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We describe a novel TCR-transgenic mouse line, TCR7, where MHC class II-restricted, Received 27/6/06
CD4" T cells are specific for the subdominant H-2" epitope (HELy, gs) of hen egg AcceptedSElE
lysozyme (HEL), and displayed an increased frequency in the thymus and in peripheral [DOI 10.1002/i.200636432]
lymphoid compartments over that seen in non-transgenic littermate controls. CD4™"
T cells responded vigorously to HEL or HEL-,_gg epitope presented on APC and could
develop into Th1 or Th2 cells under appropriate conditions. Adoptive transfer of TCR7
Ly5.1 Tcells into Ly5.2 rat insulin promoter (RIP)-HEL transgenic recipient hosts did not
lead to expansion of these cells or result in islet infiltration, although these TCR7 cells
could expand upon transfer into mice expressing high levels of HEL in the serum. Islet
cell infiltration only occurred when the TCR7 cells had been polarized to either a Th1 or
Th2 phenotype prior to transfer, which led to insulitis. Progression from insulitis to

autoimmune diabetes only occurred in these recipients when Thl but not Th2 TCR7 & Key words:
cells were transferred and CTLA-4 signaling was simultaneously blocked. These findings TCR-transgenic
show that regulatory pathways such as CTLA-4 can hold in check already differentiated - T helper cells
autoreactive effector Th1 cells, to inhibit the transition from tolerance to autoimmune . Tolerance
diabetes.
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inherited component for susceptibility which has been
attributed genetically to MHC and non-MHC chromo-
somal regions [1]. The nature of the defects which lead
to such diseases is as yet unclear. Self-reactive T cells can
be readily detected in the circulation and peripheral
tissue of animals and humans and most do not develop
any apparent autoimmune disease.

Induction of clonal deletion and clonal anergy are
mechanisms for arresting self-reactive T cells in the
thymus or in the peripheral immune system [2, 3]. These
mechanisms require a critical threshold of antigen/MHC
and TCR affinity to be triggered, which in some cases
cannot be achieved since the low amounts of antigen in
the thymus or the periphery are not sufficient to trigger
autoreactive T cells of low TCR avidity [2-10].
Heterogeneity of autoreactive T cells has hampered
the ability to relate this possible cause of autoimmunity
to function. In addition to such mechanisms of deletion
and anergy there have been many reports suggesting
that organ-specific autoimmune diseases may occur
either by excessive stimulation of autoreactive T cells
[11-13], or inadequate dampening of their responsive-
ness by defects or decreases in Th2 cells [14], regulatory
T cells [12, 15, 16] or NKT cells [17, 18].

A high self-reactive T cell frequency [19], appropriate
costimulation by islet 8 cells [20], a Th1 cytokine profile
[8, 21, 22] and high TCR-MHC affinity [9] have been
observed to potentiate diabetes in otherwise resistant
models, or to accelerate diabetes in neonatal diabetes-
prone mice. Moreover, there is evidence that the onset of
diabetes is controlled by a regulatory population [16, 23,
24]. Blockade of cytotoxic T lymphocyte-associated
antigen 4 (CTLA-4) [25, 26] has also been shown to
provoke rapid diabetes in certain model systems on a
NOD background [27, 28] in addition to exacerbating
other autoimmune disorders [29, 30]. In addition, it has
also been suggested that blockade of CTLA-4 signaling
may interfere with the function of naturally occurring
regulatory T cells to suppress inflammation [31, 32].
More recently, cooperative roles of CTLA-4 and
regulatory T cells have been proposed in tolerance for
an islet antigen [33]. It is likely, that a combination of
genetic defects in the threshold of reactivities of
autoreactive T cells, their regulation and possibly
environmental factors such as viral infections may
ultimately result in such autoimmune pathologies.

Different models of TCR transgenics have been
described that make use of islet-reactive T cell clones that
could be isolated from autoimmune mice and therefore
fell under the threshold of thymic negative selection, but
thus far the islet antigens have been unidentified [21, 34,
35]. Alternatively, islet-reactive CD4* T cells with a well-
defined TCR recognizing an antigen with known
specificity and avidity may be used, if the antigen is
expressed in the pancreatic islet j cells [2, 3, 10, 35].
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To study the immunoregulatory checkpoints that
inhibit the development of diabetes [36], we tracked the
fate of CD4™ T cells, at different stages of activation or
differentiation, in a model where TCR specific for an
islet-expressed neo-antigen and the islet antigen were
kept constant. Transfer of these islet antigen-specific
T cells into recipient mice expressing the neo-antigen
thus enabled the study of the immunoregulatory circuits
in place in the periphery to check first entry into the
pancreatic islets and second destruction of the islet
B cells, and subsequent diabetes.

Results and discussion

Generation and characterization of hen egg
lysozyme-specific TCR transgenics: TCR7 mice

A novel TCR-transgenic mouse line was produced, by
making DNA constructs (Fig. 1A) carrying functionally
rearranged anti-hen egg lysozyme (HEL) TCR Va1l and
VB3 chain genes obtained from a HEL-specific T cell
hybridoma, which recognizes a subdominant but not
cryptic peptide of HEL [36]. Cell surface expression of
the transgenic TCR was confirmed by transfection of the
a and B chain constructs into a TCR-negative T cell
hybridoma (58a737), [37] and flow cytometric analysis
for VB3 (Fig. 1A), which requires the co-expression of Va
(in this case Vall). Two transgenic founder mice
carrying the anti-HEL TCR o and P chain genes were
produced using fertilized eggs from inbred C57BL/6J
mice. T cell development appeared the same in the two
lines, and one line, TCR7, was maintained on this genetic
background and used in subsequent studies.

Thymic CD4™ T cell development in TCR7 transgenic
mice displayed strong positive selection with a fivefold
rise in the frequency of CD4 single-positive thymocytes
over that seen in non-transgenic littermate controls
(Fig. 1B). Moreover, the frequency of CD4" cells
expressing VB3 was also elevated in the peripheral
lymphoid compartments of TCR7 transgenic mice as
compared with non-transgenic controls and >80% of
the CD4" splenic or inguinal lymph node T cells
expressed VB3 (Fig. 1B).

Spleen cells, or purified CD4" T cells, from TCR7
transgenic mice stimulated in vitro with various
concentrations of HEL protein or the I-AP-restricted
HEL.,_gg epitope for which the transgenic TCR is specific
[36], made a vigorous response to HEL, which was
absent in the non-transgenic control cells (Fig. 1C). In
addition, naive CD4% sorted TCR7 cells developed
normally to either a Th1 phenotype secreting IFN-y with
little IL-4, or to a Th2 phenotype secreting IL-4 with little
IFN-y when stimulated with HEL., gg presented by
irradiated splenic APC under the appropriate conditions
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of IL-12 and/or anti-IL-4 for Thl, or IL-4 and/or
anti-IL-12 for Th2 development (Fig. 1D).

Fate of TCR7 cells after adoptive transfer to
recipient mice expressing HEL

As reported with a distinct HEL-specific TCR-transgenic
(H-2%-restricted) mouse line [10], when TCR7 mice were
crossed with rat insulin promoter (RIP)-HEL mice that
express membrane HEL on pancreatic § cells (RIP-HEL),

HIGHLIGHTS

autoreactive HEL-specific TCR7 T cells were able to leave
the thymus and some of the cells migrated to the
pancreas and caused insulitis but not diabetes (data not
shown). To study further the checkpoints required to
prevent such autoreactive CD4% T cells from first
migrating to the pancreas, and then inhibiting them
from inducing diabetes, transfer experiments were
performed using Ly5.1" HEL-specific TCR-transgenic
cells and Ly5.2™ recipients of the following types: RIP-
HEL (express membrane HEL on pancreatic 3 cells, and

A
MNon-Tg TCR7-Tg
HELTCR « chain
EcaFV 1k
Hind —
[~ Xna  Cla i ) w 3 oL
Ecofty Pyul Hind  Sal Hind Kpn Hind Ecoly Hind ¥ho  Xho Hind EcaFV Hind Hind Hind 3 ¥
—H——+—H E e
PSP (=] W Ca Exx LCR Sy B i
LT — i ﬁ ; 2 ¥ I
Pwvu1 digest to linearize Cla digest ta remove veclor =1
fior transfection saquences for micreinjection o : a3
HELTCR P chain 4t co4 | 21 o : -2
Lo ﬁy 80 107 10! 102 10* 10t 10? 10! 102 103 10°
B:m'-il Cla Hind B
Sacll Pvull PyullHind  EcoR Bami| Pyull EcoRl EcoRIEcoRIHind Pl CDB
T ol Ll 1 | ._+.,| l L 40
u T ! ! | = s
pas o =0 =] a
i .D;ﬂy — 107107 107 107 10f
Cla digest fo linearize Sal-Sacll digest to remove vectar Vhia
for transfection saquances for microinjection
Cc
105 105 10" & Non-Tg
18 10t —=—TCR7-Tg
= 10°
& 104 10
4
10 3 i
10 10
103 102 1! @
1 10 00 1000 o1 1 10 100100010 00D 1 5 10 15 20 25 30 'g
Lysozyme {pglmL) HEL 7a.5e peptide (nM)  CD4™ T callsiwell (x 10°%) =z
=
D [=%
Mone E
(4 3
1° Stimulation + splenic APC anti
+ HEL 7484 peptide Aoy 12 1= ;o
- antiL3 02 cps | Tl U mhA
anti-IL4 + IL12 { — 100 10" 102 10% 10t 10® 10! 107 107 10!
10 76 5 25 O 500 100D 1500

IL4 (ngimL) IFMy (ng/mL})
2° Stimulation + splenic APC + HEL 74.ss peptide

Vs

Figure 1. Generation and characterization of TCR7 mice. (A) The anti-HELTCR a chain construct was made by insertion of the anti-
HEL TCR a chain V] region DNA fragment obtained from the BO4H9.1 T cell hybridoma [36] and neo gene into the pVCaK TCR
a chain construct [45] as described in Materials and methods.The FACS histogram shows 58u B~ cells [37] stained with an anti-Vp3
antibody (the transgene P chain specificity) and only observed when co-transfected with the anti-HEL TCR o and B chain
constructs. Equivalent staining was also obtained with an anti-CD3 antibody, indicating that both the o and § chain genes were
expressed on the cell surface. (B) CD4/CD8 profiles of thymi from non-transgenic (Non-Tg) littermate (left) and TCR7 transgenic
(TCR7-Tg) mice (right) are shown in the upper row of panels with the corresponding CD4/VB3 expression for the spleen and
inguinal lymph node displayed below. The percentage of cells present in each quadrant is also indicated in the top right of the
individual plots. (C) T cell proliferation was measured by [*H]thymidine incorporation for either 1x10° whole spleen cells from
non-transgenic (Non-Tg, open symbols) or TCR7 transgenic (TCR7-Tg, closed symbols) mice stimulated with the indicated doses of
HEL protein (Lysozyme) or HEL;, g5 peptide, or for the indicated number of CD4 purified spleen cells from these mice stimulated
with 1x10° irradiated splenic APC in the presence of 1.1 uM HEL,4 g peptide (triplicate cultures). (D) Naive (Mel-14°78%Y) cD4*
spleen cells sorted from TCR7 transgenic mice were set up in primary cultures with HEL;4 gg peptide and APC (irradiated spleen
cells) for 7 days in the absence of polarizing cytokines (None) or in the presence of either Th2- or Thil-inducing conditions as
described in Materials and methods. Cells were then restimulated with HEL;4 gg peptide + APC for 48 h, and IL-4 and IFN-y content of
the supernatants determined by ELISA (limit of sensitivity: IFN-y, <125 pg.mL; IL-4, <100 pg/mL). Results are representative of
three experiments and data are represented as the mean + SD of triplicate cultures.
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have 1.2 ng/mL HEL in the serum); M-HEL, (express
HEL on most cell types under control of the class I
promoter and have 150-200 ng/mL HEL in the serum);
SolHEL (express soluble HEL in the liver and have
10-20 ng/mL in the serum) and non-transgenic mice as
controls.

TCR7 (Ly5.1) donor cell frequency in the spleen of
non-transgenic, solHEL or RIP-HEL recipients dwindled
rapidly over the 5 days after transfer, to almost
undetectable levels due to insufficient activation
(Fig. 2A). By contrast, donor TCR7 cells expanded
and persisted and their frequency remained elevated in
identical transfers to M-HEL recipient mice (Fig. 2A).
Expression of HEL under the class I promoter has

Eur. J. Immunol. 2006. 36: 2315-2323

previously been demonstrated to result in enhanced
processing and thus reactivity to HEL [10], suggesting
that the cells are failing to be maintained in the
periphery of non-transgenic, solHEL or RIP-HEL mice
when they have to compete with a normal T cell
compartment, whereas they get sufficient engagement
to promote survival in M-HEL mice.

TCR7 CD4*Ly5.1" cells were detected in the spleen
of M-HEL mice at an approximate frequency of 3-6% of
live lymphocytes (Fig. 2A and data not shown) and
exhibited evidence of activation, with modulation of
CD44™ CD45RB° and Mel-14"° seen for at least
150 days after transfer (data not shown). In addition,
10 days after transfer, the HEL-specific proliferative
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Figure 2. Long-term expansion of TCR7 T cells is seen only after adoptive transfer to M-HEL, but not to solHEL, RIP-HEL or non-
transgenic recipients. (A) Recipient spleens were harvested from 6 h to 10 days after the indicated Ly5.2 recipient mice were
adoptively transferred with 40x10° TCR7 Ly5.1 cells. Flow cytometric analysis for CD4* Ly5.1* cells was used to detect the presence
of donor T cells within recipient spleens. Their frequency was calculated as the percentage of CD4'Ly5.1" cells within a live
lymphocyte gate of the recipient spleen and the numbers shown are representative of five mice per group and at least three
identical experiments. (B) Proliferative responses are shown for spleen cells from the indicated recipient mice after cultures
identical to those described in Fig. 1D. Also shown are the percentages of CD4"VB3" T cells expressed as a fraction of the live
lymphocytes present within each population used for the proliferation assays. Similar results were found in at least three identical
experiments.
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capacity of CD4-enriched spleen cells from M-HEL
transgenic recipients was strongly enhanced over that of
untransferred non-transgenic controls, while there was
no augmented proliferation in non-transgenic, solHEL
or RIP-HEL groups that had received TCR7 cells
(Fig. 2B). The capacity of these transferred TCR7
CD4" T cells to respond to HEL in vitro paralleled the
frequency of CD4"VB3™ TCR7 cells present in the
cultures and demonstrated their ability to respond to
HEL.

The autoreactive TCR7 cells transferred to M-HEL
recipients induced enhanced levels of IgG autoantibo-
dies to double-stranded DNA in their sera [38], which
was not seen in either non-transgenic, solHEL or RIP-
HEL transgenic recipients (data not shown). Although
this is consistent with a systemic lupus erythematosus
disorder [39], these mice did not develop raised
proteinurea, and only a mild chronic ascending
pyelonephritis was seen in their kidney (data not
shown), rather than the glomerulonephritis character-
istic of systemic lupus erythematosus. Analysis of the
pancreas of RIP-HEL transgenic recipients of HEL-
specific TCR7 cells showed no infiltration into the
pancreas over a 4-month period after transfer and these
mice were normoglycemic (data not shown). Given that
a small frequency of CD4"VB3™ cells remained in these
mice and could be expanded upon immunization
without inducing diabetes (data not shown), we
reasoned that the donor TCR7 cells were clonally
ignorant of the pancreas-restricted neo-self antigen in
RIP-HEL mice. Furthermore, transfer into M-HEL mice
did not result in any organ-specific disease despite great
expansion in the periphery of TCR7 CD4™ T cells after
transfer.

Blockade of CTLA-4 signaling allows Th1 but not
Th2 cells to cause diabetes

In other systems of diabetes, failure of activation of
autoreactive T cells could be overcome either by
peripheral immunization or infection [4, 40] or by
transfer of differentiated Thl cells [21, 22, 41] into
neonatal diabetes-prone mice, suggesting that induction
of pathology and escape from peripheral tolerance
mechanisms required appropriate T cell activation/
differentiation and possibly the appropriately suscep-
tible genetic background [4, 40]. We attempted to
provoke autoimmune infiltration of the islets by
activating the TCR7 cells prior to transferring to the
RIP-HEL mice. Only when TCR7 cells were stimulated
with HEL and polarized to a Thl phenotype in the
presence of IL-12 and anti-IL-4, were the transferred
cells capable of inducing a moderate islet infiltrate
(Fig. 3A). This was reminiscent of the pathology
typically seen in autoimmune diabetes, with a presence
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of lymphocytes, plasma cells and rare neutrophils. In
contrast, transfer of Th2 TCR7 cells, induced by
stimulating with HEL-, g5 and APC in the presence of
IL-4 and anti-IL-12, induced a peri-islet infiltration,
which was comprised primarily of eosinophils with
fewer lymphocytes, plasma cells and rare neutrophils
(Fig. 3B). No insulitis was observed in RIP-HEL
recipients of TCR7 cells primed in non-polarizing
conditions using cross-linked anti-CD3 plus anti-CD28
(data not shown).

Interestingly, there was never a prolonged elevation
of blood glucose levels under any of these circumstances
(Fig. 3C) and the insulitis observed after transfer of
either Th1l or Th2 TCR7 cells appeared to be held in
check throughout an 8-month monitoring period, in
contrast to reports in other models where Thl cells
specific for islet antigens induced diabetes [8, 21]. This
difference could be due to the genetic background of the
TCR7 mouse (C57BL/6 versus those used in other
studies) [8, 21]. Alternatively it is possible that since the
TCR7 mice respond to a subdominant peptide of
HEL4 gg (Fig. 1C) the ability of islet-specific Th1 cells
to further infiltrate the islets and cause diabetes can still
be held in check by additional peripheral regulatory
mechanisms [8, 21, 42].

We thus assessed whether or not treatment with anti-
CTLA-4 mAb would provoke disease as it had in other
systems of diabetes on a NOD background [28, 43].
Indeed RIP-HEL mice developed diabetes with 100%
incidence by 50 days after transfer of Thl TCR7 cells
when co-administered with anti-CTLA-4 mAD at the time
of transfer (Fig. 3C). In contrast, anti-CTLA-4 mAb
treatment did not induce diabetes in RIP-HEL mice
either untransferred (data not shown) or after their
receipt of Th2 TCR7 cells (Fig. 3C). Interestingly, anti-
CTLA-4 treatment made no noticeable difference to
either the extent of infiltration or the cell types present
in RIP-HEL recipients of either Th1l or Th2 TCR7 cells
(Fig. 3D, E). Therefore, the mechanism by which anti-
CTLA-4 mAb provokes diabetes in this system appears to
segregate with the Thl TCR7 cell subset and has no
detectable effect on the autoreactive potential of Th2
TCR7 cells, probably as a result that Thl cytokine
production can provoke autoimmune pathologies,
whereas in contrast Th2 cells have been suggested to
inhibit them [42].

These studies suggest that the HEL-specific Th1 cells,
although able to infiltrate the pancreas, cannot over-
come the threshold of immune regulation to evoke
disease. The inhibition of CTLA-4 signaling may
interrupt the activation or function of regulatory
T cells, as previously suggested [31, 32], or alternatively
remove intrinsic negative signaling in the Th1 cell by
CTLA-4 [26, 33] per se, thus lowering its threshold of
activation. Our studies show that even fully differen-
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Figure 3. Requirements for diabetes in RIP-HEL mice: Transfer of Th1 TCRY7 cells results in insulitis that can induce diabetes in the
absence of CTLA-4 signaling. Th1- and Th2-polarized TCR7 spleen cells were prepared and 9x10° CD4*VB3* cells were transferred
to recipients. Representative H&E-stained sections are shown for pancreata removed from RIP-HEL recipients 50 days after
transferring either (A) Th1- or (B) Th2-polarized TCRY7 cells. (C) RIP-HEL mice were injected i.p. with 200 pg of either anti-CTLA-4
mAD or isotype-matched control mAb 1 day prior to and on days 3 and 5 after transfer of Th1 or Th2 TCR7 cells as described above.
Diabetes development was monitored by regular blood glucose measurements and the incidence of disease is shown for five mice
per group from two identical experiments. H&E-stained pancreata were also prepared where a representative section from anti-
CTLA-4-treated RIP-HEL recipients of either (D) Thl- or (E) Th2-polarized TCR7 cells is shown. Pancreata of isotype control mAb-
treated RIP-HEL recipients of Th1- or Th2-polarized TCR7 cells were identical to those shown in (A, B). For all sections, the upper
panel shows x40 original magnification and the lower panel shows x 160 original magnification. The presence of lymphocytes (>)
predominates in (A, D), while eosinophils (<) comprise the majority of cells present in (B, E).

tiated Th1 cells that have migrated to the pancreas and
can cause insulitis are still subject to immune regulatory
mechanisms.

blocked. These findings show that even already
differentiated autoreactive effector Thl cells that have
migrated into the pancreas fail to induce diabetes and
are still held in check by powerful regulatory elements.

Concluding remarks

We describe here a novel TCR-transgenic line, TCR7,
where MHC class II-restricted, CD4™ T cells are specific
for the subdominant H-2® epitope (HELy4 gg) of HEL.
Adoptive transfer of TCR7 (Ly5.1) T cells into RIP-HEL
(Ly5.2) recipient hosts did neither lead to expansion of
these cells nor result in islet infiltration, although these
TCR7 cells could expand upon transfer into mice
expressing high levels of HEL in the serum. Islet cell
infiltration only occurred when the TCR7 cells had been
polarized to either a Thl or Th2 phenotype prior to
transfer, which led to insulitis. However, progression
from insulitis to autoimmune diabetes only occurred in
these recipients when Th1 but not Th2 TCR7 cells were
transferred and CTLA-4 signaling was simultaneously

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

These regulatory mechanisms are revealed using
blocking anti-CTLA-4 antibodies which may be operat-
ing via regulatory T cells or directly on effector cells, to
inhibit the transition from tolerance to autoimmune
diabetes. These findings are in keeping with previous
reports that variations in the CTLA-4 molecule are
associated with susceptibility to type I diabetes in
humans and in the NOD mouse model for this disease
[44], and provide a new model for further study of the
molecular and cellular pathways involved in type I
diabetes.
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Materials and methods
Generation of TCRef-transgenic mice

HEL-specific TCR-transgenic mice were made using gene
constructs encoding functionally rearranged o and f chain
TCR genes obtained from the T cell hybridoma BO4H9.1, which
recognizes HEL, g5 peptide in the context of I-AP [36]. The
HEL TCR o chain gene construct was made by insertion into
the plasmid pBS a 4-kb EcoRI-EcoRV genomic fragment
containing the functionally rearranged VJ region of the TCR
a chain gene cloned from BO4H9.1 cells (a kind gift from
N. Shastri). A 2.9-kb fragment containing the anti-HEL VJ
region was then removed by digestion with BamHI and
subcloned into Bgll-BamHI-digested pUG-1 into which the
1.6-kb neomycin (neo) gene had been inserted (a gift from
C. Somoza). From this, the neo and anti-HEL VJ genes (4.5 kb)
were removed by digestion with Xhol and BamHI and inserted
into a TCR gene construct (pVCeXK; a kind gift from A. Winoto
[45]) containing the a chain constant region, enhancer, and
locus control region. To do this, the plasmid pVCaK was first
digested with Sall and partially digested with BamHI to remove
the existing VJ region, leaving a 21.8-kb linearized vector and
control regions. The Xhol-BamHI fragment containing the anti-
HEL VJ region and neo gene was then inserted, giving the
complete anti-HEL TCR o chain gene construct.

The anti-HEL TCR f chain gene construct was made by
inserting into pBS a 4.9-kb EcoRI-BamHI DNA fragment
containing the TCR f chain enhancer (obtained from a
modified B shuttle vector (a kind gift from M. Davis [46]).
This was done by treating the EcoRI-BamHI fragment with
Klenow and EcoRI linkers added and cloning into EcoRI-
digested pBS. The resulting plasmid was linearized by partial
digestion with HindIII and into this was inserted a 9-kb HindIII
genomic DNA fragment encoding the functionally rearranged
anti-HEL TCR B chain VDJ region and downstream constant
region which had been cloned from the BO4H9.1 hybridoma (a
gift from N. Shastri). Positioning the VDJ region upstream of
the enhancer region gave the complete anti-HEL TCR 8 chain
gene construct.

Stable co-transfection of the anti-HEL TCR « and f chain
constructs into 580 B~ cells (a T cell hybridoma lacking TCR
expression; a gift of B. Malissen) followed linearization of the
a chain by Pvul digestion, and of the § chain by Clal digestion,
electroporation and G418 (Gibco BRL/Life Technologies,
Gaithersburg, MD) selection (using 500 pg/mL G418) as
described for Sp2/0 cells [47]. Representative transfectants
were stained with fluorescinated anti-V33 antibody (the
transgene specificity; obtained from Pharmingen, San Diego,
CA) and analyzed on the FACScan (Becton Dickinson, San
Jose, CA).

For oocyte microinjection the o chain gene construct was
removed from vector sequences by digestion with Clal, and the
f chain removed by digestion with Sall-SacIl. The DNA was
purified by cesium chloride centrifugation prior to microinjec-
tion into C57BL/6J eggs (Jackson Research Laboratories, Bar
Harbor, ME). In this way, two founder mice were obtained,
TCR7 and TCR9. TCR7 was used in the experiments described
here, and maintained by crossing to C57BL/6J mice (Jackson
Laboratories).

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Mice

Female C57BL/6 and C57BL/6.Ly5.1 mice were purchased
from Jackson Research Laboratories. The generation of M-HEL
(KLK-4), solHEL (ML-5) and RIP-HEL (ILK-3) transgenic mice
(all on a C57BL/6 background) has been previously described
[2, 3, 10, 35, 48, 49] and colonies of each line were maintained
by breeding with C57BL/6 mice. These mice were a kind gift
from Dr. C. C. Goodnow. In order to track HEL-specific TCR-
transgenic T cells (TCR7), TCR7.Ly5.1 were obtained by
breeding TCR7 mice with C57BL/6.Ly5.1 mice, while
TCR7.Ly5.1RAG2”~ were obtained by crossing TCR7.Ly5.1
mice with RAG2™ “Ly.5.1 mice (Jackson Research Labora-
tories) and then intercrossing TCR7.Ly5.1RAG*/~.

All transgenic animals were genotyped by polymerase chain
reaction on ear punch DNA [50] using primer sequences kindly
provided by Dr. C. C. Goodnow for each HEL-transgenic line
[10, 35], or forward endogenous 5'-GTCCTCCGTGTCCATATT-
3, forward transgenic 5'-ATCTGGTGAAAGGGCAAGGA-3’ and
reverse 5'-CAAGGAGGAACCATGAGCA-3' primer sequences
for TCR7 mice. In all cases, 35 cycles of 94°C for 15 s, 60°C for
30 s and 72°C for 1 min were performed before polymerase
chain reactions were separated on 2% agarose gels and
visualized by ethidium bromide staining under UV illumina-
tion. TCR7.Ly5.1RAG2™”~ mice were additionally screened by
FACS analysis to confirm that they lacked lymphocytes other
than those of a CD4"VB3™ profile. All mice were housed under
specific pathogen-free conditions and were used at the age of
6-8 wk.

Media, antigens, antibodies, cytokines and reagents

Cell culture medium was RPMI 1640 medium (Bio-Whittaker,
Walkersville, MA) supplemented with 10% FCS (Hyclone
Laboratories, Logan, UT), 1 mM L-glutamine, 10 mM Hepes,
100 U/mL penicillin, 100 pg/mL streptomycin, 1 mM sodium
pyruvate and 0.05 mM B-2-mercaptoethanol (all Gibco BRL,
Grand Island, NY). Unsupplemented Hanks' medium (Gibco
BRL) was used for all adoptive cell transfers. HEL protein was
obtained from Sigma, while the antigenic peptide (HEL,4 gg)
from HEL was synthesized on an Applied Biosystems
model 430 peptide synthesizer (Foster City, CA). Recombinant
mouse cytokines used were IL-2, IL-4 (both DNAX) and IL-12
(Pharmingen, San Diego, CA). Anti-IL-12 (C17.8.20 [51]),
anti-IL-4 (11B11 [52]) and anti-CTLA-4 (UC10-9H10 [53])
were used with an isotype-matched control mAb when
appropriate.

CD4* T cell purification and CD4*, Th1l and Th2 cell
culture

CD4™ T cells were enriched from spleen cell preparations by
negative selection and purified further using a FACStar Plus
flow cytometer (Becton Dickinson, Mountain View, CA) to
achieve >99% CD4"Mel-14™ T cells as previously described
[54]. Whole or CD4-enriched spleen cells were incubated for
48 h at 37°C in 96-well plates (10° or 5x10° cells per 200 pL
per well, respectively), with either titrated amounts of HEL
protein or HEL»4 gg peptide and red blood cell (RBC)-lysed
C57BL/6 spleen cells (1x10%/well, 3000 rad) as APC. Super-
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natants were harvested after 48 h of culture and stored at
—-80°C until analyzed for cytokine content, or cell cultures were
pulsed for a further 20 h with 1 uCi [*H]thymidine (Amer-
sham) to measure proliferative responses.

Th1 and Th2 cell differentiation was achieved in culture
using 1.1 uM HEL,; gg and RBC-lysed C57BL/6 spleen
cells (1x10%/well, 3000 rad) as APC with either IL-12
(10 ng/mL) + anti-IL-4 (10 pg/mL) for Thl conditions, or
IL-4 (10 ng/mL) + anti-IL-12 (10 pg/mL) for Th2 conditions
as previously described [54]. Supernatants were collected after
secondary stimulation (as in [54]) at 48 h and stored at -80°C
until analyzed for IL-4 (Th2) and IFN-y (Th1), which were
detected using a two-site sandwich ELISA as previously
described [54].

Adoptive transfer of mice

Approximately 40x10° RBC-lysed spleen cells (containing
approximately 4x10°-9x10° CD47VB3* T cells) from
TCR7.Ly5.1 mice were transferred intravenously in 0.2 mL
Hanks' medium to recipient mice (Ly5.2). Where indicated, the
donor population was first polarized to a Thl or Th2
phenotype as described above and previously [54]. Approxi-
mately 9x10% CD4"VB3™ Tcells per recipient were transferred
into C57BL/6 recipient mice. When indicated, the recipients
were administered intraperitoneally (i.p.) several times
(weekly) with either 200 nug per injection of anti-CTLA-4 or
isotype-matched irrelevant hamster control antibody prepared
in PBS.

Flow cytometry

Single-cell suspensions of thymus, spleen or lymph node cells
were depleted of contaminating RBC and stained as previously
described [54] with various combinations of the following rat
anti-mouse conjugated antibodies: FITC-conjugated Ly5.1; PE-
conjugated VB3, Mel-14, CD45RB or CD69; Cy-Chrome-
conjugated CD4 or CDS8; allophycocyanin-conjugated CD4;
or biotin-conjugated VB3 followed by streptavidin-allophyco-
cyanin at pre-determined optimal doses (most antibodies from
Pharmingen; secondary antibody from Caltag, Burlingame,
CA). Viable cells (50 000 per sample), gated for lymphocytes
by a combination of forward and side scatter, were analyzed on
a FACSCaliber™ (Becton Dickinson) using CellQuest™ soft-
ware.

Histology

Hematoxylin and eosin (H&E) staining of 4-um sections from
buffered formalin-fixed paraffin-embedded pancreata was
performed as described [55]. Multiple sections (at least 30)
of pancreas from each animal were analyzed for insulitis as
described [55]. Islets were judged to be free of infiltrates,
suffering from peri-insulitis (if the infiltrates were limited to
the surrounding ducts and vasculature and islet architecture
appeared normal), suffering from moderate insulitis (if less
than 50% of the islet was infiltrated), or suffering from severe
insulitis (if 50% or greater of the islet was infiltrated and islet
architecture was severely disrupted).

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Assessment of diabetes

Diabetes was assessed every 10 days by measurement of blood
glucose using Accu-Chek Advantage® test strips and blood
glucose monitor (Roche Diagnostics Corporation). Animals
were considered diabetic after two sequential measurements
above 250 mg/dL and this was confirmed by urine glucose
measurements using dip sticks (Bayer Corporation, Elkhart,
IN). Onset of diabetes was dated from the first of the sequential
diabetic measurements.

Acknowledgements: We would like to acknowledge the
input into the final presentation of the study and
reading of the manuscript by Drs. Brigitta Stockinger
and George Kassiotis (NIMR, London, UK), Dr. Anne
Cooke (University Cambridge, UK), Drs. Paulo Vieira and
Antonio Bandeira (Pasteur Institute, France), Dr. Jason
Cyster (UCSF, San Francisco, CA) and Dr. Christopher
Goodnow (Autralia National University Canberra, Aus-
tralia). The majority of this work was funded by
Schering Plough Research Institute, NJ, and then
continued by the Medical Research Council, UK.

References

1 Todd, J. A. and Wicker, L. S., Genetic protection from the inflammatory
disease type 1 diabetes in humans and animal models. Immunity 2001. 15:
387-395.

2 Lesage, S., Hartley, S. B., Akkaraju, S., Wilson, J., Townsend, M. and
Goodnow, C. C., Failure to censor forbidden clones of CD4 T cells in
autoimmune diabetes. J. Exp. Med. 2002. 196: 1175-1188.

3 Lesage, S. and Goodnow, C. C., Organ-specific autoimmune disease: A
deficiency of tolerogenic stimulation. J. Exp. Med. 2001. 194: F31-F36.

4 Ohashi, P. S., Oehen, S., Buerki, K., Pircher, H., Ohashi, C. T., Odermatt,
B., Malissen, B. et al., Ablation of “tolerance” and induction of diabetes by
virus infection in viral antigen transgenic mice. Cell 1991. 65: 305-317.

5 Heath, W. R,, Allison, J., Hoffmann, M. W., Schonrich, G., Hammerling,
G., Arnold, B. and Miller, J. F., Autoimmune diabetes as a consequence of
locally produced interleukin-2. Nature 1992. 359: 547-549.

6 Goverman, J., Woods, A., Larson, L., Weiner, L. P., Hood, L. and Zaller, D.
M., Transgenic mice that express a myelin basic protein-specific T cell
receptor develop spontaneous autoimmunity. Cell 1993. 72: 551-560.

7 Lafaille, J. J., Nagashima, K., Katsuki, M. and Tonegawa, S., High
incidence of spontaneous autoimmune encephalomyelitis in immunodefi-
cient anti-myelin basic protein T cell receptor transgenic mice. Cell 1994. 78:
399-408.

8 Scott, B,, Liblau, R., Degermann, S., Marconi, L. A., Ogata, L., Caton, A.
J., McDevitt, H. O. and Lo, D., A role for non-MHC genetic polymorphism in
susceptibility to spontaneous autoimmunity. Immunity 1994. 1: 73-83.

9 Degermann, S., Reilly, C., Scott, B., Ogata, L., von Boehmer, H. and Lo,
D., On the various manifestations of spontaneous autoimmune diabetes in
rodent models. Eur. J. Immunol. 1994. 24: 3155-3160.

10 Akkaraju, S., Ho, W. Y., Leong, D., Canaan, K., Davis, M. M. and
Goodnow, C. C., A range of CD4 T cell tolerance: Partial inactivation to
organ-specific antigen allows nondestructive thyroiditis or insulitis.
Immunity 1997. 7: 255-271.

11 Sinha, A. A., Lopez, M. T. and McDevitt, H. O., Autoimmune diseases: The
failure of self tolerance. Science 1990. 248: 1380-1388.

12 Bach, J. F. and Chatenoud, L., Tolerance to islet autoantigens in type 1
diabetes. Annu. Rev. Immunol. 2001. 19: 131-161.

13 Adorini, L., Gregori, S. and Harrison, L. C., Understanding autoimmune
diabetes: Insights from mouse models. Trends Mol. Med. 2002. 8: 31-38.

www.eji-journal.eu



Eur. J. Immunol. 2006. 36: 2315-2323

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Delovitch, T. L. and Singh, B., The nonobese diabetic mouse as a model of
autoimmune diabetes: Immune dysregulation gets the NOD. Immunity 1997.
7: 727-738.

Serreze, D. V. and Leiter, E. H., Defective activation of T suppressor cell
function in nonobese diabetic mice. Potential relation to cytokine
deficiencies. J. Immunol. 1988. 140: 3801-3807.

Salomon, B., Lenschow, D. J., Rhee, L., Ashourian, N., Singh, B., Sharpe,
A. and Bluestone, J. A., B7/CD28 costimulation is essential for the
homeostasis of the CD4"CD25" immunoregulatory T cells that control
autoimmune diabetes. Immunity 2000. 12: 431-440.

Gombert, J. M., Herbelin, A., Tancrede-Bohin, E., Dy, M., Carnaud, C.
and Bach, J. F., Early quantitative and functional deficiency of NK1*-like
thymocytes in the NOD mouse. Eur. J. Immunol. 1996. 26: 2989-2998.

Baxter, A. G., Kinder, S. J., Hammond, K. J., Scollay, R. and Godfrey, D. L.,
Association between alphabetaTCR"CD4 CD8" T-cell deficiency and IDDM
in NOD/Lt mice. Diabetes 1997. 46: 572-582.

Forster, 1., Hirose, R., Arbeit, J. M., Clausen, B. E. and Hanahan, D.,
Limited capacity for tolerization of CD4* T cells specific for a pancreatic beta
cell neo-antigen. Immunity 1995. 2: 573-585.

Soldevila, G., Geiger, T. and Flavell, R. A., Breaking immunologic
ignorance to an antigenic peptide of simian virus 40 large T antigen. J.
Immunol. 1995. 155: 5590-5600.

Katz, J. D., Benoist, C. and Mathis, D., T helper cell subsets in insulin-
dependent diabetes. Science 1995. 268: 1185-1188.

Healey, D., Ozegbe, P., Arden, S., Chandler, P., Hutton, J. and Cooke, A.,
In vivo activity and in vitro specificity of CD4* Th1 and Th2 cells derived
from the spleens of diabetic NOD mice. J. Clin. Invest. 1995. 95: 2979-2985.

Boitard, C., Yasunami, R., Dardenne, M. and Bach, J. F., T cell-mediated
inhibition of the transfer of autoimmune diabetes in NOD mice. J. Exp. Med.
1989. 169: 1669-1680.

Buer, J., Lanoue, A., Franzke, A., Garcia, C., von Boehmer, H. and
Sarukhan, A., Interleukin 10 secretion and impaired effector function of
major histocompatibility complex class II-restricted T cells anergized in vivo.
J. Exp. Med. 1998. 187: 177-183.

Walunas, T. L., Lenschow, D. J., Bakker, C. Y., Linsley, P. S., Freeman, G.
J., Green, J. M., Thompson, C. B. and Bluestone, J. A., CTLA-4 can
function as a negative regulator of T cell activation. Immunity 1994. 1:
405-413.

Bluestone, J. A., Is CTLA-4 a master switch for peripheral T cell tolerance? J.
Immunol. 1997. 158: 1989-1993.

Luhder, F., Hoglund, P., Allison, J. P., Benoist, C. and Mathis, D.,
Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) regulates the
unfolding of autoimmune diabetes. J. Exp. Med. 1998. 187: 427-432.

Luhder, F., Chambers, C., Allison, J. P., Benoist, C. and Mathis, D.,
Pinpointing when T cell costimulatory receptor CTLA-4 must be engaged to
dampen diabetogenic T cells. Proc. Natl. Acad. Sci. USA 2000. 97:
12204-12209.

Karandikar, N. J., Vanderlugt, C. L., Walunas, T. L., Miller, S. D. and
Bluestone, J. A., CTLA-4: A negative regulator of autoimmune disease. J.
Exp. Med. 1996. 184: 783-788.

Perrin, P. J., Maldonado, J. H., Davis, T. A., June, C. H. and Racke, M. K.,
CTLA-4 blockade enhances clinical disease and cytokine production during
experimental allergic encephalomyelitis. J. Immunol. 1996. 157: 1333-1336.

Read, S., Malmstrom, V. and Powrie, F., Cytotoxic T lymphocyte-
associated antigen 4 plays an essential role in the function of
CD25(+)CD4(+) regulatory cells that control intestinal inflammation. J.
Exp. Med. 2000. 192: 295-302.

Takahashi, T., Tagami, T., Yamazaki, S., Uede, T., Shimizu, J., Sakaguchi,
N., Mak, T. W. and Sakaguchi, S., Inmunologic self-tolerance maintained
by CD25(+)CD4(+) regulatory T cells constitutively expressing cytotoxic
T lymphocyte-associated antigen 4. J. Exp. Med. 2000. 192: 303-310.

Eggena, M. P., Walker, L. S., Nagabhushanam, V., Barron, L., Chodos, A.
and Abbas, A. K., Cooperative roles of CTLA-4 and regulatory T cells in
tolerance to an islet cell antigen. J. Exp. Med. 2004. 199: 1725-1730.

Verdaguer, J., Schmidt, D., Amrani, A., Anderson, B., Averill, N. and
Santamaria, P., Spontaneous autoimmune diabetes in monoclonal T cell
nonobese diabetic mice. J. Exp. Med. 1997. 186: 1663-1676.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

HIGHLIGHTS

Akkaraju, S., Canaan, K. and Goodnow, C. C., Self-reactive B cells are not
eliminated or inactivated by autoantigen expressed on thyroid epithelial
cells. J. Exp. Med. 1997. 186: 2005-2012.

Kobori, J. A., Hood, L. and Shastri, N., Structure-function relationship
among T-cell receptors specific for lysozyme peptides bound to Ab or Abm-
12 molecules. Proc. Natl. Acad. Sci. USA 1992. 89: 2940-2944.

Letourneur, F. and Malissen, B., Derivation of a T cell hybridoma variant
deprived of functional T cell receptor alpha and beta chain transcripts reveals
a nonfunctional alpha-mRNA of BW5147 origin. Eur. J. Immunol. 1989. 19:
2269-2274.

Wofsy, D. and Seaman, W. E., Successful treatment of autoimmunity in
NZB/NZW F1 mice with monoclonal antibody to L3T4. J. Exp. Med. 1985.
161: 378-391.

Steinberg, A. D., Gourley, M. F., Klinman, D. M., Tsokos, G. C., Scott, D. E.
and Krieg, A. M., NIH conference. Systemic lupus erythematosus. Ann.
Intern. Med. 1991. 115: 548-559.

von Herrath, M. G. and Oldstone, M. B., Role of viruses in the loss of
tolerance to self-antigens and in autoimmune diseases. Trends Microbiol.
1995. 3: 424-430.

Katz, J. D., Wang, B., Haskins, K., Benoist, C. and Mathis, D., Following a
diabetogenic T cell from genesis through pathogenesis. Cell 1993. 74:
1089-1100.

Andre, I., Gonzalez, A., Wang, B., Katz, J., Benoist, C. and Mathis, D.,
Checkpoints in the progression of autoimmune disease: Lessons from
diabetes models. Proc. Natl. Acad. Sci. USA 1996. 93: 2260-2263.

Luhder, F., Katz, J., Benoist, C. and Mathis, D., Major histocompatibility
complex class II molecules can protect from diabetes by positively selecting
T cells with additional specificities. J. Exp. Med. 1998. 187: 379-387.

Wicker, L. S., Clark, J., Fraser, H. 1., Garner, V. E., Gonzalez-Munoz, A.,
Healy, B., Howlett, S. et al., Type 1 diabetes genes and pathways shared by
humans and NOD mice. J. Autoimmun. 2005. 25 Suppl: 29-33.

Diaz, P., Cado, D. and Winoto, A., A locus control region in the T cell
receptor alpha/delta locus. Immunity 1994. 1: 207-217.

Ho, W. Y., Cooke, M. P., Goodnow, C. C. and Davis, M. M., Resting and
anergic B cells are defective in CD28-dependent costimulation of naive CD4 ™"
T cells. J. Exp. Med. 1994. 179: 1539-1549.

Gascoigne, N. R., Goodnow, C. C., Dudzik, K. I., Oi, V. T. and Davis, M. M.,
Secretion of a chimeric T-cell receptor-immunoglobulin protein. Proc. Natl.
Acad. Sci. USA 1987. 84: 2936-2940.

Hartley, S. B., Crosbie, J., Brink, R., Kantor, A. B., Basten, A. and
Goodnow, C. C., Elimination from peripheral lymphoid tissues of self-
reactive B lymphocytes recognizing membrane-bound antigens. Nature
1991. 353: 765-769.

Goodnow, C. C., Crosbie, J., Adelstein, S., Lavoie, T. B., Smith, G. S.,
Brink, R. A., Pritchard, B. H. et al., Altered immunoglobulin expression and
functional silencing of self-reactive B lymphocytes in transgenic mice.
Nature 1988. 334: 676-682.

Chen, S. Z. and Evans, G. A., A simple screening method for transgenic mice
using the polymerase chain reaction. Biotechniques 1990. 8: 32-33.

Wysocka, M., Kubin, M., Vieira, L. Q., Ozmen, L., Garotta, G., Scott, P.
and Trinchieri, G., Interleukin-12 is required for interferon-gamma
production and lethality in lipopolysaccharide-induced shock in mice.
Eur. J. Immunol. 1995. 25: 672-676.

Ohara, J. and Paul, W. E., Production of a monoclonal antibody to and
molecular characterization of B-cell stimulatory factor-1. Nature 1985. 315:
333-336.

Krummel, M. F. and Allison, J. P., CD28 and CTLA-4 have opposing effects
on the response of T cells to stimulation. J. Exp. Med. 1995. 182: 459-465.

Murphy, E. K. Shibuya, K., Hosken, N., Openshaw, P., Maino, V., Davis,
K., Murphy, K. and O'Garra, A., Reversibility of T helper 1 and 2
populations is lost after long-term stimulation. J. Exp. Med. 1996. 183:
901-913.

Bohme, J., Schuhbaur, B., Kanagawa, O., Benoist, C. and Mathis, D.,

MHC-linked protection from diabetes dissociated from clonal deletion of
T cells. Science 1990. 249: 293-295.

www.eji-journal.eu

2323 a8



