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Abstract

Aging is a major risk factor for bullous pemphigoid (BP), but aging-induced cutaneous

self-tolerance failure remains largely unclear. We examined skin and sera from mice

across an age range using direct immunofluorescence (DIF), indirect

immunofluorescence (IIF), immunoblotting against recombinant proteins of the dermal—

epidermal junction (DEJ), and super-resolution microscopy. Although aged mice

developed no blisters or inflammation, they displayed age-dependent linear IgM deposits

at the DEJ. Circulating IgM targeted both epidermal and dermal DEJ components and

comprised two specificities: age-acquired anti—type XVII collagen (COL17, autoantigen

in BP) IgM and lifelong anti—type VII collagen (COL7, autoantigen in epidermolysis

bullosa acquisita) IgM. Anti-COL7 IgM persisted across diverse immunopathological

models and was reduced in B-1a—deficient mice, supporting a natural antibody origin. We

propose a model in which lifelong anti-COL7 natural IgM coexists with aging-driven

emergence of anti-COL17 IgM, suggesting a subclinical pre-BP state.



Introduction

The interaction between the immune system and self-antigens is a dynamic process that
changes throughout an individual's lifespan. From early in life, the body produces a
repertoire of natural antibodies, predominantly of the IgM isotype, which are largely
generated by B-1a cells without prior exposure to external antigens'. These antibodies
serve as a critical first line of defense against invading microbes such as bacteria and
viruses. They form a key component of innate immunity and can recognize a variety of
self-structures as part of normal physiological homeostasis'™.

In contrast, advancing age is accompanied by immunosenescence, a progressive
dysregulation of the immune system that can disrupt central and peripheral self-tolerance
and increase susceptibility to autoimmune diseases®’. This age-associated immune
dysfunction is a major risk factor for various autoimmune conditions, including
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and autoimmune bullous
disease, as evidenced by their more common diagnosis in adulthood®'°. Bullous
pemphigoid (BP) is the most common autoimmune bullous disease, which predominantly
affects the elderly!!!°. BP is characterized by the formation of tense bullae primarily on

the skin and mucous membranes, caused by IgG autoantibodies against type XVII

collagen (COL17) and BP230!'¢20,



Although the exact pathogenesis of BP is not fully understood, intrinsic and
environmental factors have been implicated in its development. Besides aging, which is

the most significant predisposing factor!®!!:13

, various triggers have been reported,
including radiation, ultraviolet exposure, burns, trauma, infection, vaccines, and the use
of certain medications such as programmed cell death 1 (PD-1) inhibitors and dipeptidyl
peptidase-4 (DPP-4) inhibitors!*?!"28, Furthermore, dysfunction of regulatory T (Treg)
cells, which are crucial for peripheral immune tolerance, has been suggested to contribute
to BP pathogenesis?®>. In addition, the successful results of an open-label study of BP
treated with interleukin 2 therapy were reported, which support BP involvement in the
disruption of peripheral immune tolerance by Treg?!. Recently, it was reported that aging
causes immunoglobulin deposition in various organs, contributing to systemic aging>2.
However, the precise mechanisms linking aging and the breakdown of immunotolerance
in the skin remain largely unknown.

To elucidate the early events in this age-associated loss of cutaneous immune
tolerance, we investigated the presence of autoantibodies in the skin and sera of mice
across a wide age range. Here, we show that while aged mice do not develop spontaneous

skin lesions, they exhibit a progressive, age-dependent deposition of IgM autoantibodies

at the dermal-epidermal junction (DEJ). Our investigation revealed two distinct types of



IgM autoantibodies: one targeting COL17, which emerged specifically with age, and the

other targeting type VII collagen (COL7), which was present throughout life. This study

highlights the distinct origin and age-associated dynamics of these two autoantibodies

and suggests that aging reshapes cutaneous humoral autoreactivity before the

development of overt autoimmune skin disease.



Results

Aged mice develop subclinical IgM autoantibody deposits at the DEJ

To determine whether aging is associated with spontaneous histopathologic or

immunopathologic changes in skin, we first examined the skin of young (0-9 weeks),

adult (2869 weeks) and aged mice (70 weeks or older). Bullae were absent in either

group (Fig. 1A). Histopathologic examination revealed few inflammatory cells in the

epidermis and dermis, and no subepidermal or intraepidermal blistering in these groups

(Fig. 1B). To evaluate the presence of autoantibodies in aged mice, we performed direct

immunofluorescence (DIF) on the skin of mice at various weeks of age. DIF showed few

DEJ deposits of IgG (Fig. 1C) and C3 (Fig. 1D), whereas DEJ deposition of IgM

increased with age (Fig. 1E). No deposition of IgG, IgM or C3 in intercellular spaces

(ICS) was detected. To confirm that this reaction was not due to nonspecific reactivity of

anti-mouse IgM antibodies, the specimens were stained with four types of anti-mouse

IgM antibodies to ensure that there was no difference in staining (Supplementary Fig. 1A-

D). Quantification using ImageJ confirmed that DEJ IgM deposition increased with age

(Fig. 1F-G, Supplementary Fig. 2A-C). Furthermore, to determine whether known

clinical triggers could convert this age-associated IgM deposition into a more pathogenic

response, we investigated whether the administration of the inhibitors of dipeptidyl



peptidase 4 (DPP-4 inhibitors) or the inhibitors of programed cell death protein 1 (PD-1)

inhibitors, frequently associated with BP in humans!#26-27-33,34

, could induce class switch
to IgG in aged mice. Nine mice were assigned to the anti-PD-1 treatment group and five
to the isotype control group, and both groups were treated for four months. However,
class switching to IgG was not observed in either group, and the extent of IgM antibody
deposition remained unchanged (Supplementary Fig. 3). These findings suggest that a

subclinical, age-dependent IgM autoantibody to the DEJ does not class-switch to a

pathogenic IgG even in the presence of clinical triggers.

Circulating IgM autoantibodies in aged mice target DEJ components

To identify the target antigens of the circulating IgM autoantibodies, we performed

indirect immunofluorescence (IIF) using sera from young and aged mice. IIF on normal

neonatal murine skin showed linear deposition of IgM in the DEJ (positive/total, 6-week:

1/5, 40-week: 4/5, 99-week: 4/5; Fig. 2A-B). These findings indicate that aged mice

produce circulating IgM autoantibodies that target DEJ proteins.

Identification of age-acquired anti-COL17 IgM antibodies and lifelong anti-COL7

IgM antibodies



Among the proteins that constitute the hemidesmosome, COL17, BP230, and several
others are recognized as major targets of autoantibodies'®*®. Among these proteins,
COL17 and BP230, along with COL7, are well-known autoantigens in autoimmune
blistering diseases. To investigate the reactivity of mouse sera to the major DEJ antigens,
we prepared recombinant proteins of murine COL17, BP230, Laminin a3, Laminin 3,
Laminin y1, and Laminin y2 as major hemidesmosomal proteins, and COL7 as a structural
component of anchoring fibrils (Supplementary Fig. 4), and performed immunoblotting
using each recombinant DEJ protein as the substrate. In addition to unpurified sera, sera
were purified to characterize these IgM antibodies further. For this purpose, we used
protein L beads, which selectively bind immunoglobulins containing the VI light chain.
This allowed us to assess the contribution of IgM antibodies containing the VkI light
chain. Using unpurified sera, 1 of 10 samples from 4-week-old mice (young) and 16 of
30 samples from 70 to 76-week-old mice (aged) reacted with COL17 (Fig. 3A). We next
purified sera with protein L beads, which bind VkI-bearing mouse immunoglobulins,
thereby enriching VxlI-containing mouse IgM while effectively removing serum
impurities. 0 of 5 sera from 4-week-old mice, 2 of 5 sera from 33-week-old mice, 0 of 5
sera from 57-week-old mice and 0 of 5 sera from 116-week-old mice reacted with COL17

(Fig. 3B). These results suggest that aging is associated with the emergence of anti-



COL17 IgM lacking the VI light chain.

We performed the same approach using COL7 as the antigen. Using unpurified sera,

9 of 10 samples from 6-week-old mice (young) and 10 of 10 sera from 77-week-old mice

(aged) reacted with COL7 (Fig. 3C). Across additional age group, using serum purified

with Protein L beads, 3 of 5 sera from 4-week-old mice, 4 of 5 sera from 33-week-old

mice, 3 of 5 sera from 57-week-old mice and 5 of 5 sera from 116-week-old mice reacted

with COL7 (Fig. 3D). Sera from young and aged mice did not react with Laminin a3,

Laminin 33, Laminin y1, Laminin y2 and BP230 tested (Supplementary Fig. 5). Together,

these findings indicate a dichotomous pattern of age-associated autoimmunity,

characterized by the emergence of age-acquired anti-COL17 IgM, in contrast to a lifelong,

Vxl-restricted anti-COL7 IgM consistent with the properties of a natural antibody,

predominantly IgM antibodies produced in the absence of deliberate immunization and

characterized by low-affinity, broad reactivity to self- and microbial antigens.

IgM deposited at the DEJ colocalizes with both COL17 and COL7

Having identified circulating anti-COL17 and anti-COL7 IgM in aged mice, we next

sought to determine whether these antibody specificities correspond to the IgM deposits

observed at the DEJ. To address this, we used super-resolution microscopy to examine



the in situ colocalization of IgM with COL17 and COL7. Skin sections were co-stained

with IgM together with either anti-COL7 antibodies or anti-COL17 antibodies, and

colocalization was assessed across four different age groups (4-week, 28-week, 52-week

and 111-week). We found that in 4-week-old mice, IgM deposition at the DEJ was barely

detectable, precluding reliable assessment of colocalization. However, in mice aged 28

weeks and older, IgM signals overlapped with both anti-COL7 and anti-COL17 staining

(Fig. 4A-B). These findings indicated that IgM deposits at the DEJ are in extremely close

proximity to both COL7 and COL17.

Anti-COL7 IgM production is maintained across diverse immunopathological states

Our initial finding that circulating anti-COL7 antibody is present even in young, healthy

mice suggested it may represent a constitutive component of the natural antibody

repertoire rather than a product of age-associated immunosenescence. To test the

robustness and generality of this presence, we examined whether anti-COL7 IgM

production is maintained across several models of severe immunodeficiency and immune

dysregulation.

We first addressed central tolerance. Bulk RNA sequencing of medullary thymic

epithelial cells (mTECs) revealed no significant differences in the expression of DEJ



genes between aged and young mice (Fig. SA). We then examined Aire-knockout (Aire-
KO) mice, a model of impaired central tolerance, as the Aire gene is essential for
maintaining central immune tolerance®®. As expected in an autoimmune-prone model,
sera from Aire-KO mice contained anti-COL7 IgM (4 of 5 positive) (Fig. 5B).

Next, we assessed peripheral tolerance using scurfy mice, which lack functional
Treg cells. Like wild-type mice, anti-COL7 IgM was readily detected in scurfy mice sera
(4 of 5 positive) (Fig. 5C).

Finally, given that BP is associated with type 2 inflammation *’, we examined Stat6-
KO mice, which are reduced in type 2 immune response. Even in this profoundly altered
cytokine environment, anti-COL7 IgM production was maintained in all 5 mice tested
(5/5 positive) (Fig. 5D). Together, these findings indicate that anti-COL7 IgM represents
an intrinsic component of the murine antibody repertoire, rather than arising as a
consequence of defects in central or peripheral tolerance, or dysregulation of type 2

immune response.

Mice lacking B-1a cells show a substantial loss of anti-COL7 IgM antibodies
Natural antibodies are thought to originate largely from Bla cells **®. Given our earlier

findings suggesting that anti-COL7 IgM antibodies may be natural antibodies, we aimed



to test whether this autoreactivity is diminished in Bla cell-deficient mice. For this
purpose, we used CBA/N mice, a well-established model lacking Bla cells and natural
antibodies due to a Btk defect ***° (Fig. 6A-B). We purified IgM from the sera of CBA/N
mice and assessed anti-COL7 reactivity in the purified [gM by WB. The results showed
that CBA/N mice lacked most anti-COL7 IgM reactivity (Fig. 6C).

While our primary experiments were conducted using C57BL/6J mice, we
additionally examined other strains to confirm that this phenomenon is not specific to the
CS57BL/6J strain. We analyzed sera from SJL mice, which are prone to autoantibody
production, and BALB/c mice, which are widely used in immunologic studies. WB
showed anti-COL7 IgM in 3 of 5 SJL mice and 3 of 5 BALB/c mice (Supplementary Fig.
6), indicating that anti-COL7 IgM is intrinsically produced regardless of strains.
Collectively, the marked reduction of anti-COL7 IgM in B-1la—deficient CBA/N mice,
together with its preservation in other strains, supports the conclusion that anti-COL7

IgM constitutes a natural antibody predominantly produced by the B-1a lineage.



Discussion

This study reveals two distinct and previously uncharacterized patterns in the age-
associated evolution of cutaneous autoreactivity. Our primary finding is that aging in mice
is associated with the de novo emergence of IgM autoantibodies against COL17, a key
autoantigen in BP. Notably, this occurs in the absence of overt skin lesions, consistent
with a subclinical autoimmune state. In contrast, our second major finding is the persistent,
lifelong presence of IgM autoantibodies targeting COL7, which we interpret as a natural
antibody response predominantly attributable to the B-1a lineage. Collectively, these
findings distinguish age-acquired autoreactivity from the lifelong natural antibody
repertoire and provide a conceptual framework for understanding early events underlying
age-associated erosion of cutaneous immune tolerance.

Our first observation is that aging is associated with the emergence of IgM
antibodies against COL17 in mice. Epidemiologic studies have linked advancing age with
autoimmune diseases in humans, including rheumatoid arthritis, systemic lupus
erythematosus, and BP'*!3, BP incidence increases with age, with a marked rise after 70
years!%!%17 BP is a DEJ-targeting autoimmune blistering disease, whereas pemphigus
vulgaris (PV) and pemphigus foliaceus (PF) are intraepidermal blistering diseases driven

by autoantibodies against keratinocyte cell—cell adhesion molecules. In contrast, PV and



PF are more commonly present in individuals in their 40s to 50s*!. In our study, IgM
deposition at the dermal—epidermal junction (DEJ) was absent at 4 weeks but became
detectable by 30 weeks, an age roughly corresponding to the late 30s in humans.*> By
contrast, IgG and C3 deposition at the DEJ was minimal. Given the established role of
complement in BP pathogenesis***, the predominance of IgM deposition without
detectable C3 at the DEJ represents a deviation from the canonical pathogenic model.
Furthermore, neither IgM, IgG, nor C3 was deposited in ICS throughout the observation
period. Although BP and pemphigus vulgaris are both autoimmune blistering diseases,
their differing ages of onset in humans may reflect divergent mechanisms within this
disease spectrum'?. IgM pemphigoid, defined by linear IgM deposition at the DEJ, has
been reported to present with BP-like features*>*S. However, no rash developed in our
mice. Collectively, these findings indicate that age-associated anti-COL17 IgM reflects a
subclinical autoimmune state and is insufficient on its own to cause BP-like disease in
mice.

The second finding was that IgM antibodies to COL7, the major autoantigen in
epidermolysis bullosa acquisita (EBA), were present in mice regardless of their age. IgG
antibodies to COL7 were also detected in scurfy mice lacking regulatory T cells (Treg)*°.

This strongly suggests that those systems are not involved in the production of COL7-



IgM antibodies. To investigate the association between COL7-IgM and central immune
tolerance, we evaluated mRNA gene expression of mTEC by bulk RNA-sequenceing and
found no increases or decreases in genes such as Coll7al and Col7al for DEJ component
proteins between young and aged mice. Furthermore, we found that 4ire-KO mice also
develop autoantibodies against COL7, suggesting that these autoantibodies are poorly
related to central immune tolerance.

The cellular origin of anti-COL7 IgM is consistent with the natural antibody
compartment. Natural IgM is a core feature of innate-like humoral immunity and is
conserved across mouse strains. B-1 cells arise early in ontogeny and characteristically
produce IgM with relatively restricted variable gene usage, enabling broad reactivity in
the absence of prior antigen exposure®*’*®, In mice, the immunoglobulin light-chain
repertoire is highly diverse at the k locus (with >100 Vk segments) but comparatively
limited at the A locus (3 VA segments)*’. To probe whether anti-COL7 IgM exhibits
repertoire restriction, we used protein L-based purification, which enriches
immunoglobulins bearing V«I light chains. Notably, anti-COL7 reactivity was retained
after protein L purification, whereas anti-COL17 reactivity was diminished, consistent
with broader light-chain usage among age-acquired anti-COL17 IgM and more restricted

usage among anti-COL7 IgM®*2. The detection of anti-COL7 IgM across multiple



strains, including C57BL/6J, SJL, and BALB/c, further supports that this response is
conserved in mice. Natural antibodies contribute to host defense against bacteria and other

organisms>>>*

, raising the possibility that anti-COL7 IgM may confer an advantage in
early-life environmental exposures. Although the biological significance of anti-COL7
IgM remains unclear, its origin within the natural antibody repertoire suggests a potential
role in fitness against microbe-rich habitats, such as soil-associated environments; further
studies will be required to define its physiological function. Collectively, these findings
support the interpretation that anti-COL7 IgM represents a repertoire-restricted natural
autoantibody.

Although the prevalence of BP is higher than EBA in humans®~%, EBA mouse
models are generally easier to establish than BP mouse models®’°. One potential
explanation is the presence of baseline autoreactivity to COL7 in mice, which may
facilitate immune response following COL7 immunization protocols.

In addition to immunoblotting, super-resolution microscopy indicated close spatial
proximity between IgM deposits at the DEJ and COL17 or COL7. The spatial resolution
of a typical confocal microscope is 200 nm, while that of a typical super-resolution

microscope is 100 nm®. The IgM and COL17 or COL7 antibodies were therefore shown

to be at lesser distances.



Since there have been a number of reports of BP associated with PD-1 and DPP-4
inhibitors'***27 we calculated and administered the human dose based on body weight
for the PD-1 and DPP-4 inhibitor administration experiments. However, neither erythema
nor bullae developed, and the linear IgM deposition at the DEJ did not undergo class
switching to IgG. One possible reason is that the homology of COL17 between mice and
humans is approximately 86%°!. Another explanation for the absence of rash is that DPP-
4 (CD26) functions differently in mice than in humans, as reported previously®. While
PD-1 blockade has been linked to specific T-cell responses implicated in BP%, it is
unknown whether such pathogenic T-cell populations were induced or present in these
mice, which may also explain why neither class switching nor clinical disease developed.

A limitation of this study is that our analyses were confined to mice. Notably, the
presence of circulating anti-COL7 IgM in young mice did not translate into readily
detectable IgM deposition at the DEJ, suggesting that circulating autoreactivity and tissue
deposition are separable phenomena. Because circulating I[gM reactivity can be markedly
reduced by freeze—thaw cycles, we performed these assays using fresh, non-frozen sera;
nevertheless, we still observed a dissociation between antigen reactivity in circulation and

in situ IgM deposition. This finding further supports the notion that circulating

autoreactivity and tissue deposition represent distinct processes. Age-associated changes



in antigen accessibility, vascular permeability, or local clearance mechanisms may lower

the threshold for IgM retention at the DEJ.

In conclusion, this study delineates the dynamic relationship between the immune

system and cutaneous self-antigens across the lifespan. We propose a model in which

lifelong anti-COL7 natural antibodies may contribute to immune homeostasis from early

life, while the process of aging induces a breakdown of tolerance to COL17. Our findings

may provide a foundation for defining and clarifying the early preclinical steps by which

aging increases susceptibility to autoimmune diseases and for clarifying the physiological

roles of the natural antibody repertoire.



Methods and materials

Animals

C57BL/6J (B6J) female wild-type mice were purchased from Sankyo Labo (Tokyo,
Japan). SJL female mice and BALB/c mice were purchased from Sankyo Labo (Tokyo,
Japan). Female heterozygous C57BL/6J.Cg-Foxp3sf/] mice were purchased from the
Jackson Laboratory (Bar Harbor, ME) and bred to C57BL/6J wild-type male mice (CLEA
Japan, Tokyo, Japan) to generate hemizygous male offspring (scurfy mice). Stat6”" mice
were purchased from the Jackson Laboratory (Bar Harbor, ME). AIRE-deficient (4ire
KO) mice were obtained from Jackson Laboratory (Bar Harbor, ME).

Mice were classified into three age groups: young (0-9 weeks), adult (28—69 weeks),
and aged (70 weeks or older). Mice between 10 and 27 weeks of age were not included
in this study.

All animal procedures were performed according to guidelines provided by the
Hokkaido University Institutional Animal Care and Use Committee under an approved

protocol (approval number: #19-0029).

Direct immunofluorescence studies

A direct immunofluorescence (DIF) study was performed on the tail skin samples from



mice. Mouse skins were mounted and snap frozen into optimal cutting temperature

compound, and 5 pum cryosections were prepared. The sections were blocked with 0.5%

fish gelatin at room temperature for 1 h and incubated with Abs, including Alexa Fluor

488 AffiniPure Goat Anti-Mouse IgM, pn chain specific (Jackson Immunoresearch, 115-

545-020, 1:1000), Alexa Fluor 488 AffiniPure Rabbit Anti-Mouse IgG, Fcy fragment

specific (Jackson Immunoresearch, 315-545-008, 1:1000) and murine C3 (mC3; MP

Biomedicals, Solon, OH, 1:100) at room temperature for 1 h. Alexa Fluor 488 F(ab), Goat

anti-mouse IgM (Jackson Immunoresearch, 115-546-075, 1:1000), Alexa Fluor 488

AffiniPure Goat Anti-Mouse IgM, p chain specific (Invitrogen, A21042) and Alexa Fluor

488 AffiniPure Rabbit Anti-Mouse IgM, pn chain specific (Jackson Immunoresearch, 315-

545-020, 1:1000) were also used as IgM antibodies.

For Fig. 1F and Fig. 1G, all samples were processed in parallel in a single staining

run under identical antibody incubation conditions and imaged using identical acquisition

settings, including exposure time, illumination intensity, and detector gain.

Indirect immunofluorescence studies

Indirect immunofluorescence (IIF) study was performed with the tail skin samples from

the neonatal mice as the antigen. All mouse sera were concentrated with Pierce Protein L



Magnetic Beads (Thermo Scientific, 88849). The sections were blocked with 0.5% fish

gelatin at room temperature for 1 h and incubated with 6-week, 40-week and 90-week

mice sera, diluted with Can Get Signal immunostain Immunoreaction Enhancer Solution

(TOYOBO, Tokyo, Japan NKB-601) at 4 °C overnight and detected by secondary Abs,

Alexa Fluor 488 F(ab)2 Goat anti-mouse IgM (Jackson Immunoresearch, 115-546-075,

1:1000).

Images were captured with fluorescence microscopy (Olympus, BX51, Tokyo,

Japan).

To minimize potential loss of IgM reactivity, freshly collected sera were

immediately subjected to affinity purification using Protein L beads. The resulting Protein

L—purified immunoglobulin fractions were used as primary antibodies for IIF on the same

day. Neither the sera nor the purified immunoglobulin fractions were frozen before IIF

analysis. For Fig. 2A, all samples were processed in parallel in a single staining run under

identical antibody incubation conditions and imaged using identical acquisition settings,

including exposure time, illumination intensity, and detector gain.

ImageJ analysis

The DIF images were visually inspected, and a red line was manually drawn along the



DEJ. Rectangular regions, 10 um in width and centered on the red line, were used to
quantify the Alexa Fluor fluorescence intensity. Specifically, within each rectangle, the
maximum fluorescence intensity along each line perpendicular to the red line was
determined, and the resulting maximum values were then averaged along the red line. The
analysis was performed using a custom-written plugin for ImageJ (National Institutes of

Health, USA)%,

Double staining

Double staining study was performed on the tail skin samples from 4-week, 28-week, 52-
week and 111-week mice tails. Two types of double staining were performed using anti-
COL17 antibody (abcam, ab184996) or anti-COL7 antibody (generated by our group, as
previously described®) as primary antibody, and Goat anti-Rabbit IgG (H+L) Secondary
antibody, Alexa Fluor® 647 (Thermo, A-21244, 1:1000) and Alexa Fluor® 488
AffiniPure Goat Anti-Mouse IgM, p chain specific (Jackson Immunoresearch, 115-545-

020, 1:1000) as secondly. Images were acquired with DeepSIM (CrestOptics, Italy).

Recombinant proteins

Recombinant full-length murine COL17 protein with a FLAG-tag at the N-terminus was



generated by our department, as previously described!”%®. Three fragments of
recombinant murine BP230 with His-tag at the C-terminus were generated as previously
described®. Other DEJ proteins were purchased as follows. Each recombinant full-length
murine protein, Lamcl (MR227404; OriGene, Rockville, MD), Lamb3 (MR211741;
OriGene, Rockville, MD), Lamc2 (MR222717; OriGene, Rockville, MD) and Col7al
(MR215786; OriGene, Rockville, MD) was transiently expressed in HEK293 cells or
Lenti-X 293T cells transfected with Lipofectamine 3000 (Thermo Fisher Scientific, MA,
L3000015). Two fragments of the murine Lama3 (accession number NM 010680.1),
middle (1,002 base pairs, aal656-1985) and C-terminal (1,740 base pairs, aa2756-3330)
portions, were generated as previously reported®’. Middle and C-terminal murine Lama3
were cloned into the expression vector pPCMV-3Tag-3A and pcDNA3.1(+)-C-DYK vector,
respectively. Middle and C-terminal murine Lama3 were transiently expressed in
HEK?293 cells transfected with Lipofectamine 3000 (Thermo Fisher Scientific, MA,
L3000015). Only murine BP230 proteins were purified with AMICON Ultra 15 mL
(MERCK, UFC910024) and Capturem His-Tagged Purification Miniprep Kit (TAKARA,
635710). The other DEJ proteins were purified with anti-DDDDK-tag mAb-magnetic
beads (M185-11R, MBL, Japan) and FLAG peptide (F3290, Millipore, MA). Each

recombinant murine protein was confirmed for protein expression with the following



antibodies: anti-COL7 antibody (previously described®’), anti-Laminin B3 antibody
(abcam, ab150385), anti-Laminin y1 antibody (Santa Cruz, sc-17751), and anti-Laminin
v2 antibody (Santa Cruz, sc-28330), Anti-DDDDK-tag mAb-HRP-DirecT (MBL, M185-

-7) or anti-His-tag mAb-HRP-DirecT (MBL, D291-7).

Western blotting with murine recombinant protein fragments
All the above recombinant murine proteins were used as substrates. All protein samples
were denatured for 5 minutes at 95°C with sample buffer (0.25 M Tris-HCI; 8% SDS;
30% glycerol; 0.02% bromophenol blue; 0.3 M B-mercaptoethanol; pH 6.8). Samples
were run on a 7% SDS-PAGE system, and electrophoretically transferred onto
nitrocellulose membranes (BioRad, CA). After the transfer, the membranes were blocked
with 2% skim milk in TBS-Tween for 1 h at RT.

Various week-old mouse sera were used as primary antibody at 4°C for 16 h. Mouse
sera were concentrated with Pierce Protein L Magnetic Beads (Thermo Scientific, 88849).
Peroxidase-conjugated AffiniPure Rabbit Anti-Mouse IgM, p-Chain Specific
(JacksonlmmunoResearch, 315-035-020, 1:1000) was used as secondary Abs for 1 h at
RT. Monoclonal anti-FLAG® M2 antibody-peroxidase-conjugated (Sigma-Aldrich,

A8592, 1:1000) was used as a positive control. All antibodies were diluted with 2% skim



milk blocking buffer for 1 h at RT. Signals were visualized with Clarity Western ECL

Substrate (BioRad, CA) and captured by the LAS-4000 minilmager (Fujifilm, Lexington,

MA) and WSE-6100H Luminograph (ATTO, Japan).

To minimize potential loss of IgM reactivity, freshly collected sera were

immediately subjected to affinity purification using Protein L beads. The resulting Protein

L—purified serum immunoglobulins were used as primary antibodies for western blotting

on the same day. The purified immunoglobulin fractions were not frozen at any point

between collection and western blot analysis. For each western blot figure, all samples

shown were analyzed in a single experimental run on the same membrane under identical

antibody incubation and detection conditions.

Statistical analysis.

All statistical analyses were performed with GraphPad Prism 9.2.0 (GraphPad Software,

San Diego, CA), evaluating by unpaired t-test (Fig. 1F) and Dunnett's multiple

comparisons test (Fig. 1G).

Isolation and preparation of medullary thymic epithelial cells (mTECs)

Thymi were harvested from mice and subsequently digested into a single-cell suspension



using DNase I (Roche, 11-284-932-001) and Liberase™ Thermolysin Medium (Roche,
05-401-119-001). To enrich for mTECs, thymocytes were depleted from the cell
suspension using Dynabeads™ Mouse Pan T (Invitrogen, 11443D) and a DynaMag™

Spin magnet according to the manufacturer's instructions.

Flow cytometry staining and sorting of mTECs

The resulting cell suspension was stained with the following antibodies for flow
cytometry analysis and sorting: PerCpCy5.5-conjugated anti-mouse CD45 monoclonal
antibody (BioLegend, 103131), APC-Fire750-conjugated anti-mouse IA/IE mAb
(BioLegend, 107651), PE-Cy7-conjugated anti-mouse EpCAM mAb (BioLegend,
118316), PE-conjugated anti-mouse Ly51 mAb (BioLegend, 108307), APC-
StreptAvidin-conjugated anti-mouse UEA-1 mAb (eBioscience, 17-4317-82). mTECs

were sorted using a FACSAria III cell sorter (BD Biosciences).

RNA Isolation of mTECs

Total RNA was isolated from the sorted mTECs using TRIzol™ Reagent (Invitrogen,

15596026) following the manufacturer's protocol.



Bulk RNA-sequencing and analysis

Each mRNA of the mTEC cells was extracted from the cultured cells with the Qiagen
RNeasy Mini kit (Qiagen). The extracted mRNA had sufficient quality for RNA-seq, with
RIN values of 8 or higher as a result of analysis using the 2100 Bioanalyzer system
(Agilent). Purified total RNA (3 ng) was used for RNA library preparation, according to
the instructions of the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina
(NEB). The RNA libraries were sequenced on an Illumina NextSeq 500 system with 75-
nt-long reads. Gene expression levels between aged mice and young mice were compared.
Differentially expressed genes were identified based on a > 2-fold change and p<0.05
after DESeq correction. All data analyses were conducted using Strand NGS ver4.0

(Strand Life Sciences Pvt. Ltd.).

Flow cytometry staining of B1 cells

The resulting cell suspension was stained with the following antibodies for flow
cytometry analysis: LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit, for 633 or 635
nm excitation (Invitrogen™, L10119), BB515 Rat Anti-Mouse CD19 (BD Horizon™,
564509), PE/Cyanine7 anti-mouse/human CD45R/B220 (BioLegend, 103222), Brilliant

Violet 510™ anti-mouse CDS5 (BioLegend, 100627), PerCP/Cyanine5.5 anti-mouse



CDA43 (BioLegend, 143219), APC anti-mouse IgD (BioLegend, 405713), PE anti-mouse

IgM (BioLegend, 406507). Bla cells were detected by flow cytometric analysis using a

FACSCanto II system (BD Pharmingen).

Vildagliptin administration

Aged mice administered vildagliptin (Sigma, CDS022675) in their drinking water at an

estimated dose of 0.24 mg per mouse per day (n = 7). Untreated control mice received

regular drinking water (n = 9). Mice were evaluated for up to 4 months.

Anti-PD-1 antibody administration

Aged mice were intraperitoneally administered 200 pg of an InVivoplus anti-mouse PD-

1 antibody (CD279) (Bio X Cell, BE0146) twice weekly for 4 months (n = 5). Control

mice received 200 pg of an InVivoMAD rat IgG2a isotype control antibody (Bio X Cell,

BE0089) according to the same dosing schedule (n = 3).
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Figure legends

Figure 1. The deposition of autoantibodies on mice skin.
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(A) Representative gross appearance of young, adult and aged C57BL/6J mice. The aged

mouse did not have bullae.

(B) Representative H&E images of young and aged mice. (scale bar 500 um) (n = 5 per

group).

(C) DIF (IgQG) of tail skin comparing between 4-week and 112-week. (scale bar 100 pm)



(n =5 per group). The white arrows indicate the DEJ area without antibody deposition.

(D) DIF (C3) of tail skin comparing between 8-week and 131-week. (scale bar 100 um)

(n =5 per group). The white arrows indicate the DEJ area without antibody deposition.

(E) DIF (IgM) of tail skin comparing between 0-day, 4-week, 9-week, 28-week, 46-week,

52-week, 82-week and 111-week. (scale bar 100 um) (n = 5 per group). The white arrows

indicate the DEJ area without antibody deposition. The yellow arrowheads indicate the

DEJ area with antibody deposition.

(F) For quantification of IgM deposition, skin specimens were obtained from 20 mice in

each age group (4 and 46 weeks). Forty images were acquired from 20 mice per group.

*Hkkp < 0.0001

(G) The quantification of the IgM antibody deposition was compared between 4-week,

28-week, 52-week and 111-week each 10 specimens. **p < 0.01; ****p <0.0001.



Figure 2. Sera from aged mice react with DEJ proteins.

Figure 2
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(A) Indirect immunofluorescence (IIF) analysis on normal neonatal murine skin showed

linear deposition of IgM in the DEJ comparing between 6-week, 40-week and 99-week

(n = 5 per group). The white arrows indicate the DEJ area without antibody deposition.

The yellow arrowheads indicate the DEJ area with antibody deposition.

(B) Positive rates were higher in adult and aged mice.



Figure 3. Evaluation of mouse sera against COL17/COL7 by western blotting

Figure 3
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(A) Evaluation of unpurified mouse sera against COL17. Sera from 1/10 4-week-old mice

(young mice), 16/30 70 to 78-week-old mice (aged mice) reacted with COL17. The

yellow arrowheads indicate the bands corresponding to COL17 recognized by serum IgM

antibodies.

(B) Evaluation of purified mouse sera against COL17. Sera from 0/5 4-week-old mice, 2

/5 33 -week-old mice, 0/5 57-week-old mice and 0/5 sera 116-week-old mice reacted with

COL17. The yellow arrowheads indicate the bands corresponding to COL17 recognized

by serum IgM antibodies.

(C) Evaluation of unpurified mouse sera against COL7. Sera from 10 of 10 6-week-old



mice (young mice), 10/10 77-week-old mice (aged mice) reacted with COL7. The yellow

arrowheads indicate the bands corresponding to COL17/COL7 recognized by serum IgM

antibodies. The yellow arrowheads indicate the bands corresponding to COL7 recognized

by serum IgM antibodies.

(D) Evaluation of purified mouse sera against COL7. Sera from 3/5 4-week-old mice, 4/5

33-week-old mice, 3/5 57-week-old mice and 5/5 116-week-old mice reacted with COL7.

The yellow arrowheads indicate the bands corresponding to COL7 recognized by serum

IgM antibodies.

PC, positive control, detected using Anti-DDDDK-tag mAb-HRP-DirecT; NC, negative

control, in which PBS was used instead of the primary antibody, followed by peroxidase-

conjugated AffiniPure Rabbit Anti-Mouse IgM (p-chain specific).



Figure 4. Double staining with anti-IgM antibodies in the skin and anti-COL17 /anti-

COL7 antibodies.

Figure 4

Young (4w) Adult (28w) Adult (52w) Aged (111w)

Young (4w) Adult (28w) Adult (52w) Aged (111w)

CoL7

IgM

(A) Comparison of deposition between anti-IgM antibodies (Green) and anti-COL17
(Magenta) by age (n = 4 per group). The white arrows indicate the DEJ area without IgM
antibody deposition. The yellow arrowheads indicated the location of DEJ.

(B) Comparison of deposition between anti-IgM antibodies (Green) and anti-COL7
(Magenta) by age (n =4 per group). The white arrows indicate the DEJ area without IgM

antibody deposition. The yellow arrowheads indicated the location of DEJ.



Figure 5. Age-independent expression of DEJ protein—encoding mRNAs in mTECs
and maintenance of anti-COL7 IgM production across diverse immunopathological

states

Figure 5
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(A) There were no significant upregulation or downregulation after adjusting for false

discovery rate (FDR) between mTECs of aged (81-96 weeks old) and young (6-10 weeks
old) mice (p-values < 0.05).

(B) Purified sera from 3/5 4-week-old AIRE-KO mice and 5/5 4-week-old B6J mice
against COL7. The yellow arrowheads indicate the bands corresponding to COL7

recognized by serum IgM antibodies.



(C) Purified sera from 4/5 4-week-old scurfy mice and 2/5 4-week-old wild-type mice

against COL7. The yellow arrowheads indicate the bands corresponding to COL7

recognized by serum IgM antibodies.

(D) Purified sera from 5/5 4-week-old STAT6-KO mice and 4/5 4-week-old wild-type

mice against COL7. The yellow arrowheads indicate the bands corresponding to COL7

recognized by serum IgM antibodies.

PC, positive control, detected using Anti-DDDDK-tag mAb-HRP-DirecT; NC, negative

control, in which PBS was used instead of the primary antibody, followed by peroxidase-

conjugated AffiniPure Rabbit Anti-Mouse IgM (p-chain specific).



Figure 6. Reduced detection of serum anti-COL7 antibodies in mice lacking B-1a

cells.

Figure 6
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(A) Flow cytometry analysis of Bla cells in the spleen and peritoneal cavity.

(B) Comparison of the percentage of Bla cells in the spleen and peritoneal cavity. *p <
0.05; ****p <0.0001

(C) Purified sera from 4-week-old CBA/N mice shows minimal reactivity to COL7. The
yellow arrowheads indicate the bands corresponding to COL7 recognized by serum IgM
antibodies. PC, positive control, detected using Anti-DDDDK-tag mAb-HRP-DirecT; NC, negative
control, in which PBS was used instead of the primary antibody, followed by peroxidase-conjugated

AffiniPure Rabbit Anti-Mouse IgM (u-chain specific).



Supplementary Figure 1. Comparison of direct immunofluorescence staining with

four antibodies in tail skin from 2-year-old mice.

Supplementary Figure 1

(A) Alexa Fluor 488 AffiniPure Goat Anti-Mouse IgM, p chain specific

(Jacksonlmmunoresearch, 115-545-020).

(B) Alexa Fluor 488 AffiniPure F(ab'). Fragment Goat Anti-Mouse IgM, p chain specific

(Jacksonlmmunoresearch, 115-546-075).

(C) A Goat anti-Mouse IgM (Heavy chain) Cross-Adsorbed Secondary Antibody, Alexa

Fluor 488 (Invitrogen, A21042).

(D) Alexa Fluor 488 AffiniPure Rabbit Anti-Mouse IgM, p chain specific

(Jacksonlmmunoresearch, 315-545-020).



Supplementary Figure 2. How to analyze the deposition at DEJ.

Supplementary Figure 2

For quantification of the deposition of IgM antibody by Imagel, the DIF image was

visually inspected (A), and a red line was manually drawn along the DEJ (B). Multiple

rectangular regions, 10 um in width and centered on the red line, were defined and used

to quantify the Alexa Fluor fluorescence intensity (C).



Supplementary Figure 3. Aged mice do not undergo class switching to IgG after the

administration of DPP-4 inhibitors or PD-1 inhibitors.

Supplementary Figure 3
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(A) The result of deposition of IgM, IgG

DPP-4 inhibitors.
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and C3 before and after the administration of

(B) The result of deposition of IgM, IgG and C3 before and after the administration of

PD-1 inhibitors.

(C, D) The bar graph of IgM deposition.



Supplementary Figure 4. Confirming recombinant proteins

Supplementary Figure 4
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(A) Coomassie Brilliant Blue staining of immunoprecipitated (IP) DDDDK-COL7 shows

a 290-kDa band (yellow arrowhead).

(B) Western blotting of DDDDK-COL7 using anti-DDDDK antibody (left) and anti-

COL7 antibody (right).

(C) Western blotting of DDDDK- Laminin a3 middle using anti-DDDDK antibody.

(D) Western blotting of DDDDK- Laminin a3 c-terminal using anti-DDDDK antibody.

(E) Western blotting of Laminin 3 using anti-mouse Laminin 33.

(F) Western blotting of Laminin y1 using anti-mouse Laminin y1.

(G) Western blotting of Laminin y2 using anti-mouse Laminin y2.



Supplementary Figure S. None of the aged mice sera reacts with the recombinant

proteins as below.

Supplementary Figure 5
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Immunoblotting of young mice sera (6-week-old) and aged mice sera (77-week-old) with

Laminin a3 middle (A), Laminin a3 c-terminal (B), Laminin 3 (C), Laminin y1 (D),

Laminin y2 (E), BP230-1 (F), BP230-2 (G) and BP230-3 (H). (n = 10 per group)

PC, positive control, detected using Anti-DDDDK-tag mAb-HRP-DirecT; NC, negative

control, in which PBS was used instead of the primary antibody, followed by peroxidase-

conjugated AffiniPure Rabbit Anti-Mouse IgM (p-chain specific).



Supplementary Figure 6. Anti-COL7 IgM is intrinsically produced regardless of

strains.

Supplementary Figure 6
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Purified sera from 3/5 4-week-old SJL mice, 3/5 4-week-old BALB/c mice and 4/5 4-
week-old B6J mice react against COL7. The yellow arrowheads indicate the bands
corresponding to COL7 recognized by serum IgM antibodies. PC, positive control, detected
using Anti-DDDDK-tag mAb-HRP-DirecT; NC, negative control, in which PBS was used instead of
the primary antibody, followed by peroxidase-conjugated AffiniPure Rabbit Anti-Mouse IgM (p-chain

specific).



