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Abstract
A major emphasis of our studies has been on developing a better understanding of how and why the
skin serves as a target for immune reactions as well as how the skin evades becoming a target for
destruction. For these studies we developed transgenic mice that express a membrane-tethered form
of a model self-antigen, chicken ovalbumin (mOVA), under the control of a keratin 14 (K14)
promoter. K14-mOVA transgenic mice that express OVA mRNA and protein in the epithelia have
been assessed for their immune responsiveness to OVA and are being used as targets for T cells
obtained from OT-1 transgenic mice whose CD8+ T cells carry a Va2/Vb5-transgenic T cell receptor
with specificity for the OVA257-264-peptides (OVAp) in association with class I MHC antigens.
Some of the K14-mOVA transgenic mice develop a graft-vs-host-like disease (gvhd) when the OT-1
cells are injected while others appear to be tolerant to the OT-1 cells. We found that γc cytokines,
especially IL-15, determine whether autoimmunity or tolerance ensues in K14-mOVATg mice. We
also developed transgenic mice that express soluble OVA under the control of a K14 promoter (K14-
sOVA) that die within 5–8 days after adoptive transfer of OT-1 cells and identified these mice as a
model for more acute gvhd-like reactions. Spontaneous autoimmunity occurs when these sOVA-
mice are crossed with the OT-I mice. In contrast, we found that preventive or therapeutic OVAp
injections induced a dose-dependent increase in survival. In this review the characterization of 5
strains of K14-OVATg mice and underlying mechanisms involved in autoimmune reactions in these
Tg mice are discussed. We also describe a strategy to break tolerance and describe how the
autoimmunity can be obviated using OVAp. Finally, a historical overview of using transgenic mice
to assess the mechanisms of tolerance is also provided.

1. Introduction
Deletion of self-reactive T cells through negative selection in the thymus (central tolerance) is
a major mechanism that contributes to the prevention of autoimmunity. However, this
mechanism is not complete and some self-reactive T cells escape central tolerance and exist
in the periphery. In the periphery, these cells undergo surveillance by peripheral tolerance
mechanisms including ignorance, anergy, and suppression by regulatory T cells [1]. As a
consequence of the activation of these self-reactive T cells destruction of single or multiple
target tissues ensues in what we call autoimmune disease.
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Elucidating the mechanisms involved in autoimmunity and tolerance has been a great
challenge. It is not only difficult to identify the target antigens recognized by T cells in most
human autoimmune diseases, it has also been difficult to study specific lymphocyte responses
to these autoantigens. Also, there are few lymphocytes specific for any antigen (Ag) (self or
foreign) in a normal immune system and this makes it difficult to define biochemical alterations
in antigen-specific cells exposed to the relevant cognate antigen [2–4].

Thus, transgenic (Tg) mouse models have become valuable tools because they provide both
defined, tissue-specific cognate Ags and well-characterized T cells with a T-cell receptor
(TCR) that recognizes these Ags. Utilizing TCR Tg T cells can overcome the challenge of
using low frequency peptide-specific T cells in normal animals and enables the isolation and
quantitation of self-reactive T cells as well as the assessment of their responses to Ag in vitro
and in vivo [2,4]. In addition, use of Tg mouse models, in which the autoantigen is known,
facilitates the direct assessment of Ag-specific therapeutic interventions (see sections 5 and 7
in this review). Furthermore, the role of various genes can be determined by specifically
deleting them from the T cells or selected cells from the Ag-expressing mice by either crossing
them with appropriate knockout strains (see section 5) or through the use of oligonucleotide-
specific therapeutics. Thus, both genetic or cellular manipulations can be used to disrupt or
induce immunity or tolerance, and analyze the self-Ag-specific T cells to identify the specific
mechanisms involved [2,3]. One big caveat that must be kept in mind when using Tg mouse
models is that, despite their huge contribution to understanding basic mechanisms in immune
responses, the lymphocyte repertoire of Ag-receptor Tg mice is not normal, and therefore
results with such models must be interpreted with caution.

Two major approaches have utilized Tg mouse models to understand the mechanisms involved
in the pathogenesis of autoimmune disease. One is adoptive transfer of self-reactive T cells
into Tg mice which express self-Ag (see sections 3 and 5). The other is the generation of double
Tg (DTg) mice by crossing the Tg mice that express self-Ag with those expressing the TCR
that recognizes the self-Ag (see section 6). In the adoptive transfer model, the T cells encounter
the antigen for the first time. Thus, the kinetics of responses of specific T cells to the self-
antigen can be studied from the earliest encounter [2]. As well, central tolerance mechanisms
can be avoided with this model. In contrast, in DTg models, lymphocytes are exposed to the
self-antigen in utero and throughout life, mimicking what normally occurs and this facilitates
the study of established tolerance [2]. In other words, in this model one cannot study the initial
encounter of T cells with the self-Ag. Therefore, both of these experimental models provide
complementary approaches.

During the past 8 years the major emphasis of our laboratory has been on developing a better
understanding of how and why the skin serves as a target for immune reactions as well as how
the skin evades becoming a target for destruction. In addition, we have been focusing on how
we can modulate the effector functions of CD8+ T cells so as to obviate tissue destruction. For
these studies we developed transgenic mice that express a model self-antigen, chicken
ovalbumin (OVA) in either membrane-tethered forms (mOVA) or soluble forms (sOVA),
under the control of a keratin 14 (K14) promoter. K14-mOVA transgenic mice that express
OVA mRNA and protein in the epithelia have been assessed for their immune responsiveness
to OVA and are being used as targets for T cells obtained from OT-1 transgenic mice whose
CD8+ T cells carry a Vα2/Vβ5-transgenic T cell receptor with specificity for the
OVA257–264-peptides (OVAp) in association with class I MHC antigens [5]. Although Tg
mouse models are used for the analysis of mechanisms of both central and peripheral tolerance,
this review will concentrate on peripheral tolerance mechanisms. In addition, we are going to
focus on CD8 T cell-mediated disease models and not CD4 T cell-mediated models to study
peripheral tolerance and will describe our models as well as others reported over the past years.
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2. Historical overview of analyses of mechanisms of central and peripheral
tolerance using transgenic mice

Considerable progress was made in elucidating mechanisms of central tolerance in the late
1980s. This was first shown using monoclonal antibodies against certain Vβ genes that are
expressed with unusually high frequency on T cells specific for certain class II MHC-associated
alloantigens. Using these antibodies, Kappler et al. and MacDonald et al. demonstrated that,
in mice expressing the relevant class II MHC-associated antigens, cells expressing the
particular Vβ gene products were deleted in the thymus [6–8]. Development of transgenic mice
offered another means to analyse the mechanisms of central tolerance. One of the earliest Tg
experiments used TCR Tg mice in which most T cells express a receptor specific for the male
(H–Y) antigen in the context of MHC class I [9]. These studies demonstrated that only H–Y-
specific T cells were deleted at the CD4+CD8+ double positive stage in the thymus of male
mice though not in female mice. However, many of the Tg T cells matured and were exported
to the periphery, where they were found to have markedly reduced levels of CD8 or TCR, and
this made them anergic [9]. To study the fate of these T cells, or the mechanisms involved in
peripheral tolerance, Tg mice that express transgenic antigen exclusively in the periphery have
been used. Although considerable evidence had been obtained for understanding central
tolerance, the development of tolerance to antigens that are expressed only in the periphery
has not been as well understood.

Early studies had approached this question of peripheral tolerance mechanisms by creating Tg
mice that carry an allogeneic class I MHC transgene and the rat insulin promoter (RIP) as a
tissue-specific promoter, in which the transgene is expressed exclusively in the pancreas [10,
11]. This approach enabled the demonstration that peripheral tolerance to self antigen is
mediated by a process of anergy rather than by clonal deletion [10,11]. Related experiments
investigated the induction of tolerance in transgenic mice expressing non-MHC self antigen
under the control of a rat insulin promoter. Unlike the transgenic MHC alloantigens, non-MHC
antigens must be processed and presented for TCR recognition to occur, thus the mechanisms
for tolerance induction were expected to be different. Transgenic mice expressing model self
antigens such as lymphocytic choriomeningitis virus (LCMV) proteins [12,13], influenza virus
hemagglutinin (HA) [14,15] or ovalbumin (OVA) [16,17] under the control of the insulin
promoter have been utilized. Autoreactive T cells found in the periphery of these mice show
complete ignorance of the target Ags [12,13] or are rendered unresponsive or are physically
deleted after initial activation after encountering the self-Ag [14–17]. A similar approach has
since been attempted for other antigens using various tissue-specific promoters and many
different mechanisms have been described. Accumulated evidence has thus demonstrated that
peripheral tolerance mechanisms include ignorance, anergy, T cell downregulation of TCR or
accessory molecules, second signal depletion from APC, and control by regulatory T cells
[18]. Thus, the immune system remarkably resists autoimmune disease by using many different
safeguards [18].

3. Summary of K14- and K5-OVATg mouse models to study skin-associated
disease and peripheral tolerance

As mentioned above, the generation of Tg mouse models expressing self-Ags under a tissue-
specific promoter enhanced our understanding of the mechanisms underlying peripheral
tolerance. Generally these Tg mice develop peripheral tolerance and do not exhibit tissue
destruction after transfer of Tg T cells specific for self-Ags [16,19–21]. In the case of mice
expressing OVA under the control of RIP or an intestinal fatty acid binding promoter (iFABP),
the encounter of transferred OT-I cells with OVA-expressing tissues resulted in proliferation
of T cells followed by deletion, and tissue destruction was not observed [16,21]. In most cases,

Miyagawa et al. Page 3

J Autoimmun. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the mere existence of self-reactive cells is not sufficient to cause disease. Some additional,
inflammatory insult is generally required [12–15,21].

Recently, several Tg mice expressing epidermal self-Ags were generated using K14 or K5
promoters [5,22–27] and facilitated the study of immune responses to skin- and mucosal-
associated Ags. Peripheral tolerance could then be studied after adoptive transfer of Ag-specific
TCR Tg T cells. Hogquist and coworkers first reported Tg mice expressing skin-associated
Ags. They generated Tg mice that express the OVA peptide under the control of a K14-
promoter (K14-OVAp mice) [22–24]. When OT-I cells were transferred into K14-OVAp mice,
they were activated and induced autoimmunity [24]. We and others have also utilized K14 or
K5 promoters and developed K14-mOVA mice [5,26,27] and K5-mOVA mice [25]. In accord
with the previous studies using RIP or iFAP promoters [15,19–21], no significant inflammatory
reaction was observed in K14-mOVA mice [26,27] or K5-mOVA mice [25] after adoptive
transfer of OT-I cells except for our K14-mOVA mice [5].

In some mouse models, an additional inflammatory signal, either induced by sublethal
irradiation [25] or tape stripping [27], is required to induce an inflammatory skin disease.
However, our model in which self-antigen, membrane-bound chicken ovalbumin (OVA), is
expressed under the control of a keratin 14 promoter, does not result in peripheral tolerance
[5]. Interestingly, inflammatory skin reactions and tissue destruction were induced by simply
transferring OT-I cells without any further activation in our K14-mOVA model. OT-I cells
expanded and accumulated in skin-draining lymph nodes after intravenous injection into K14-
mOVA mice and exhibited activation markers. Graft-versus-host disease-like (GVHD) skin
lesions appeared in these K14-mOVA mice by day 7 after injection of OT-I cells (Fig1).

Several factors may account for the discrepancy in results between our model and those used
by others. The transgenic constructs used to generate mOVA fusion proteins differ in
composition, resulting in structurally different expressed Ags. Our K14-mOVA mice express
OVA fused to platelet-derived growth factor receptor, while the other mice express OVA fused
to the transferrin receptor [25–27]. The level of transgene expression, the loci of integration,
aberrant expression of transgenes, the difference in promoter (K14 vs K5), the form of Ags
(membrane bound form of protein, soluble form of protein, peptide) may also affect the T cell
responses. This will be discussed further in the following section.

4. Molecular and cell surface profile of our mice
We developed five strains of Tg mice, two of which express a membrane bound form of OVA
(K14-mOVA mice; #3 and #6 mice) and three express a soluble form of OVA (K14-sOVA
mice; #5, #15 and #17 mice) under the control of a K14- promoter. Following adoptive transfer
of 5x106 naïve OT-I cells into two strains of K14-mOVA mice, K14-mOVA (#6) mice
exhibited weight loss starting on day 4 and developed acute inflammatory skin lesions by day
7 [5,28], whereas K14-mOVA(#3) mice did not develop disease [28]. Histopathology of the
skin from K14-mOVA (#6) mice showed a thickened epidermis, exocytosis, apoptotic
epidermal cells, and dermal inflammation, consistent with GVHD (Fig.1). The other tissues
including the esophagus and tongue showed no signs of inflammation. When 5x106 naive OT-
I cells were transferred into the three strains of K14-sOVA mice, they induced weight loss and
death in 4–8 days in K14-sOVA (#15) mice [29], however, no weight loss or signs of disease
were observed in K14-sOVA (#5) and (#17) mice. K14-sOVA (#15) mice exhibited severe
epithelial inflammation of the tongue and esophagus and died by day 9 but there were no
pathological changes in the skin.

To characterize the five Tg OVA strains, we measured the expression level of the OVA
transgene in genomic DNA. DNA was extracted from tails and the same amount of DNA was
amplified by PCR. K14-mOVA (#6) mice express more OVA than K14-mOVA (#3) mice at
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the genomic DNA level (Fig.2) and this was confirmed by Southern blot (data not shown) since
transgene copy number is usually determined by means of Sourthern blot analysis. Western
blot analysis of the transgene of these two strains using anti-HA Ab also showed higher
expression of OVA protein in the K14-mOVA(#6) mouse ear skin than that of the K14-mOVA
(#3) mice [28]. In K14-sOVA Tg strains, K14-sOVA (#15) mice express the highest level of
OVA followed by K14-sOVA (#17) mice and K14-sOVA (#5) mice in genomic DNA (Fig.
2). We next determined the expression level of mRNA. Various tissues were prepared from
the 5 strains and mRNA levels were determined by real-time PCR. In the K14-mOVA Tg mice,
in contrast to the results mentioned above, K14-mOVA (#3) mice express higher levels of OVA
mRNA than the K14-mOVA (#6) mice when RNA from single cell suspensions of the tissue
was assessed (Fig. 3). The results varied depending on the methods we used and when RNA
from whole tissue was used, K14-mOVA (#6) mice express higher levels of mRNA than the
K14-mOVA (#3) mice [28]. In K14-sOVA Tg mice, the mRNA level is well correlated with
the genomic DNA level when RNA from single suspensions of ear skin was used; K14-sOVA
(#15) mice express the highest level followed by K14-sOVA (#17) mice and K14-sOVA (#5)
mice (Fig.3). When RNA from whole tissue was used, K14-sOVA (#15) mice still express the
highest level followed by K14-sOVA (#5) mice and K14-sOVA (#17) mice [30]. Finally, we
determined the expression levels of the peptide-MHC class I (SIINFEKL-Kb) complex at the
cell surface of epidermal cell suspension from ear skin using 25-D1.16 Ab [31] (Fig.4).
Surprisingly, K14-mOVA (#3) mice express the highest level of peptide-MHC class I
complexes followed by K14-sOVA (#15) mice.

It has been reported that only a limited correlation is observed between the amounts of the
MHC class I-associated peptides presented by cells and the relative expression of source
proteins from which these peptides are derived [32]. A likely explanation for this discrepancy
is that the MHC class I-associated peptide repertoire preferentially derives from defective
ribosomal products (DRiPs) and short-lived proteins relative to slowly degraded proteins
[33,34]. It has also been reported that there is no clear correlation between mRNA levels and
the density of MHC-peptide complexes on cells [35]. These reports may explain why K14-
mOVA (#3) mice express higher levels of peptide-MHC class I complexes than any of the
other strains and this does not correlate with genomic DNA, mRNA, and protein levels.

Furthermore, it has been reported that cell-associated ovalbumin is cross-presented much more
efficintly than soluble ovalbumin in vivo. Cross-presentation of cell-associated OVA requires
~0.2 ng to activate OT-I cells and soluble OVA requires at least 10,000 ng of OVA for activation
of OT-I cells [36]. This may explain why K14-sOVA (#5) mice and K14-sOVA (#17) mice
do not develop disease even if the mRNA levels are similar to that of the K14-mOVA (#6)
mice.

5. Strategy to break tolerance or induce tolerance in K14-OVA mice
Two parameters, antigen presenting cell (APC) maturation and self-antigen levels, critically
control peripheral tolerance and autoimmunity [37,38]. APCs, including dendritic cells (DC),
capture self-antigens from other cells and present them to self-reactive T cells (cross-
presentation) to induce tolerance or autoimmunity [37,38]. However, in the steady state, DC
remain relatively immature, and cross-presentation of self-antigens by immature DC leads to
tolerance induction rather than activation of self-reactive cells [39–42].

Therefore, one way to break tolerance and initiate autoimmune disease is to provide signals
that promote APC maturation and thereby break tolerance [38]. For instance, co-transfer of
CD4 T cells [43], injection of agonistic anti-CD40 antibodies [39], and stimulation via OX40
[44] provide decisive signals that can influence tolerance versus autoimmunity [37,38].
However, in our K14-mOVA (#3) mice, co-transfer of OVA specific CD4 T cells (OT-II cells
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that have a TCR that recognizes OVA peptides in association with MHC class II) along with
OT-I cells does not break tolerance. In addition, transfer of OT-II cells together with OT-I cells
into K14-mOVA (#6) mice does not augment GVHD either, suggesting that CD4 T cell help
does not play a role in our K14-mOVA model. On the other hand, injection of agonistic anti-
CD40 mAb into K14-mOVA (#3) mice induced GVHD after OT-I transfer, indicating that
immature APC in the steady state induce tolerance in K14-mOVA (#3) mice and that
maturation of APC is indeed important in terms of affecting the differentiation of naïve CD8
T cells into effector CTL to break tolerance. Interestingly, in the RIP-HA model, in which
activated HA-specific CD4 T cells prevent CD8 T cell tolerance induction and promote
diabetes, activating anti-CD40 mAb cannot substitute for CD4 T cell help [45]. These findings
suggest that mechanisms leading to the abrogation of tolerance are diverse amongst the various
mouse models.

The induction of peripheral tolerance is also dependent upon the concentration of self antigen
[19,46]. In our three strains of K14-sOVA mice, there is a correlation between antigen dose
and disease occurrence. Only 1x105 OT-I cells are needed to induce death in K14-sOVA (#15)
mice which express the highest levels of OVA while even 5x106 OT-I cells do not induce any
signs of disease in K14-sOVA (#5) and K14-sOVA (#17) mice.

In K14-mOVA mice, as discussed in the previous section, it appears that genomic DNA levels
of the transgene and peptide-MHC class I expression level of the two strains are inversely
correlated. As a result, K14-mOVA (#3) mice express more peptide on the epidermal cell
surfaces and this may determine the final immune responses. If this is the case, high expression
of peptide-MHC class I (K14-mOVA (#3) mice) leads to tolerance while low expression of
peptide-MHC class I (K14-mOVA (#6) mice) enhances the development of GVHD after
transfer of OT-I cells. Note that we defined K14-mOVA (#3) mice as low expressors of OVA
and K14-mOVA (#6) mice as high expressors of the OVA based on OVA transgene level by
PCR of genomic DNA, and Southern blot analysis [28]. It was reported that in the presence of
persistent antigen, the fate of naïve CD8 T cells during peripheral tolerance may be determined
by the strength of interaction between the TCR and peptide-MHC complex. It has been
demonstrated that high doses of chronic antigen exposure promotes CD8 T cell anergy, whereas
lower doses result in deletion [47–49]. If this is the case, OT-I cells transferred into K14-mOVA
(#3) mice become anergic with downregulated TCR that occurs when T cells encounter robust
signals [28]. However, ours is an acute exposure model and is different from that of chronic
exposure to strong TCR signals previously mentioned [47–49]. We still do not understand the
mechanisms whereby K14-mOVA (#3) mice develop tolerance and why this discrepancy
between OVA transgene level and peptide-MHC occurs. As discussed in the previous section,
we are currently considering that aberrant expression of OVA or that the integration site of the
transgene may be involved. Indeed, K14-mOVA (#3) mice express OVA mRNA (endogenous
OVA) in splenic DC and bone marrow.

Given that peripheral tolerance depends on antigen dose, one determinant that contributes to
the reversal of tolerance could be merely quantitative. It has been demonstrated that there is a
linear relationship between the number of autoreactive CD8 T cells and the time necessary to
functionally eliminate them [19]. When the model is overwhelmed by transferring large
numbers of autoreactive CD8 T cells recognizing self antigen, tolerizing mechanisms could be
overcome and disease ensues [17].

K14-mOVA(#3), K14-sOVA(#5 and #17) mice, as previously discussed, do not develop any
signs of disease after the adoptive transfer of naïve OT-I cells. However, GVHD can be induced
in these K14-sOVA mice by simply increasing the number of transferred OT-I cells. Although
adoptive transfer of 5x106 OT-I cells does not induce disease in K14-OVA (#5) mice and K14-
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mOVA (#17) mice, 1–1.5x107 OT-I cells causes GVHD and death. Interestingly, adoptive
transfer of even 1.5x107 OT-I cells into K14-mOVA (#3) mice do not cause any disease.

In addition to the two parameters described above, recent studies suggest the requirement for
cytokine signals such as IL-12 [50] and IFN-3 αβ [51] which act as signal 3 in determining the
development of tolerance or autoimmunity. We administered several γc-using cytokines (e.g.
IL-2, -7, -15 and -21) into K14-mOVA (#3) mice since these cytokines contribute to the
homeostasis of CD8 T cells. In vivo administration of IL-15 converted peripheral tolerance to
immunity in K14-mOVA (#3) mice that were adoptively transferred with OT-1 cells. IL-15
broke tolerance and caused GVHD-like skin lesions by altering the functional status of the
adoptively-transferred OT-I cells. Similarly, injection of OT-I cells that had been pretreated
with IL-15 ex vivo, into K14-mOVA (#3) mice caused disease. Furthermore, neutralizing IL-15
function by in vivo administration of an anti-IL-2/IL-15Rβ or anti-mouse IL-15 antibody
effectively blocked the development of GVHD-like skin lesions in K14-mOVA (#6) mice,
suggesting that the levels of IL-15 physiologically controls the onset of tolerance or disease in
our experimental models. We also demonstrated the non-redundant relevance of IL-15 in our
system because, other members of the γc-using cytokine, such as IL-7 and IL-21, failed to
cause disease when injected into K14-mOVA(#3) mice with OT-I cells. Thus, our observations
collectively demonstrate that in addition to antigen and costimulation, a cytokine, in particular
IL-15, can be a critical co-factor in the determination of tolerance or autoimmunity [28].

6. Phenotype of K14- and K5-OVATg/OT-I double Tg mouse models
Double transgenic mice K14-OVAp/OT-1 were generated by Hogquist and coworkers to assess
central tolerance [22]. Since this promoter drives gene expression in thymic epithelial cells as
well as in the basal layer of the skin, tongue and esophagus, these K14-OVAp/OT-I double Tg
mice were predicted to exhibit clonal deletion and elimination of self-reactive OT-I cells.
However, they did not delete OT-I cells; instead OT-I cells were detected in the periphery of
the double transgenic mice [22]. K14-OVAp/OT-I DTg mice exhibited a lethal disease between
2 and 6 wks of age with 20% of animals showing no signs of disease. An inflammatory infiltrate
was observed in skin and esophagus and around bile ducts of the liver. In addition, peripheral
OT-I cells were activated. The phenotype included hair loss, skin lesions, weight loss, and a
hunched appearance [23]. They reported that the breakdown of tolerance does not correlate
with the extent of clonal deletion or receptor editing in the thymus [22]. They also demonstrated
that dual-reactive T cells, which were shown to have autoimmune potential and were found in
OT-I/K14-OVAp DTg, are not required for disease. This is because OT-I/OVAp animals on
a RAG background still experienced disease although the average age of onset was delayed by
about 4 weeks. They concluded that breakdown of tolerance may reflect a breakdown in an as-
yet-unidentified peripheral tolerance process [23].

We crossed our K14-sOVA(#15) mice with OT-I mice and these DTg mice exhibited a similar
phenotype to that observed by Hogquist [21]. 80–85% of K14-sOVA (#15)/OT-I mice die
between day 12 and 20 of life, while 15–20% of the pups survive beyond day 21 of life [29].
Dying pups are characterized by inflammatory infiltrates in multiple organs (tongue,
esophagus, liver, thymus, lung, plexus choroideus). This pattern of inflammation coincides
well with the expression pattern of the sOVA transgene. Increased disease severity is
characterized by increased percentages of activated OT-I cells in skin draining lymph nodes
of K14-sOVA (#15)/OT-I mice. Mice that survive the first 3 weeks of life then develop a
GVHD-like disease with skin lesions (erythema, erosions, and erythematous scaly plaques),
weight loss, hair loss and hepatitis. Affected mice live on for a number of weeks, but finally
die from disease progression [29].
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In contrast to soluble OVA, DTg mice using K14-mOVA parents show different phenotypes.
We generated K14-mOVA (#6)/OT-I DTg and K14-mOVA (#3)/OT-I DTg mice and to our
surprise, neither DTg developed spontaneous disease. 20% of the lymphocyte populations
express theVα2Vβ5 TCR in lymph nodes and 60–80% of them are CD4-CD8- double negative,
suggesting that OT-I cells downregulate the CD8 molecule. Only a few OT-I cells
(Vα2Vβ5CD8+) were found in the periphery.

Similarly, K5-mOVA/OT-I DTg mice showed thymic deletion of OT-I cells, had few of these
cells in the periphery, and never developed skin changes [52]. However, when DTg mice were
generated on an athymic nude mouse background, they spontaneously developed a toxic
epidermal necrolysis-like skin disease at 8–12 weeks of age. OT-I cells isolated from skin-
draining lymph nodes of athymic DTg mice expressed surface markers of activated T cells.
The authors concluded that the underlying mechanism of tolerance in euthymic DTg mice was
via regulatory T cells since development of skin autoimmunity was completely inhibited by
transferring regulatory T cells from euthymic DTg mice [52].

7. Strategy to attenuate autoimmunity in double Tg mice
Systemic administration of peptides is one strategy to induce antigen-specific T cell tolerance.
This can be an ideal approach since peptides selectively target the pathologic T cells, leaving
the remainder of the immune system intact [53]. However, it is well known that peptides are
able to induce immunity as well as tolerance. The route of administration and the dose appear
to be critical factors in determining autoimmunity versus tolerance [53,54]. It was demonstrated
that a single local subcutaneous injection of 50–500 μg peptide emulsified in incomplete
Freund’s’adjuvant induced priming of LCMV-specific CTL, whereas repetitive and systemic
intraperitoneal injection of the same dose caused tolerance [54]. The efficacy of peptide
treatment was shown in several CD8 T cell-mediated autoimmunity disease models.
Transgenic mice expressing LCMV glycoprotein (GP) under the control of a RIP promoter
(RIP-LCMV GP mice) develop CD8 T cell-mediated diabetes after LCMV infection. Three
i.p. injections of LCMV GP33 peptide (3x500 μg or 3x100 μg) induced tolerance in these RIP-
LCMV GP mice and prevented autoimmune destruction of β islet cells and diabetes [55]. In
RIP-HAxCL4-TCR double Tg mice, which develop spontaneous autoimmune diabetes,
injection of HA peptide also proved effective. In this case, three i.v. injections of 30 μg of
peptide significantly prolonged the survival of the double transgenic pups and eliminated the
CD8 T cell pancreatic infiltrate [56]. Activation-induced apoptosis of the CD8 T cells has been
implicated as a mechanism of tolerance in their mice [56].

We have also shown that prophylactic OVA257–264 peptide ip injections attenuate the course
of disease in our K14-sOVA(#15)/OT-I DTg mice [29]. Two consecutive (10μg)
OVA257–264 injections on day 5 and 9 led to survival of 60% by day 21. Increasing the dose
to 100μg on days 5 and 9 improved survival by day 21 from 17% to 98.5% although mice that
survived the first 3 weeks of life developed a GVHD-like phenotype in the subsequent weeks
to months. We also demonstrated that therapeutic OVA257–264 peptide injections are also
effective. When acutely ill sOVA/OT-I DTg pups were treated on day 10 of life with 100 μg
OVA257–264 by i.p. injection, 66% of treated, as opposed to 0% of untreated, pups survived
the first 3 weeks of life but later developed a GVHD-like phenotype.

Analysis of tolerance mechanisms that mediate survival of self-peptide treatment revealed a
number of tolerance mechanisms in healthy peptide-treated sOVA/OT-I mice as well as
spontaneous survivors. They exhibited reductions in peripheral CD8 T cells, and in CD8
coreceptor and Vα2 expression. Furthermore, CD8 T cells from healthy survivors were anergic
and could not be activated by exogenous IL-2. A block in IL-2/IL-7 signaling via the STAT5
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pathway provided the basis for low surface expression of the CD8 coreceptor and failure of
IL-2 to break CD8 T cell anergy [29].

8. Epilogue and dedication
Studying the above-described Tg mice in which model antigens are used has provided us with
new insights into mechanisms involved in the generation of autoimmunity and specific
immunological tolerance. Many of these mice have been shared with others in the U.S., Europe,
and Japan, in the spirit of advancing this knowledge base.

This paper is dedicated to Professor H. Moutsopoulos, as part of the journal series that
recognizes outstanding autoimmunologists [57–60]. Professor Moutsopoulos is a long-time
colleague and dear friend of one of us (SIK). We spent our early career together at the NIH
and his enthusiasm for science still pervades the halls of the NIH. Professor Moutsopoulos has
dedicated his career to studying mechanisms involved in Sjogren’s syndrome and lupus
erythematosus and other autoimmune and rheumatic diseases. It is with great admiration of his
life’s work and to his commitment to mentoring that we dedicate this review.
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Figure 1. K14-mOVA (#6) mice develop graft-versus-host-like disease after adoptive transfer of
OT-I cells
A) K14-mOVA (#6) mouse (left) shows scaly lesions and hair loss. Littermate control mouse
(right) appears normal. B) Histology of the skin (footpad) of normal C57BL/6 mouse (left) and
of K14-mOVA (#6) mouse (right) 14 days after injection of 5x106 OT-I cells. The K14-mOVA
(#6) mouse shows a thickened epidermis, exocytosis, dyskeratotic keratinocytes and dermal
inflammation.
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Figure 2. Expression levels of OVA in genomic DNA were quantified by PCR
A) Genomic DNA was extracted from tails of the indicated mice and the same amount of DNA
was amplified for OVA by PCR. Signal intensities of OVA and β-globin bands were determined
by densitometry. B) The average of OVA/β-globin band intensity of two mice from each group
in (A) is shown. WT: wild type mouse
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Figure 3. OVA mRNA expression levels in epidermal cell suspension from ears of C57BL/6 and
K14-OVA Tg mice
Epidermal cell suspensions (ECs) were prepared from ears of indicated mice. RNA was
extracted from the ECs. The OVA transgene mRNA expression levels were quantified by real-
time PCR and mGAPDH was used as the housekeeping gene. The average of two mice from
each group is shown.
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Figure 4. OVA257-264 surface expression in the context of MHC-I in ear skin epidermal cell
suspensions from C57BL/6 and K14-OVA Tg mice
Epidermal cell suspensions (ECs) were prepared from ear skin from the indicated mice and
stained with a biotinylated OVA257-264-H2Kb-specific antibody (25-D1.16) or with an
isotype control (Rat IgG2b-Bio) followed streptavidin-APC. The mean fluorescence intensity
(APC) was measured by flow cytometry (two mice per group, duplicates). The bars represent
the average plus SD. Iso: isotype control
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