat6/IL-10 double deficient NOD mice.
NOD-BDC2.5 transgenic mice were
provided by Dr. J. D. Katz (University of
Cincinnati, OH). NOD-NY8.3 transgenic
mice were as described previously (23).
All mice were maintained in a specific
pathogen-free facility at University of
Calgary, according to the Institutional
Animal Care and Use Committee
guidelines.

Recombinant hCG and 1-methyl-p -
tryptophan (1-MT) were purchased from
Sigma-Aldrich CANADA LTD (Oakville,
ON). Slow-releasing placebo and 1-MT
pellets were obtained from Innovative
Research of America (Sarasota, FL). All
antibodies were purchased from BD
Pharmingen Canada (Mississauga, ON).
hCG administration. To inhibit T1D,
hCG was injected intraperitoneally into 9
week-old female mice daily. Mice were
injected with 2001U/day for the first week,
and with 1001U/day for the following 4
weeks. Mice in the control groups were

injected with PBS. To inhibit IDO
activity, slow releasing 1-MT (10mg/day)
or placebo pellets were implanted under
the dorsal skin of recipient mice. The
onset of T1D was monitored twice per
week by measuring glucose levels in both
blood and urine. Mice were considered
diabetic once blood glucose was higher
than 12 mM.

RT-PCR and Western blot. Total RNA
was extracted using TRIzol® reagent
(Invitrogen, CA), 2ug of RNA from each
sample was used for reverse transcription
and PCR was conducted as described
previously (13). Sequences of the PCR
primers for IDO mRNA  were:
5’AGCTTCGAGAAGTTGAAAAGC3

and S’ATTCCCAGAAGG-
ACATCAAGACTC3’, for p-actin
MRNA:

5’GTTACCAACTGGGACGACA3’ and
5 TGGCCATCTC-CTGCTCGAA3’; and
for FasL MRNA:
5’ACACCTATGGAATTGTCCTGC3’
and 5'GACCAG-
AGAGAGCTCAGATACS'.

For Western blots, purified splenic
CD11c" cells were cultured in GM-CSF (5
ng/mL) containing RPMI medium free of
serum in the presence or absence of IFN-y
(1000 1U/mL, Peprotech, NJ) or
recombinant hCG at various
concentrations for 24 hrs. Cells were
collected, lysed and subjected to 10%
PAGE gel and immunobloting using an
anti-IDO mAb (Chemicon International,
CA). The membranes were stripped and
re-blotted with an anti-Stat6 mAb (Santa
Cruz Biotech.,, CA) to estimate the
amount of protein in each sample.

Cell Preparation and T cell activation.
Splenic DCs, T cells, and CD4" and CD8"
T cells were isolated with antibody-
conjugated microbeads (Miltenyi Biotec
Inc., Auburn, CA). Peptides P1040-51 and
NRP-A7 were used as ligands for in vitro



activation of BDC2.5-CD4" and 8.3-CD8"
T cells, respectively(23; 24). Splenocytes
(2.5 x 10%/mL) were cultured for 3 days
with various concentrations of
immobilized anti-CD3 antibody, and
CD4" or CD8" T cells (0.5 x 10%mL)
were cultured with DCs (0.1 x 10°%mL)
for 3 days in the presence of various
concentrations of ligands. [H*]-thymidine
incorporation was used to measure T cell
proliferation and cytokine production was
measured using a DuoSet kit (R&D
System, Minneapolis, MN). 1-MT was
first resolved in 0.5% Polysorbate-20
(Kirin Brewery Co. LTD. Japan), and then
diluted into various concentrations in
culture medium.

Reconstitution of NOD“®"  and
NOD.scid mice. To reconstitute NOD"*"
" mice, T cells purified from control and
hCG-injected NOD mice (200 IU/day for
one week and 100 IU/day for an
additional 4 weeks) were transferred into
6-7 weeks old NOD™" mice (10
x10%recipient). The onset of T1D was
monitored twice a week. To reconstitute
NOD.scid mice, splenocytes from control
and hCG injected (2001U/day for one
week and 100l1U/day for an additional 4
weeks) NOD mice were prepared and
transferred into 7 week-old NOD.scid
mice (20 x10%recipient). In some
recipient mice, DC-depleted splenocytes
from hCG injected donor mice were
transferred. The onset of T1D was
monitored twice a week by measuring
blood glucose concentration as described
above.

Statistical analysis. The results of the in
vivo studies were analyzed with a Kaplan-
Meier log-rank test and a Welch t-test was
used for in vitro data.

Results

Inhibition of T1D in cytokine gene-
deficient NOD mice by hCG
administration.

Previous work has suggested that
administration of hCG protects NOD mice
from T1D by promoting the development
of Th2-type CD4" T cells (22). To
determine the role of cytokines in this
process, we injected hCG intraperitoneally
into NOD and Stat6-deficient NOD mice.
Stat6 is a signal transducer shared by two
key Th2 cytokines, IL-4 and I11-13; thus,
signals from IL-4 and IL-13 are both
abolished in Stat6 gene deficient NOD
(NOD®®") mice. Unlike IL-4 deficient
NOD mice, which develop T1D with a
frequency and age-at-onset similar to
NOD mice (25), both female and male
NOD®®®” mice exhibited an slightly
accelerated form of T1D (Fig. 1la and b),
suggesting a modest protective effect of
IL-4 and/or IL-13 against T1D
development. Injection of hCG for 5
weeks (starting at 9 weeks of age) delayed
and reduced the incidence of T1D in both
female NOD and NOD>®®"" mice (Fig. 1c
and d). We also evaluated NODS®@¢-110-
mice, which develop T1D essentially like
NOD®*™®" mice (data not shown). Again,
hCG administration inhibited T1D
development in NOD®®¢" %" mjce (Fig.
le). Interestingly, hCG treatment also
protected IFN-y deficient NOD (NOD'™"
) mice from T1D development (Fig. 1f).
These results indicate that neither Thl nor
Th2 cytokines play a critical role in hCG-
induced resistance to T1D.

hCG administration inhibits T cell
responsiveness in vivo, but not in vitro.
To ascertain whether hCG administration
had any effect on T cell function, we
isolated CD4" T cells from young NOD
mice, and activated these cells using
immobilized anti-CD3/CD28 antibodies in
the presence or absence of hCG (100



IU/mL), and in the absence of APCs. We
found that the purified T cells proliferated
similarly and produced IFN-y and IL-4 at
similar levels both in the presence and
absence of hCG (Fig. 2a), indicating that
hCG has no direct effect on T cell
responsiveness. Similar results were
obtained from CD4" T cells purified from
control and hCG-injected (200 1U/day for
5 days) NOD mice (data not shown).

To study the potential effects of hCG on
APC function, we examined the
expression levels of MHC and co-
stimulatory molecules on splenic CD11c"
DCs isolated from control and hCG-
injected NOD mice. In addition, purified
splenic CD11c” DCs from NOD mice
were cultured for 2 days in GM-CSF
containing medium in the presence or
absence of hCG. No differences in the
expression levels of MHC class I, MHC
class 11, CD40, CD80 or CD86 were noted
(Fig. 2b and data not shown).

Although T cells and DCs from hCG-
treated mice were apparently normal, we
found that total splenocytes from hCG-
injected NOD mice (2 days, 100 IU/day)
proliferated significantly less in response
to immoblized anti-CD3 antibody than did
those isolated from control NOD mice.
The effects of hCG treatment on
splenocyte responsiveness were identical
in age-matched female and male NOD
mice, suggesting that immune cells from
both genders were equally affected by
hCG (Fig. 2c). We noted a strong
upregulation of IDO gene expression in
splenocytes from hCG-treated mice as
compared to splenocytes from control
mice, which expressed barely detectable
levels of IDO mRNA (Fig. 2d). The
reduced T-cell responsiveness was more
pronounced in NOD mice that had been
treated with hCG for 5 days (Fig. 2e). The
addition of an IDO specific inhibitor, 1-
methyl-tryptophan  (1-MT), into the

cultures did not affect the proliferative
responsiveness of splenocytes from
control NOD mice, but did significantly
increase the responsiveness of splenocytes
from hCG-treated NOD mice (Fig. 2f).
Because we could not document any
obvious direct effects of hCG on purified
T cells, we reasoned that the reduced
proliferation  of  anti-CD3-stimulated
splenocytes from hCG-treated mice might
be mediated by the upregulation of IDO.
IDO-expressing DCs in hCG-treated
mice suppress T cell responsiveness.

To examine the effects of hCG on
antigen-specific T cell proliferation in
vivo, we isolated CD4" T cells from NOD-
BDC2.5 transgenic  mice,  which
preferentially proliferate in the pancreatic
lymph nodes (PLN), but not other lymph
nodes, upon adoptive transfer into
syngeneic hosts (3). Purified BDC2.5
CD4" T cells were labeled with
carboxyfluorescein diacetate succinimidyl
ester (CFSE) and then transfused into
NOD mice treated with hCG (100 1U/day)
or PBS for 5 days. PLNs were removed
from the recipient NOD mice 6 days after
the transfer to analyze the extent of CFSE
dilution in the transfused T cells as well as
the expression of IDO. The T cells
proliferated vigorously in the PLNs of
PBS-treated NOD mice, but proliferated
only weakly in the PLNs of hCG-treated
mice (Fig. 3a). High levels of IDO mRNA
were detected in the PLNs of hCG-treated
mice (Fig. 3b). To determine whether the
reduced proliferation of BDC2.5 T cells in
the host PLNs was mediated by hCG-
induced upregulation of IDO in vivo,
slow-releasing 1-MT (10 mg/day) or
placebo pellets were implanted under the
dorsal skin of another cohort of NOD
mice. Both groups of mice were
transfused with CFSE-labeled BDC2.5 T
cells and then injected with hCG (100
IU/day) or PBS for 5 days. CFSE™ T cells



proliferated similarly in the PLNs of PBS-
treated control mice and the hCG-treated
mice implanted with 1-MT-containing
pellets, indicating that implantation of 1-
MT pellets abolished the effect of hCG.
By contrast, many fewer BDC2.5 T cells
proliferated in the PLN of hCG-treated
mice that had received a placebo implant
(Fig. 3c). On average, hCG administration
inhibited the proliferation of BDC2.5 T
cells by more than 40% in the mice that
received placebo pellets, but by less than
10% in mice implanted with 1-MT pellets
(Fig. 3d).

The above data suggested that inhibition
of antigen specific T cell proliferation by
hCG treatment might be mediated by
IDO-expressing DCs (6). To investigate
this, we isolated splenic CD11c® DCs
from control and hCG-treated NOD mice
and used them as APCs to activate
BDC25 T cells in the presence of a
peptide ligand, p1040-51(24). DCs from
both types of mice were able to present
the antigen to T cells; however, BDC2.5 T
cell proliferation was much lower with
DCs from hCG-treated mice than with
those isolated from control mice. As
expected, the addition of 1-MT
significantly increased T cell proliferation
(Fig. 3e).

We also isolated CD11c" splenic DCs
from NOD mice treated with hCG
(2001U/day for 5 days) and implanted
with slow releasing 1-MT or placebo
pellets, and used these DCs as APCs to
present peptide antigens NRP-A7 to CD8"
T cells from 8.3-NOD mice (23). The
proliferation of 8.3-CD8" T cells was
significantly lower in cultures using DCs
from hCG-placebo treated NOD mice,
than in cultures using DCs from hCG-1-
MT treated mice (Fig. 3f). To further
assess the IDO activity expressed by DCs,
NOD T cells and 83 T cells were
activated by immobilized anti-CD3 or

peptide antigen NRP-A7 in the presence
of DCs from control or hCG treated mice,
with/without excess tryptophan. DCs from
hCG treated mice significantly reduced
proliferation of the activated T cells, while
the addition of excess tryptophan restored
the reduced proliferation (Fig. 3Q).
Together, these results indicate that the
immune-suppressive effects of hCG-
treatment on T cell proliferation are
mediated by IDO-expressing DCs.

The induction of IDO by hCG in DCs is
transient.

We next investigated the influence of
hCG on IDO expression in DCs. Splenic
CD11c" DCs were isolated from 8 week-
old NOD mice and cultured in the
presence or absence of various
concentrations of recombinant hCG to
determine whether hCG directly induced
IDO expression in DCs. Splenic CD11c”
DCs were also cultured with IFN-y, a
strong inducer of IDO gene expression
(6). Indeed, both IFN-y (1000 IU/mL) and
hCG (200 and 400 1U/mL) upregulated
IDO mRNA and protein expression in
DCs (Fig. 4a and 4b). Notably, the hCG-
induced upregulation of IDO also
occurred in CD11c* DCs from NOD'™"
mice, indicating that this upregulation was
independent of IFN-y (Fig. 4c).

We then isolated CD11c” DCs from NOD
mice at different time points after a single
hCG or mock injection, and found that
DCs also expressed IDO in vivo within 24
h after hCG treatment (Fig. 4d). The
induction of IDO was hCG dose-
dependent and, curiously, disappeared at
very high doses of hCG (>400U/mouse)
(Fig. 4e). The expression of two other
genes, FasL and B-actin, in DCs from
hCG injected mice was similar to that
seen in PBS-treated animals (Fig. 4d and
e), despite the fact that hCG has been
reported to enhance FasL expression in
decidual cells during early pregnancy



(26). Importantly, IDO induction in DCs
by hCG was transient, reverting to
background levels within 48 h of hCG
withdrawal (Fig. 4d). And DCs from hCG
injected B6 mice also expressed IDO
within 48 h (Fig. 4f), indicating that the
hCG inducted transient expression IDO in
DCs is not specific for NOD mice.

The anti-diabetogenic effect of hCG
treatment is reversible.

To test whether hCG administration
irreversibly  reduced the pathogenic
potential of autoreactive T cells, we
isolated T cells from control and hCG-
treated NOD mice and transfused these T
cells into TCRa gene deficient NOD
(NOD™™"™) mice, which are T cell
deficient, and hence are T1D-free.
Reconstitution of NOD™™" mice with
purified T cells from NOD mice induced
T1D within 20 weeks. T cells from NOD
mice that had been treated with hCG for 5
weeks also induced T1D in NOD“*"
mice, and did so even more rapidly than
did T cells from control NOD mice (Fig.
5a). Thus, hCG treatment did not
eliminate islet-specific autoreactive T
cells from the peripheral T cell repertoire
and these T cells retained their
diabetogenic potential. These results also
suggested that hCG administration did not
enhance the development of regulatory
subsets of T cells, and that diabetogenic T
cells released from a suppressive
environment in hCG treated NOD mice
expanded more aggressively in NOD'"""
recipients. We then transferred
splenocytes from control and hCG-treated
female NOD mice into NOD.scid
recipients, to assess a potential role of
splenic DCs in T1D inhibition by hCG.
All mice which received splenocytes from
control donors developed T1D within 10
weeks of transfer. In contrast, recipients
of splenocytes from hCG-treated NOD
mice developed delayed T1D with a

slightly reduced incidence (Fig. 5b).
Depletion of DCs from splenocytes of
hCG-treated NOD mice prior to cell
transfer induced T1D rapidly in the
NOD.scid recipient mice (Fig. 5b),
supporting the assertion that DCs
mediated the diabetes resistance, though
transiently, afforded by hCG treatment.
Lastly, we used slow-releasing 1-MT
pellets (10 mg/day for 35 days) to inhibit
IDO activity in NOD mice throughout the
entire period of hCG administration. As
expected, T1D development in hCG-
treated NOD mice carrying placebo
pellets was delayed and reduced in
frequency. In contrast, T1D incidence was
restored to almost normal levels in hCG-
treated NOD mice carrying 1-MT pellets
(Fig. 5c), providing direct evidence that
IDO induction was responsible for the
hCG-induced resistance to T1D.

Discussion

In the present study, we demonstrate that
hCG upregulates IDO in DCs, and that
this accounts for hCG’s ability to suppress
autoimmune diabetes in NOD mice. In the
presence of 1-MT, an IDO inhibitor, hCG
could no longer do so, suggesting a direct
link between the hormone and the
regulator. IDO expression in the islet cells
has been shown to be able to prolong the
survival of these cells when they were
transplanted into diabetic NOD mice (27).
It is likely that IDO expression in islet
cells protects these cells from local
inflammatory ~ responses. However,
because of the critical role of DCs in
initiation and maintain cascades responses
of autoimmunity in T1D, IDO expression
in DCs may be more effective for T1D
prevention. Treatment with the tryptophan
catabolites 3, 4-DAA (also generated by
IDO) suppressed T cell activation and Thl
cytokine production, and inhibited EAE in
mice (9). Although the APC function of



DCs was also suppressed by high doses of
3, 4-DAA, the inhibition of EAE was
associated with the generation of IL-10-
producing, CNS antigen-specific T cells
(9), suggesting a role for regulatory T
cells (Tregs) or certain cytokines in 3, 4-
DAA-mediated suppression of
autoimmunity. In the present study, we
did not find evidence supporting a role for
Tregs or Th1/Th2 cytokines in the anti-
diabetogenic effect of hCG as suggested
by previous studies (9; 22). Efficient
protection of Stat6-, 1L-10- and IFN-y-
deficient NOD mice from onset of T1D by
hCG treatment suggests that neither Thl
nor Th2-type cytokines are required for
this process. Furthermore, T cells from
hCG-treated NOD mice could rapidly
transfer T1D into immunocompromised
NOD hosts, if the DCs were removed
from the inoculum, suggesting a Treg-
independent role for DCs as mediators of
immunosuppression. Because the hCG
concentrations used in this study were
within the physiological range, the
treatment might not result in a large
amount of tryptophan catabolites, which
itself can lead to sustained suppression of
T cell and APC functions. However, our
results indicate that even a mild and
temporary upregulation of functional IDO
in DCs could efficiently down-regulate
autoimmune  responses, and  halt
diabetogenesis.

IFN-y induces IDO expression in CD8"
DC subsets, whereas type | IFN induced
IDO in CD19" DCs (6). Whether hCG has
different effects on subsets of DCs
remains to be defined, our results clearly
show that hCG induces IDO expression
though an IFN-y independent pathway.
Because expression of IDO in the placenta
during pregnancy is largely IFN-
y independent (12), our results raise the
possibility that hCG is responsible, at least
in part, for inducing the expression of

IDO in both the placenta and maternal
DCs. Maternal tolerance is a transient and
reversible condition caused by several
poorly-defined mechanisms (28). For
example, pregnancy has been associated
with increased numbers of Tregs in the
decidua and circulation, suggesting that
this T cell subset contributes to maternal
tolerance (29). However, factors that drive
the expansion and decline in the number
of these Treg cells during and after
gestation remain unknown. Although a
‘dilution” of fetal antigens upon delivery
presumably contributes to the down-
regulation of fetal antigen-specific
immune regulation in the mother, other
mechanisms must be at play to explain the
restoration  of  systemic  immune
competence that occurs in the postpartum
period. Because hCG disappears from the
circulation shortly after delivery (30), we
propose that the short-lived, systemic
induction of IDO in DCs by hCG
described herein accounts for the transient
nature of maternal tolerance. In addition
to fetal antigen specific maternal
tolerance, several types of autoimmune
disorders, primarily T-cell dependent
autoimmune disorders, such as
rheumatoid arthritis (31) and multiple
sclerosis (32), often undergo remission
during pregnancy, only to relapse in the
first ~ trimester  postpartum. This
pregnancy-associated-resistance to
autoimmunity  appears  to  occur
systemically in a non-antigen specific
fashion, consistent with the effects of the
upregulation of IDO in DCs demonstrated
herein. We thus further propose that hCG
affords the mother protection from
autoimmunity.

The physiological relevance of IDO
induction by hCG in both the placenta and
periphery remain to be examined in
humans. However, consistent with the
systemic immunosuppressive effects of



hCG shown in this study, hCG therapy
has been shown to cause a transient
immunosuppressive state in patients (33).
In addition to the placenta, several
different types of cancer cells express
hCG, and appearance of anti-hCG
antibodies  upon  vaccination  was
associated with improved survival.(34)
Furthermore, 1DO-expressing DCs that
suppress anti-tumor responses have been
found in lymph nodes draining to certain
types of tumors in mice (35). It is

tempting to speculate, in light of the
studies presented here, that hCG
expression helps certain tumors evade
immune surveillance through upregulation
of IDO in DCs.

Acknowledgments
This work was supported by the Canadian
Institutes of Health Research, the
Canadian Diabetes Association and the
Julia McFarlane Diabetes Research Centre
(toY.YandP.S)).



References

1. Eisenbarth GS: Type 1 diabetes: molecular, cellular and clinical immunology. Adv Exp
Med Biol 552:306-310, 2004

2. Zhang Y, O'Brien B, Trudeau J, Tan R, Santamaria P, Dutz JP: In situ B cell death
promotes priming of diabetogenic CD8 T lymphocytes. J Immunol 168:1466-1472, 2002
3. Hoglund P, Mintern J, Waltzinger C, Heath W, Benoist C, Mathis D: Initiation of
autoimmune diabetes by developmentally regulated presentation of islet cell antigens in
the pancreatic lymph nodes. J Exp Med 189:331-339, 1999

4. Grohmann U, Fallarino F, Bianchi R, Orabona C, Vacca C, Fioretti MC, Puccetti P: A
defect in tryptophan catabolism impairs tolerance in nonobese diabetic mice. J Exp Med
198:153-160, 2003

5. Munn DH, Sharma MD, Baban B, Harding HP, Zhang Y, Ron D, Mellor AL: GCN2
kinase in T cells mediates proliferative arrest and anergy induction in response to
indoleamine 2,3-dioxygenase. Immunity 22:633-642, 2005

6. Mellor AL, Munn DH: IDO expression by dendritic cells: tolerance and tryptophan
catabolism. Nat Rev Immunol 4:762-774, 2004

7. Grohmann U, Orabona C, Fallarino F, Vacca C, Calcinaro F, Falorni A, Candeloro P,
Belladonna ML, Bianchi R, Fioretti MC, Puccetti P: CTLA-4-Ig regulates tryptophan
catabolism in vivo. Nat Immunol 3:1097-1101, 2002

8. Hayashi T, Beck L, Rossetto C, Gong X, Takikawa O, Takabayashi K, Broide DH,
Carson DA, Raz E: Inhibition of experimental asthma by indoleamine 2,3-dioxygenase. J
Clin Invest 114:270-279, 2004

9. Platten M, Ho PP, Youssef S, Fontoura P, Garren H, Hur EM, Gupta R, Lee LY, Kidd
BA, Robinson WH, Sobel RA, Selley ML, Steinman L: Treatment of autoimmune
neuroinflammation with a synthetic tryptophan metabolite. Science 310:850-855, 2005
10. Sakurai K, Zou JP, Tschetter JR, Ward JM, Shearer GM: Effect of indoleamine 2,3-
dioxygenase on induction of experimental autoimmune encephalomyelitis. J
Neuroimmunol 129:186-196, 2002

11. Gurtner GJ, Newberry RD, Schloemann SR, McDonald KG, Stenson WF: Inhibition
of indoleamine 2,3-dioxygenase augments trinitrobenzene sulfonic acid colitis in mice.
Gastroenterology 125:1762-1773, 2003

12. Mackler AM, Barber EM, Takikawa O, Pollard JW: Indoleamine 2,3-dioxygenase is
regulated by IFN-y in the mouse placenta during Listeria monocytogenes infection. J
Immunol 170:823-830, 2003

13. Munn DH, Zhou M, Attwood JT, Bondarev I, Conway SJ, Marshall B, Brown C,
Mellor AL: Prevention of allogeneic fetal rejection by tryptophan catabolism. Science
281:1191-1193, 1998

14. Mellor AL, Sivakumar J, Chandler P, Smith K, Molina H, Mao D, Munn DH:
Prevention of T cell-driven complement activation and inflammation by tryptophan
catabolism during pregnancy. Nat Immunol 2:64-68, 2001

15. Sedlmayr P, Blaschitz A, Wintersteiger R, Semlitsch M, Hammer A, MacKenzie CR,
Walcher W, Reich O, Takikawa O, Dohr G: Localization of indoleamine 2,3-dioxygenase
in human female reproductive organs and the placenta. Mol Hum Reprod 8:385-391,
2002



16. Kudo Y, Boyd CA, Spyropoulou I, Redman CW, Takikawa O, Katsuki T, Hara T,
Ohama K, Sargent IL: Indoleamine 2,3-dioxygenase: distribution and function in the
developing human placenta. J Reprod Immunol 61:87-98, 2004

17. Baban B, Chandler P, McCool D, Marshall B, Munn DH, Mellor AL: Indoleamine
2,3-dioxygenase expression is restricted to fetal trophoblast giant cells during murine
gestation and is maternal genome specific. J Reprod Immunol 61:67-77, 2004

18. Miwa N, Hayakawa S, Miyazaki S, Myojo S, Sasaki Y, Sakai M, Takikawa O, Saito
S: IDO expression on decidual and peripheral blood dendritic cells and
monocytes/macrophages after treatment with CTLA-4 or interferon-{gamma} increase in
normal pregnancy but decrease in spontaneous abortion. Mol Hum Reprod, 2006

19. Alfthan H, Stenman UH: Pathophysiological importance of various molecular forms
of human choriogonadotropin. Mol Cell Endocrinol 125:107-120, 1996

20. Srisuparp S, Strakova Z, Fazleabas AT: The role of chorionic gonadotropin (CG) in
blastocyst implantation. Arch Med Res 32:627-634, 2001

21. Rao CV: An overview of the past, present, and future of nongonadal LH/hCG actions
in reproductive biology and medicine. Semin Reprod Med 19:7-17, 2001

22. Khan NA, Khan A, Savelkoul HF, Benner R: Inhibition of diabetes in NOD mice by
human pregnancy factor. Hum Immunol 62:1315-1323, 2001

23. Anderson B, Park BJ, Verdaguer J, Amrani A, Santamaria P: Prevalent CD8(+) T cell
response against one peptide/MHC complex in autoimmune diabetes. Proc Natl Acad Sci
U S A 96:9311-9316, 1999

24. Judkowski V, Pinilla C, Schroder K, Tucker L, Sarvetnick N, Wilson DB:
Identification of MHC class Il-restricted peptide ligands, including a glutamic acid
decarboxylase 65 sequence, that stimulate diabetogenic T cells from transgenic BDC2.5
nonobese diabetic mice. J Immunol 166:908-917, 2001

25. Serreze DV, Chapman HD, Post CM, Johnson EA, Suarez-Pinzon WL, Rabinovitch
A: Thl to Th2 cytokine shifts in nonobese diabetic mice: sometimes an outcome, rather
than the cause, of diabetes resistance elicited by immunostimulation. J Immunol
166:1352-1359, 2001

26. Kayisli UA, Selam B, Guzeloglu-Kayisli O, Demir R, Arici A: Human chorionic
gonadotropin contributes to maternal immunotolerance and endometrial apoptosis by
regulating Fas-Fas ligand system. J Immunol 171:2305-2313, 2003

27. Alexander AM, Crawford M, Bertera S, Rudert WA, Takikawa O, Robbins PD,
Trucco M: Indoleamine 2,3-dioxygenase expression in transplanted NOD Islets prolongs
graft survival after adoptive transfer of diabetogenic splenocytes. Diabetes 51:356-365,
2002

28. Trowsdale J, Betz AG: Mother's little helpers: mechanisms of maternal-fetal
tolerance. Nat Immunol 7:241-246, 2006

29. Aluvihare VR, Kallikourdis M, Betz AG: Regulatory T cells mediate maternal
tolerance to the fetus. Nat Immunol 5:266-271, 2004

30. Keay SD, Vatish M, Karteris E, Hillhouse EW, Randeva HS: The role of hCG in
reproductive medicine. Bjog 111:1218-1228, 2004

31. Doria A, laccarino L, Arienti S, Ghirardello A, Zampieri S, Rampudda ME, Cutolo
M, Tincani A, Todesco S: Th2 immune deviation induced by pregnancy: the two faces of
autoimmune rheumatic diseases. Reprod Toxicol 22:234-241, 2006



32. Vukusic S, Confavreux C: Pregnancy and multiple sclerosis: the children of PRIMS.
Clin Neurol Neurosurg 108:266-270, 2006

33. Maghnie M, Valtorta A, Moretta A, Priora C, Preti P: [Effects of chorionic
gonadotropin (hCG) therapy on the immune system]. Medicina (Firenze) 10:148-149,
1990

34. Moulton HM, Yoshihara PH, Mason DH, Iversen PL, Triozzi PL: Active specific
immunotherapy with a B-human chorionic gonadotropin peptide vaccine in patients with
metastatic colorectal cancer: antibody response is associated with improved survival. Clin
Cancer Res 8:2044-2051, 2002

35. Munn DH, Sharma MD, Hou D, Baban B, Lee JR, Antonia SJ, Messina JL, Chandler
P, Koni PA, Mellor AL: Expression of indoleamine 2,3-dioxygenase by plasmacytoid
dendritic cells in tumor-draining lymph nodes. J Clin Invest 114:280-290, 2004



Figures

Fig. 1.
8 g NOD®E- (n=17) b -k - NODSE: (n=35)
100y —O— NOD (n=25) —0— NOD (n=10)

hkhb B0 Ml
= Female 1 e
BENU .i‘u o0 .“u‘u
o
40 [
[
20 i
Ard
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Age (weeks) Age (weeks)
e d
= EEmnliezy 60 o Conwrol (n=14)
§6“ - hC( (n=13) ; o hCG (n13
=40
=20 2
0
01214 1618 20 2224
5 1015 20 25 30
Agpe (weeks) A.s_:fz (w;ikﬂ
NOD NOD
& f

1007 -0 Control (n=22)

-0— Control (n=10)
- hCG (n=T) :

TID (%)
S

Age (weeks) Age (weeks)
N[ S 20 NOD™E -

Fig. 1. Reduced T1D incidence in hCG-treated NOD and cytokine gene deficient
NOD mice. (a and b) Incidence of T1D in female and male NOD and NODS®*”" mice.
(c-f) Incidence of T1D in control and hCG injected female NOD mice (c); NODS™¢"
mice (d); NODS®® 107~ mice (e); and NOD'"™" mice (f). The differences in T1D
incidence of between the groups of control and hCG injected female NOD mice were
statistically significant (p< 0.05).
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Fig. 2. Suppressed T cell activation in splenocytes from hCG treated NOD mice. (a)
Proliferation and cytokine production of CD4" T cells activated by immobilized anti-CD3
antibody (5 pg/mL) and anti-CD28 antibody (2 pg/mL) in the absence or presence of
hCG (200 IU/mL) for 3 days. (b) The expression of MHC and co-stimulatory molecules
on splenic CD11c* DCs from control (shade) and hCG-injected (2001U/day for 5 days,
lines) NOD mice. Representative results from two independent experiments are shown.
(c) Proliferation of splenocytes from control and hCG-treated (100 1U/day for 2 days)
female and male NOD mice (*p<0.05). Columns 1 and 2 were female and 3 to 5 were
male NOD mice. (d) RT-PCR profile of splenocytes from control and hCG injected NOD
mice as described in (c). (e) Proliferation of splenocytes from control NOD mice and
hCG-injected (2001U/day for 5 days) NOD mice (columns represented individual mice)
(**p<0.01). Splenoicytes were stimulated by anti-CD3 antibody at the indicated
concentrations for 72 hrs. (f) Proliferation of splenocytes from control and hCG injected
mice in the presence or absence of 1-MT. Representative results from at least three
independent experiments are shown.



Fig. 3.

Contral mice hCG injected mice

I T T

— [ Contral mice
- CFSE
. P}l"s ; B hCG + placeho mice
B RCG+ placeho B3 UG +1-MT mice
=== hCG+ 1-MT
f B, NODT R3-Tcells
— x -
a 130 T
= = 5 s
s =5
: . ST
= 40 = 30 i
[ g 20 i
ER =10
o Antigen: - + - . [+] T 3
1-MT (50uM)y: - : s + C1DCs from control mice htlm*‘gﬁfs r:mm:ont;t:] m'ic::
[-]Control DC B DCs from hCG +1-MT mice B DCs from hiG mice

BnGe Do M DCs from hOG + placcho mice B DCs from BOG mice + tryprophan

Fig. 3. DC-mediated suppression of antigenic responses of islet specific T cells in
hCG treated NOD mice. (a) Representative profiles of CFSE labeled CD4" BDC2.5 T
cells in PLN from control and hCG injected NOD mice (4-5 mice/group). (b) RT-PCR
profile of PLN cells from control (lane 1) and hCG-injected (lane 2) mice. (c)
Representative proliferation profiles of BDC2.5 T cells in control or hCG-injected
recipient NOD mice implanted with 1-MT or placebo pellets (5 to 6 mice per group). (d)
Inhibitory rates of in vivo proliferation of BDC2.5-T cells in different groups of recipient
NOD mice (**p<0.01). (e) Proliferation of BDC2.5-T cells that were cultured with
splenic CD11c” DCs from control and hCG injected (100 IU/day for 2 days) NOD mice
in the presence or absence of peptide ligand (p1040-51). The IDO inhibitor 1-MT was
added into cultures as indicated (**p<0.01; °P>0.1). (f) Proliferation of 8.3-T cells
cultured in the presence or absence of peptide ligand (NRP-A7) presented by splenic
CD11c* DCs from control and hCG injected (100 1U/day for 5 days) NOD mice that
carried slow-releasing1l-MT (10 mg/day) or placebo pellets (**p<0.01). (g). Proliferation
of NOD T cells and 8.3-T cells activated by immobilized anti-CD3 (2ug/mL), or peptide
NRP-A7 (100 ng/mL, for 8.3-T cells) in the presence of DCs from control or hCG treated
mice. Excess tryptophan (10uM) was added into the cultures as indicated (*p<0.03).
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Fig. 4. IFN-y independent induction of IDO in DCs by hCG. (a) IDO and B-actin gene
expression in splenic CD11¢* DCs from NOD mice cultured with IFN-y (1,000 1U/mL,
lane 1) or recombinant hCG (200 and 400 IU/mL, lanes 2 and 3, respectively) for 24h.
Lane C was control DCs. (b) Immunobloting profile of IDO and Stat6 protein expression
in CD11c* DCs that were cultured with/without IFN-y (lane 1) or recombinant hCG (200
and 400 1U/mL, lanes 2 and 3, respectively) for 24 h. Lane C was control DCs. (c)
Immunobloting profile of IDO and Stat6 protein expression in CD11c” DCs from IFN-y
deficient NOD mice 24 h after in cultures with IFN-y (lane 1) or hCG (200 and 400
IU/mL, lanes 2 and 3, respectively). (d) IDO gene expression in splenic CD11c" DCs 24,
48, 72 and 96 h after hCG injection. Representative results, and densitometry analysis of
the ratio between IDO/B-actin gene expression at different time points (*p< 0.05), from
three independent experiments are shown. () RT-PCR profile of IDO gene expression in
DCs from NOD mice 24 h after injection of PBS (lane 1), 100 1U (lane 2), 200 1U (lane
3), 400 1U (lane 4) or 1,000 1U (lane 5) of hCG. Representative results, and densitometry
analysis of the ratio between IDO/B-actin gene expression with different hCG dosages
(*p< 0.05), from two similar experiments are shown. (f) IDO gene expression in splenic
CD11c* DCs from B6 mice 0, 24 and 48 hs (200 1U) after hCG injection.
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Fig. 5. Reversible effects of hCG treatment on T1D pathogenesis. (a) T1D
development in the NOD™*"" mice reconstituted with T cells purified from control and
hCG-injected NOD mice. (b) T1D development in NOD.scid mice that received
splenocytes from control and hCG injected NOD mice. (c) T1D development in hCG-
injected NOD mice carrying slow-releasing pellets of the IDO inhibitor, 1-MT, or
placebo. The differences in T1D incidence between control and placebo groups, or
between 1-MT and placebo groups were statistically significant (p<0.05).
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