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Abstract

Various autoimmune responses increase with age, but the underlying mechanism is not clear. In this study, we used
CD4* T cells expressing a transgenic T cell receptor specific for desmoglein 3 (Dsg3), which is the target antigen of the
autoimmune bullous disease pemphigus vulgaris, to examine how peripheral immunological tolerance against path-
ogenic autoreactive CD4* T cells changes with age. Dsg3-specific T cells were deleted within 14 days after adoptive
transfer into young mice (8 weeks old), while they escaped deletion when transferred into older mice over 42 weeks
old. Dsg3-specific T cells produced higher levels of the proinflammatory cytokine IFN-y in aged mice than in young
mice. In addition, the expression levels of both OX40 and Birc5, which are important for cell survival in T cell clonal
proliferation, were higher in aged than in young mice. The dysfunction in suppressing proinflammatory cytokine
secretion and Birc5 upregulation in Dsg3-specific autoreactive T cells may reflect an aspect of the preliminary steps
in autoimmune disease development in the aged population. Understanding this mechanism may lead to better risk
evaluation of autoimmune disease development and to onset prevention.
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Introduction

The immune system is regulated in a complex man-
ner that allows it to respond to a wide variety of foreign
antigens without attacking the host’s own tissues [1].
However, the occurrence of autoimmunity, in which the
immune system attacks the host, increases with aging
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[2, 3]. In an aging world, understanding the mechanism
underlying this increase is of growing importance for the
development of preventative measures and treatment
strategies.

Various mechanisms, referred to collectively as
immune tolerance, prevent autoimmune reactions.
There are two known mechanisms of preventing the
occurrence of pathogenic autoreactive T cells: central
tolerance, which functions during T cell maturation in
the thymus; and peripheral immune tolerance, which is
active in secondary lymphoid organs and peripheral tis-
sues. In central tolerance, thymic epithelial cells express
and present peripheral tissue-specific antigens as self-
antigens under the control of autoimmune regulator
(AIRE), Fezf2, etc., thereby eliminating T cells with T
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cell receptors (TCRs) that can respond to self-antigens
or inducing their differentiation into regulatory T cells
(Tregs) [4—7]. Peripheral tolerance has been attributed
to regulatory T cells (Tregs) and tolerogenic antigen-pre-
senting cells. Tregs secrete anti-inflammatory cytokines
such as IL-10 and TGEF-fB, and exert their inhibitory
effects on effector T cells through direct cell-to-cell con-
tact [8—10]. Additionally, costimulatory signals provided
by antigen-presenting cells, such as CD80/86, CD40,
and OX40L, are crucial for T cell activation, including of
pathogenic autoreactive T cells. However, the expression
of these molecules on tolerogenic dendritic cells (DCs) is
generally low [11-14]. Conversely, coinhibitory signals,
such as PD-L1 and CTLA-4, from DCs to T cells also
play a role in immune suppression [15, 16].

In the aging process, the diversity of the TCR reper-
toire is reduced [17], and the quality and quantity of T
cells vary greatly [18]. Specifically, the Th2/Thl ratio
decreases, and the number of Tregs increases. Further-
more, IL-10 production by Tregs increases [19-21].
The age-related increase of Tregs reflects the increased
resistance of aged mouse Tregs to apoptosis [22]. These
changes may be involved in the age-related decline of T
cell-mediated immunity against infectious diseases and
tumor immunity.

Here, we focus on the involvement of aging in the risk
of autoimmune disease development. Despite an increase
of peripheral Treg, the diversity of antigen-specific Tregs
is reduced, presumably due to a decline of newly devel-
oped Treg cells in the thymus and periphery [10, 21].
This hypothesis is bolstered by two distinct studies. First,
a study that used Rag2-reporter mice to visualize TCR
rearrangements in T cell maturation demonstrated an
age-related decline in the production of Tregs in the thy-
mus. Furthermore, this decrease occurs at a faster rate
than that of non-Tregs, which may encompass pathogenic
autoreactive T cells [23]. In addition, investigations that
have examined the development of transplanted antigen-
specific Tregs in peripheral tissues have revealed that
this process wanes with age. Specifically, male-specific
Tregs have been generated by transplanting male mouse
skin into male antigen-specific TCR transgenic Rag2~'~
female mice [24]. Because antigen specificity is important
in the immunosuppressive function of Tregs, a decrease
in the diversity of antigen specificity of Tregs may result
in their reduced ability to suppress autoimmune reac-
tions in aged individuals [10, 21, 25]. Consistent with
these suggestions, autoantibody production is more likely
to appear with aging in general [2, 3]. In terms of cutane-
ous autoimmune diseases, pemphigus vulgaris (PV) and
bullous pemphigoid usually occur in middle-aged and
older adults, with peaks of occurrence in those in their
40-60 s and older than 60, respectively [26—28].
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PV is a disease in which autoantibodies against des-
moglein 3 (Dsg3), an adhesive protein of keratinocytes,
appear and disturb epidermal cell adhesion, resulting in
blister formation [29]. We previously generated a Dsg-
3-specific TCR transgenic mouse, Dsg3H1, which was
used to demonstrate that CD4" helper T cells are cru-
cial for autoantibody production [30, 31] and to exam-
ine the pathomechanism of anti-Dsg3 autoimmunity.
Upon Dsg3 antigen presentation in the thymus, Dsg3H1
T cells undergo central immune tolerance. However, in
the Rag2-intact condition, endogenous TCR expression
overcomes the exclusion, leading to only partial deletion
of Dsg3H1 T cells and to their development and distri-
bution in the periphery. These Dsg3H1 T cells can cause
skin inflammation, by exhibiting cytotoxic activity against
Dsg3-expressing keratinocytes and promoting anti-Dsg3
antibody production, which results in blister formation
[32]. When Dsg3H1 mice are bred with Rag2~'~ mice
to eliminate the influence of endogenous TCR, Dsg3H1-
Rag2™'~, T cells are entirely deleted in the Dsg3-express-
ing thymus [12]. Therefore, Dsg3H1 T cells are useful for
examining immunological tolerance against Dsg3 and are
deleted in peripheral tissues after Dsg3 antigen recogni-
tion in skin-draining lymph nodes (SLNs) in 8-week-old
mice [12]. Using this model, we examined changes in
peripheral immune tolerance with age. Dsg3H1-Rag2~'~
T cells exhibited heightened markers indicating activa-
tion and evaded elimination in aged mice. These findings
are consistent with mechanisms in the early pathogenesis
of autoimmune disorders in elderly individuals.

Results

We prepared Dsg3H1-Rag2~~ T cells that had not previ-
ously encountered Dsg3 antigen by isolating them from
Dsg3~~ mice. These cells were isolated based on their
specific expression of V B6 and were then adoptively
transferred into wild-type (WT) mice to examine the
behavior of Dsg3-specific T cells capable of recognizing
Dsg3 antigen in peripheral tissues (Fig. 1a and Fig. Sla).
When WT CD4* T cells identifiable by the congenic
markers Ly5.1 or 2 are transferred, they can be used as
controls. In addition, CellTrace CFSE labeling prior
to transfer can be used to distinguish recipient CD4"
T cells from co-transfected WT CD4" T cells and to
observe Dsg3H1-Rag2~'~ T cell proliferation. As previ-
ously reported [12], Dsg3H1-Rag2~'~ T cells proliferated
in WT mice at 3 days post-transfer, but no proliferation
occurred when the cells were transferred into Dsg3~/~
mice and observed using the same CFSE intensity as
applied to the co-transferred WT T cells. These results
suggest that the proliferation of Dsg3H1-Rag2™'~ T cells
is Dsg3 antigen-responsive (Figure Sla and b). We also
reported the disappearance of transferred Dsg3-specific
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Fig. 1 Deletion of Dsg3H1-Rag2~'~ T cells was disrupted in aged mice. a Outline of the adoptive transfer of Dsg3H1-Rag2~'~ T cells and WT
CD4™ T cells to aged or young mice. b, ¢ Flow cytometric (FCM) plots and quantitative summaries of aged and young mice after the transfer
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Dsg3H1-Rag2~'~ T cell ratio was calculated as the proportion of CFSE®¥Ly5.17Dsg3H1-Rag2~~ T cells (red squares) divided by that of CFSE*Ly5.1.~
WTT cells (black squares). The gating strategy was the same as that shown in Fig. STb. Data are shown as the mean + SEM. *P < 0.05, **P < 0.01
(unpaired t-test). Data were pooled from three independent experiments (n =3-5 mice per group)

T cells within 14 days even after their proliferation in
young, (8-week-old) WT mice via peripheral tolerance
[12]. In this study, to examine whether this peripheral
tolerance mechanism is altered with age, Dsg3-specific
T cells were transferred into aged (>42-week-old) mice.
For quantitative comparisons, the same numbers of
Dsg3H1-Rag2™~ and WT CD4" T cells were co-trans-
ferred into young and aged mice. The ratio of Dsg3H1-
Rag2™~ T cells to co-transferred WT CD4" T cells was
compared between young and aged mice on day 14 after
transfer. Significantly more Dsg3H1-Rag2™~ T cells
remained after proliferation in SLNs of aged mice, while
Dsg3H1-Rag2™”~ T cells were deleted in young mice
(Fig. 1b and c). Despite the absence of obvious clinical

or histopathological dermatitis in the aged mice, these
results suggest that peripheral tolerance against Dsg3-
specific T cells is at least partially disrupted in aged mice.

Next, further experiments were performed to inves-
tigate the mechanism underlying the disappearance
of these T cells. A previous study reported suppressed
pathogenicity of cells during the disappearance of
Dsg3H1-Rag2™~ T cells, by peripheral immune toler-
ance, consisting of reduced production of the inflamma-
tory cytokine IFN-y after antigen recognition [12]. Then
IEN-y production was compared in Dsg3H1-Rag2™~ T
cells, which mainly proliferate, on day 3 after transfer
between young and aged mice. The production levels
were higher in aged mice than in young mice (Fig. 2a
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and b, and Fig. S2a). This result suggests that the sup-
pressed pathogenicity observed in Dsg3-specific T cells,
which are destined to be deleted by peripheral tolerance,
became less apparent in aged mice.

Both OX40 and Birc5, a downstream molecule of OX40
signaling, were upregulated to a greater extent in aged
than in young mice (Fig. 2a and b). A critical role for
the restriction of OX40 signaling in Dsg3H1-Rag2™~ T
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cell disappearance was previously reported [12]. To
investigate the possible age-related elevated expres-
sion of OX40L on migrating dendritic cells in skin
lymph nodes that can present Dsg3 antigen to Dsg3H1-
Rag2™’~ T cells, OX40L expression on four subsets of
migratory DCs (Langerin”CD11b~, Langerin CD11b™,
Langerint*CD103~, and Langerin*CD11b™ DCs) was
compared in aged and young mice, but there were no
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Fig. 2 Dsg3H1-Rag2~'~ T cells were more activated and showed higher Birc5 expression in aged mice. a, b FCM plots and quantitative summaries
of the expression of the indicated factors in Dsg3H1-Rag2~~ T cells in SLNs on day 3 after transfer into aged and young mice (gated on Ly5.1tCD4*
cells; The gating strategy is shown in Fig. S2a). ¢ Quantitative summaries of the OX40L expression levels in four subsets of migratory DCs in SLN of
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mice without transfer of Dsg3H1-Rag2~/~ T cells (The gating strategy is shown in Fig. S2c). Data are shown as the mean + SEM. ns, not significant,
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significant differences(Fig. 2c and Fig. S2b). Next, as
OX40 signaling in Dsg3H1-Rag2~~ T cells is attenuated
in a Treg OX40-dependent manner [12], we compared
the expression level of OX40 on Tregs in the SLNs of
young and aged mice. However, there was no apparent
difference between different age groups, while the level
of OX40 expression in non-Treg CD4* T cells was higher
in aged mice (Fig. 2d and e, and Fig. S2c). Although Treg
0OX40-dependent regulation of OX40 signaling in dis-
appearing T cells was not observed in aged mice, these
observations suggested that OX40 and Birc5 upregula-
tion during proliferation contributes to the mechanism of
Dsg3H1 T cell escape from peripheral disappearance in
aged mice.

Discussion
In autoreactive Dsg3H1-Rag2™~ T cells eliminated by
peripheral immune tolerance in young mice OX40 and
Birc5 expression were upregulated and escaped elimina-
tion in aged mice. OX40 on Tregs was shown to restrain
OX40 signaling in Dsg3H1-Rag2™~ T cell elimination
as part of the mechanism of peripheral tolerance [12].
Thus, the age-dependent increase of OX40L on migrat-
ing DCs and the decrease of Treg OX40 may explain the
upregulation of OX40 and Birc5 with age. However, the
expression of OX40L on migrating DCs nor Treg OX40
did not change significantly with age. Alternatively, non-
Treg T cells, including Dsg3H1-Rag2~~ T cells, may be
more likely to express OX40 due to general changes in
the immunological environment with aging, as can be
inferred by the increase in OX40 expression on non-Treg
CD47" T cells in aged mice (Fig. 2d and e). The reason for
this increase is unclear, but it may be related to changes
in the expression of cytokines, such as IL-1a/B, which
are inducers of OX40 expression [33]. In fact, increased
IL-1P levels has been reported in tissues other than the
skin or SLN and IL-1P gene expression was shown to be
increased in the CD45" immune cell fraction in pancre-
atic islets with age [34]. In addition, the levels of plasma
IL-1pB, produced in the lung and spleen, increased after
intraperitoneal injection of lipopolysaccharide in aged
mice [35]. Therefore, IL-1p may also be upregulated in
lymph nodes, leading to increased OX40 expression in
non-Treg cells, including Dsg3H1-Rag2™~ T cells. How-
ever, further studies are required to clarify these issues.
The aging-related changes in OX40 signaling in T cells
are complex. A study in an ovalbumin (OVA)-express-
ing tumor model showed that when OVA-specific CD4
T cells were transferred into tumor-transplanted aged
mice (20 months old) and young mice (<6 months old)
with OX40 agonist, the OX40 stimulation-induced
effector T-cell differentiation of the transferred cells
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was reduced in aged mice [36]. In our experiment,
however, T cells transferred into aged mice showed
increased OX40 signaling and activation. This differ-
ence may have been due to evaluation under conditions
of systemic OX40 stimulation by exogenous reagent in
the tumor model, while in our system only endogenous
OXA40L of the recipient’s cells could stimulate OX40
in transferred T cells. The most important point when
considering the effects of systemic OX40 stimulation is
that Tregs express OX40 at higher levels than non-Treg
CD4" T cells [37]. Systemic OX40 stimulation of aged
mice by exogenous reagents may increase the number
of Tregs that subsequently suppress effector T cell dif-
ferentiation, as Treg induction by OX40 stimulation is
increased in the presence of high levels of IFN- y and
IL-4 [38], and IFN- y production by T cells was also
reported to increase with age [39].

A notable finding of this study was the quenched
pathogenicity of remaining Dsg3H1-Rag2~~ T cells in
the induction of dermatitis. Although the remaining
Dsg3H1-Rag2™’~ T cells exerted their pathogenicity in
the absence of Tregs or under conditions of systemic
0OX40 stimulation in young mice [12], in aged mice
the remaining Dsg3H1-Rag2™~ T cells did not always
result in the development of the phenotype; rather
another mechanism of peripheral tolerance seems to
have restrained their pathogenicity instead of induc-
ing cell deletion. The risk of autoantibody detection
increases with age, but it does not always cause disease
[2, 3]. The increases in the Treg population and IL-10
production with age may contribute to the suppression
of antibody-mediated phenotype development [2, 3].
Similar mechanisms may exist to prevent disease-phe-
notype development by pathogenic autoreactive T cells,
although this remains to be explored in further studies.

Our study elucidates one aspect of the fragility of
immunological tolerance in the aging population, i.e.,
pathogenic autoreactive T cells, which were usually
deleted in young mice, survived and expressed elevated
levels of OX40 and Birc5. As interface dermatitis, an
autoimmune inflammatory condition, did not occur
despite the survival of these T cells, immunoregulatory
mechanisms may have suppressed the development of
autoimmune disease, implying peripheral tolerance that
remains functional even in the aged population. The sur-
vival of autoreactive Dsg3H1-Rag2~~ T cells may reflect
a preliminary step in disease development. Understand-
ing cell survival and the related immunoregulatory mech-
anisms may contribute to the development of therapies
for not only PV but also other autoimmune diseases and
to the monitoring of autoimmune disease risk with age.



Iriki et al. Immunity & Ageing (2023) 20:26

Materials and methods

Mice

C57BL/6] mice (The Jackson Laboratory, Bar Harbor, ME,
USA), C57BL/6 Rag2~'~ mice (Central Institute for Exper-
imental Animals, Kanagawa, Japan), Dsg3H1-tg mice
[32], and DsgS_/ ~ mice [40] were bred in the experimen-
tal animal care facility of Keio University under specific
pathogen-free conditions. For all experiments, 8-week-old
and >42-week-old male and female mice were used.

Antibodies and flow cytometry

A single-cell suspension of SLNs of mice was stained
with antibodies, listed in Table S1, from Thermo Fisher
(Cleveland, OH, USA), BioLegend (San Diego, CA,
USA), and BD Biosciences (San Jose, CA, USA). We
used 7-AAD Viability Staining Solution (BioLegend) or
LIVE/DEAD® Fixable Dead Cell Stain (Thermo Fisher)
to identify dead cells. Cells were stained for 20 min on
ice in staining buffer (phosphate buffered saline contain-
ing 2% fetal bovine serum and 5 pg Fcy R III/II block-
ing antibody/mL). Flow cytometry was performed on a
Canto II and LSRFortessa instrument (BD Biosciences)
and data were analyzed using FlowJo (Tree Star, Ash-
land, OR, USA).

Intracellular staining

Intracellular staining, for IEN- vy, Birc5 and Foxp3, was
performed with antibodies and fixation/permeabili-
zation buffers (BD Biosciences) or Foxp3/transcrip-
tion factor staining buffer set (Thermo Fisher). For
IFN- y staining, the cells were stained after treatment
with phorbol 12-myristate 13 acetate (Sigma-Aldrich,
St. Louis, MO, USA), ionomycin calcium salt (Sigma-
Aldrich), and Goldiplug (BD Biosciences).

Bone marrow transplantation

CD4, CD8, and B220-depleted BM cells were pre-
pared using a MACS cell separation system with CD4,
CDS8, and B220 microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) from Dsg3H1-Rag2~'~ mice and
1x10° of sorted cells were transferred intravenously
into irradiated Dsg3~/~ mice. The radiation dose was
7.5 Gy for Dsg3™/~ and WT mice. Recipient mice were
used for experiments 2 months later.

Adoptive transfer
Dsg3H1-Rag2~'~ T cells (Ly5.17) were prepared from
the spleen (Sp), SLNs, and mesenteric lymph nodes
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of Dsg3~'~ mice that underwent bone marrow trans-
plantation from Dsg3H1-Rag2~'~ mice by depletion of
B220% and CD8" cells followed by positive selection
of VB6™ cells using magnetic beads (Miltenyi Biotech)
according to the manufacturer’s instructions. Control
WT CD4" T cells (Ly5.2%) were prepared from WT
mice by positive selection of CD4% cells using mag-
netic beads. The isolated Dsg3H1-Rag2~'~ T cells and
WT CD4* T cells were mixed in same number and then
labeled with CellTrace CFSE (Thermo Fisher) using an
incubation method, where the cells were exposed to 1
uM CEFSE for 8 min at room temperature. These labeled
cells (1x10° cells each) were resuspended in 200 pL
phosphate-buffered saline and subsequently adoptively
transferred into recipient mice.
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0rg/10.1186/512979-023-00353-9.

Additional file 1: Table S1. A comprehensive list of antibodies used in
the experiments as well as information on the target antigen, clone, type
of fluorescence, catalog number, and the respective supplying companies.
Fig. S1. a,Outline of the adoptive transfer of Dsg3H1-Rag2~'~ T cells and
WT CD4™ T cells to Dsg3~'~ or WT mice. b, FCM plots of Dsg3~/~and WT
mice after the transfer of CFSE-labeled Ly5.1* Dsg3H1-Rag2~/~ T cells and
Ly5.2" WTT cells. The gating strategy used to identify 7AAD™ CD4+ cells is
illustrated. Ly5.1*Dsg3H1-Rag2~/~ T cells and CFSE*Ly5.1~ co-transferred
WTT cells were gated (red and black squares, respectively). Proliferation
indicated by CFSE intensity reduction of Ly5.1¥Dsg3H1-Rag2 ™~ T cells

are observed only in WT mice. Fig. S2. a, FCM plots demonstrate the
gating strategy employed to identify proliferating Ly5.1* Dsg3H1-Rag2~"~
Teells in SLN. Cutoff values for the expression of IFN-y, Birc5, and OX40

in Dsg3H1-Rag2~~ T cells were based on their expression levels in recipi-
ent T cells. Fluorescence minus one (FMO) controls of CD4, Ly5.1,CFSE,
IFN-y, Birc5, and OX40 are also shown. b, FCM plots show the gating
strategy employed to identify four subsets of migrating dendritic cells in
SLN. FMO controls of CD45, CD11¢, IA/IE, CD11b, Langerin and CD103 are
also shown. ¢, FCM plots demonstrate the gating strategy employed to
identify Tregs in SLN. FMO controls of Foxp3 and OX40 are also shown.
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