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Message from the Director

As the Director of the Immunology Frontier Research
Center (WPI-IFReC) at the University of Osaka, | am very
pleased to present the IFReC annual report for fiscal year
2025. Since joining the WPl Academy in 2017, we at IFReC
have pioneered a unique academic-industry partnership
that unleashes new possibilities in collaborative research.

In 2025, we at IFReC received remarkable news. Professor
Shimon Sakaguchi, a central Principal Investigator at IFReC,
was awarded the Nobel Prize in Physiology or Medicine.The
regulatory T cells discovered by Professor Sakaguchi have
been pivotal in elucidating immune tolerance and have
also demonstrated great potential for broad applications in
immunotherapy, with far-reaching benefits for humanity.
This achievement exemplifies the path that IFReC should
continue to pursue in the future.

In 2026, Professor Shizuo Akira, the founding director of
IFReC, was awarded the Japan Prize. This prestigious award,
often referred to as the “Japanese Nobel Prize,” recognizes
the significance of Professor Akira’s elucidation of pathogen
recognition by the innate immune system. | hope that
every researcher at IFReC will be inspired to follow in the
footsteps of these distinguished predecessors.

IFReC goes beyond basic research and social engagement
and aims to make a significant contribution to the
university’s educational system by developing graduate
programs specifically designed for international students
specializing in immunology. This initiative began in 2025
with the admission of the first cohort of graduate students.
As part of its educational activities, IFReC, together with
ImmunoSensation® (University of Bonn), once again co-
organized the Fourth International School on Advanced
Immunology in FY2025. This program will contribute to
the development of many young researchers and further
strengthen future ties between research institutions in
Osaka and Bonn.

In addition, IFReC co-organized international joint
symposia with KAIST/Yonsei University, University College
London, and ImmunoSensation?, respectively. Moreover,
we successfully hosted The International Symposium on
Advanced Immunology, our 15th international symposium.
These events brought together researchers from around
the world and facilitated high-level discussions on the
frontiers ofimmunology.

IFReC plays a central role in immunology and infectious
disease research by fostering collaborations among
multiple research departments and institutes, including
the Research Institute for Microbial Diseases (RIMD), the
Center for Infectious Diseases Education and Research
(CiDER), and the Center for Advanced Modalities and
DDS (CAMaD) at the University of Osaka. We remain
committed to advancing basic research in immunology
and to exploring ways to make meaningful contributions
to society. Through both research and education, IFReC will
continue to drive scientific progress and help shape the
future of immunology research worldwide.

Kiyoshi TAKEDA, MD/PhD

Director
WPI Immunology Frontier Research Center
The University of Osaka
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< WPI Academy

In 2017, MEXT established the WPl Academy to be the vanguard in internationalizing and further renovating Japan'’s research
environment. The WPI Academy is a much-anticipated upgrade of WPI institutes, and is expected to position Japan as a hub at the
pinnacle of international researcher circulation. In the decade ahead, the research institutes of WPl and WPl Academy will work
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In Honor of Dr. Shimon Sakaguchi
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The Nobel Prize Committee has announced that the 2025 Nobel Prize in Physiology or Medicine will be awarded
to Dr. Shimon Sakaguchi of The University of Osaka, together with two other scientists. The prize motivation is “for
their discoveries concerning peripheral immune tolerance”.

The immune system, while essential for protecting the body, must be precisely regulated; otherwise, it may turn
against the body’s own tissues, giving rise to autoimmune disease. By 1995, Dr. Sakaguchi demonstrated that
the selective removal of approximately 10 percent of CD4 T cells expressing the CD25 protein induced severe
autoimmune symptoms in mice. Remarkably, reinfusion of this same cell population led to complete resolution
of the disease. Through these experiments, Dr. Sakaguchi identified a distinct population of suppressive T cells,
which he named regulatory T cells, or Tregs.

Following the landmark discovery by Mary Brunkow and Fred Ramsdell that mutations in a single gene can cause
fatal autoimmune disease, Dr. Sakaguchi subsequently demonstrated that this gene governs the development
and function of the regulatory T cells he had identified, thereby establishing a direct genetic basis for immune
tolerance.

Dr. Sakaguchi’s work fundamentally transformed the field of immunology. By revealing immune regulation as an
active, cell-mediated process, his discoveries provided critical insight into the mechanisms of autoimmunity and
opened entirely new avenues for therapeutic intervention in autoimmune diseases, transplantation, and cancer
immunotherapy.

At a press conference held immediately after the announcement, Dr. Sakaguchi remarked, “There were certainly
times when my research was not fully recognized. Nevertheless, | trusted my experimental findings and
continued step by step. | am deeply grateful to my wife, my collaborators, and all those who supported me along
the way.”

During the award ceremony and Nobel Week in Sweden in December 2025, Dr. Sakaguchi participated in
numerous academic and public events, addressing audiences across generations on the promise of immune
regulation and its clinical applications. Following his return to Japan, he has continued his vigorous scientific and
educational activities.

In recognition of this historic achievement, The University of Osaka conferred upon Dr. Sakaguchi the title of
Distinguished Honorary Professor.

Dr. Sakaguchi at the press conference on October 6, 2025. Dr. Sakaguchi receiving his Nobel Prize from H.M. King Carl XVI
Photo: The University of Osaka Gustaf of Sweden at Konserthuset Stockholm on December 10, 2025.
© Nobel Prize Outreach. Photo: Nanaka Adachi
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Host Defense

Shizuo Akira, MD/PhD

Shizuo Akira

Kazuhiko Maeda
Akihiko Murata

» Professor

p Associate Professor

» Assistant Professor

P Research Assistant 1
P Visiting Scientist 3
» Support Staff 2

Our research aims to elucidate host defense mechanisms
against pathogens by integrating both innate and adaptive
immune perspectives, thereby contributing to the development
of novel therapeutic strategies for immune-related diseases.
Central to this effort is the RNA-binding protein Regnase-1, a key
regulator of immune homeostasis that modulates inflammatory
responses through the selective degradation of target RNAs. In
this year’s work, we explored its function in natural killer (NK) cells,
assessed the impact of its RNase activity using nuclease-deficient
mutants, and initiated studies toward understanding its role in
(MASH)
resistance using a hepatocyte-specific Regnase-1-deficient animal

metabolic  dysfunction-associated  steatohepatitis

model.

Role of Regnase-1 in NK Cells

In our study, we demonstrated that Regnase-1 functions as a
critical negative regulator of NK cell-mediated antitumor
immunity. Using NK cell-specific Regnase-1-deficient mice
(Regnase-12%), we found markedly enhanced NK cell effector
functions, including increased IFN-y production and elevated
cytolytic protein expression.

Both splenic and tumor-infiltrating NK cells exhibited an
activated phenotype with upregulated cytotoxic gene programs.
Notably, Regnase-1 deficiency led to increased expression of
CXCR6, promoting NK cell infiltration into tumors in an IFN-y-
dependent manner, partly through induction of CXCL16 in the
tumor microenvironment.

Mechanistically, we showed that the transcription factors OCT2
and IkB{ were upregulated and cooperated with NF-kB to enhance
Ifng transcription. Collectively, our findings establish Regnase-1 as
a molecular brake on NK cell activation and tumor trafficking and

suggest that its inhibition could potentiate NK cell-based
immunotherapies.

Role of Nuclease-Null Regnase-1 in Inmune Regulation

We investigated the functional importance of Regnase-1 RNase
activity using a catalytic mutant (D141N) lacking endonuclease
activity. These mice developed systemic inflammation, characterized
by extensive immune cell infiltration and granuloma formation,
particularly in the lungs.

We found that CD4* T cells exhibited hyperactivation of the
mTORC1 pathway and autoimmune-like features. RNA-seq
analysis identified the serine/threonine kinase Pim2 as a key
upregulated target. Importantly, Pim2 inhibition significantly
reduced granulomatous inflammation, immune cell infiltration,
and adhesion molecule expression on CD4* T cells, indicating
impaired migration into inflamed tissues.

Mechanistically, our data demonstrate that Pim2 is a direct
target of Regnase-1, linking defective RNA degradation to
enhanced immune cell adhesion and trafficking. Collectively,
these findings establish that the RNase activity of Regnase-1 is
essential for preventing immune dysregulation and highlight
Pim2 as a potential therapeutic target in inflammatory diseases.

Role of Regnase-1 in MASH development

These findings suggest that Regnase-1 may also promote
inflammatory and metabolic processes in non-immune tissues.
However, its role in MASH has remained unclear. To address this,
we investigated the impact of hepatocyte-specific Regnase-1
deficiency on MASH progression. Using an AAV-TBG-Cre system in
Regnase-1%/x mice subjected to a MASH-inducing diet, we found
that loss of Regnase-1 in hepatocytes markedly attenuated both



hepatic steatosis and fibrosis, even under continued dietary stress. protective effects. Collectively, these findings identify hepatocyte

Mechanistically, transcriptomic and metabolic analyses revealed Regnase-1 as a key driver of MASH progression through
enhanced mitochondrial spare respiratory capacity and increased modulation of mitochondrial metabolism and highlight its
reduced glutathione levels, accompanied by normalization of inhibition as a promising therapeutic strategy.

mitochondrial morphology. Importantly, therapeutic silencing of
Regnase-1 using GalNAc-conjugated siRNA recapitulated these

Figure 1.

Low persistence and reduced activity of NK cells limit antitumor immunity. NK cell-specific deficiency of the
endonuclease Regnase-1 promotes NK cell persistence in the tumor microenvironment via sustained
CXCR6 expression and enhances antitumor activity through increased /fng transcription mediated by OCT2.

Figure 2.

Regnase-1 RNase activity maintains immune homeostasis by degrading target mRNAs such as Pim2,
thereby limiting TCR signaling, mTORC1 activation, and CD4* T cell activation in the steady-state lung. Loss
of Regnase-1 RNase activity (D141N mutation) leads to Pim2 upregulation, enhanced mTORC1 signaling,
and increased adhesion molecule expression, promoting CD4* T cell infiltration and granulomatous
inflammation in the lung.

I Recent Publications

1. Sakaguchi T, Nagahama Y, Hamada N, Singh SK, Mikami H, Maeda K, Akira 3. Kawai T, lkegawa M, Ori D, Akira S. Decoding Toll-like receptors: Recent
S. Novel choline-deficient and 0.1%-methionine-added high-fat diet insights and perspectives in innate immunity. Immunity 57, 649-673
induces burned-out metabolic-dysfunction-associated steatohepatitis (2024).
with inflammation by rapid immune cell infiltration in male mice.

Nutrients 16,4151 (2024). 4. Htun TS, Tanaka H, Singh SK, Diaz D, Akira S. Regnase-1 D141N mutation
induces CD4* T cell-mediated lung granuloma formation via upregulation

2.Sun X, Nagahama Y, Singh SK, Kozakai Y, Nabeshima H, Fukushima K, of Pim2. International Immunology 36(10), 497-516 (2024).

Tanaka H, Motooka D, Fukui E, Vivier E, Diez D, Akira S. Deletion of the
mMRNA endonuclease Regnase-1 promotes NK cell anti-tumor activity via 5. Akira S, Maeda K. Control of RNA stability in immunity. Annual Review of
OCT2-dependent transcription of Ifng. Immunity 57, 1360-1377 (2024). Immunology 39, 481-509 (2021).

1 ABojounww|

1



Immunochemistry

Hisashi Arase, MD/PhD

» Professor Hisashi Arase

p Associate Professor Hui Jin

P Assistant Professor Shunsuke Mori

P Postdoctoral Fellow 2
P Research Assistant 5
P Visiting Scientist 1
» Support Staff 4

A) Self and Neoself Discrimination by T Cells in the
Pathogenicity of Autoimmune Diseases

MHC class Il allelic polymorphisms have been associated with
susceptibility to many autoimmune diseases. We have found that
misfolded cellular self-antigens can be presented on MHC class Il
molecules in the absence of the invariant chain. Moreover, these
misfolded proteins, when displayed on MHC class Il molecules,
serve as targets for autoantibodies in several autoimmune
diseases, including rheumatoid arthritis, antiphospholipid
syndrome, ANCA-associated vasculitis, and Graves’ disease (PNAS
2014; Blood 2015; Arthritis Rheumatol 2017; Arthritis Rheumatol
2021; Science Advances 2022). We have termed these aberrantly
presented proteins “neoself” antigens. More importantly, our
findings indicate that T cells are capable of discriminating between
normal self-peptide antigens and neoself antigens presented on
MHC class Il molecules, and that T cell responses against neoself
antigens drive autoimmunity. In fact, approximately 10% of
clonally expanded T cells in lupus patients recognize neoself
antigens, suggesting that these are primary targets for
autoreactive T cells (Figure 1, Cell 2024). These observations
provide a paradigm shift in our understanding of T cell recognition
of self-antigens.

B) Studies on Host-Pathogen Interactions

The immune system has coevolved with infectious agents,
underscoring the importance of host-pathogen interactions in
understanding immune function. We have found that viruses
often exploit immune inhibitory receptors not only for evading
the immune response but also to facilitate infection (Cell 2008;
PNAS 2010). Moreover, our research indicates that malaria
parasites also utilize various inhibitory receptors as part of their
immune evasion strategies (Nature 2017; Nature 2020; Nature
2025). Notably, we have observed that human natural killer (NK)
cell receptors have coevolved with malaria parasites. Additionally,
we have identified a novel immune evasion strategy employed by
both bacteria and SARS-CoV-2 that targets antibodies (Nature
Microbiology 2016; Cell 2021, Figure 2). These findings underscore
the crucial role of host-pathogen interactions in controlling
infectious diseases.



Figure 1.

Self and Neoself Discrimination by T Cells in the Pathogenicity of Autoimmune Diseases.

Self-antigens can be subdivided into self-peptide antigens—normally presented on MHC class I
molecules—and neoself antigens, which are aberrantly presented on these molecules. T cells are capable of
distinguishing between self-peptide and neoself antigens, and their responses against neoself antigens
drive autoimmunity (Cell 2024).

Figure 2.

Evolution of paired receptors with pathogens.

Many pathogens use immune inhibitory receptors for evasion. In contrast, immune system has acquired
activating receptors to protect from these pathogens.

Recent Publications

1.

N

w

Kishida K, Kawakami K, Tanabe H, Nakai W, Yonekura K, Yokoyama S, Arase 4. LiuY, Soh WT, Tada A, Arakawa A, Matsuoka S, Nakayama EE, Li S, Ono C,

H. Immune-induced TCR-like antibodies regulate specific T cell response Torii S, Kishida K, Jin H, Nakai W, Arase N, Nakagawa A, Shindo Y, Kohyama

in mice. Nature Communications 17, 3227 (2026). M, Nakagami H, Tomii K, Ohmura K, Ohshima S, Okada M, Matsuura Y,

Standley DM, Shioda T, Arase H. An infectivity-enhancing site on the SARS-

. Sakoguchi A, Chamberlain SG, Morch AM, Widdess M, Harrison TE, Dustin CoV-2 spike protein is targeted by COVID-19 patient antibodies. Cell 184,
ML, Arase H, Higgins MK, Iwanaga S. RIFINs displayed on malaria-infected 3452-3466 (2021).

erythrocytes bind KIR2DL1 and KIR2DS1. Nature 643, 1363-1371 (2025).
5.Saito F, Hirayasu K, Satoh T, Wang CW, Lusingu J, Arimori T, Shida K,

.Mori S, Kohyama M, Yasumizu Y, Tada A, Tanzawa K, Shishido T, Kishida K, Palacpac NMQ, Itagaki S, Iwanaga S, Takashima E, Tsuboi T, Kohyama M,
Jin H, Nishide M, Kawada S, Motooka D, Okuzaki D, Naito R, Nakai W, Kanda Suenaga T, Colonna M, Takagi J, Lavstsen T, Horii T, Arase H. Immune
T, Murata T, Terao C, Ohmura K, Arase N, Kurosaki T, Fujimoto M, Suenaga evasion of Plasmodium falciparum by RIFIN via inhibitory receptors.
T, Kumanogo A, Sakaguchi S, Ogawa Y, Arase H. Neoself-antigens are the Nature 552, 101-105 (2017).
primary target for autoreactive T cells in human lupus. Cell 187, 6071-6087
(2024).
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Immune Regulation

Tadamitsu Kishimoto, MD/PhD
Sujin Kang, PhD

» Professor Tadamitsu Kishimoto

» Associate Professor Sujin Kang

» Assistant Professor Hozaifa Saad Hassan Metwally

» Postdoctoral Fellow 1
P Research Assistant 1
» Support Staff 3

1. Dysfunction of brain vascular and choroid plexus
cells in sepsis-associated encephalopathy
Understanding the mechanism behind sepsis-associated
encephalopathy (SAE) remains elusive. This study sheds light on
the complex cellular and molecular alterations that occur in the
brains of a mouse model with SAE, ultimately unraveling the
underlying mechanisms of cognitive defects in this condition. We
established a murine model using cecal ligation puncture (CLP) in
wild-type mice and collected brain tissues for analysis at 2 days,
and 7 days post-surgery. Utilizing advanced techniques such as
single-cell RNA sequencing (scRNA-seq) and bulk RNA-seq, we
conducted a comprehensive characterization of the cellular
responses and molecular patterns within the brain. Our study
uncovered notable links between vein endothelial cells (ECs) and
choroid plexus cells during SAE. We observed a significant increase
in lipocalin-2 (Lcn2) expression in brain vein ECs by IL-6 receptor
trans-signaling. In addition, brain vein ECs of SAE mice exhibited
the accumulation of lipid droplets and their inhibition suppressed
the LCN2 production. Moreover, through further analysis, we
discovered significant upregulation of ligand-receptors between
Lcn2-SIc22A17 which is highly expressed in choroid plexus cells.
On day 2 after CLP, choroid plexus cells increased the expression
of the K* channel and activated ion metabolic pathway, compared
to control mice. Additionally, we noted elevated serum levels of
IL-6 and LCN2 in SAE patients, compared to those of sepsis
patients. Our findings suggest the potential association between
vein ECs and choroid plexus cells as an important pathway driving
cognitive defects of SAE and highlight the potential of targeting
the LCN2-SLC22A17 axis for therapeutic intervention (Figure 1).

2. 2.The role of gp130 signaling in pericytes during the

pulmonary fibrosis

Pulmonary fibrosis (PF), a condition characterized by
inflammation and collagen deposition in the alveolar interstitium,
causes dyspnea and fatal outcomes. Pericytes are the vascular
mural cells that maintain vascular homeostasis and promote
angiogenesis during tissue remodeling. Although glycoprotein130
(gp130) signaling has been studied in multiple immune diseases,
its roles based on precise cell types during PF are poorly
understood. Here, we identified the protective role of gp130
signaling in pericytes, which inhibits PF by regulating SiglecF*
neutrophils activation. By establishing bleomycin-induced PF
models, we found that pericyte-specific gp130 deletion in mice
(referred to as gp130°%° mice) shows higher mortality, accelerated
collagen deposition, and increased vascular permeability in the
fibrotic lung tissue, which implicates severe PF compared with
control mice. Using bulk RNA sequencing, we found gp130-
deficient pericytes exhibit enhanced fibrogenic activity due to the
dysregulated IL-6 family protein-gp130 axis, causing aggravated
pericyte-myofibroblast transition (PMT), and notably, an
aggravated neutrophil activation. Single-cell RNA sequencing
analysis confirmed a specific neutrophil subtype that highly
express Siglecf, which showed an abundant population in
bleomycin-induced gp130P*° mice compared with control mice.
Deletion of this subtype alleviated the fibrosis condition in
gp130P° mice, suggesting a pro-immunopathological role of
SiglecF* neutrophil during PF. Notably, we found that SiglecF*
neutrophils were hyper-activated in the context of cytokine IL-1a
in bleomycin-treated gp130°° mice, while adoptive transfer of
lI1a-deleted SiglecF* neutrophils into bleomycin-induced control
mice can effectively inhibit fibrosis development. This finding



highlights the profibrotic role of SiglecF* neutrophils via IL-1a
secretion. In addition, we uncovered the close spatial proximity
between pericytes and SiglecF* neutrophils in both fibrotic mice
lung tissue and human IPF patients, while a clearer mechanism
underlying the pericyte-SiglecF* neutrophils interaction is still
waiting to be explored. Taken together, our findings advance the
crucial role of IL-6 family protein-gp130 signaling in pericytes,
protecting against PF via inhibition of SiglecF* neutrophils
activation.

3. Threonine Phosphorylation Redefines STAT Signaling:
From Antimicrobial Defense to Tissue Restoration
Our research has uncovered, for the first time, an evolutionary-

selected layer of regulation within STAT1(Signal Transducer and

Activator of Transcription 1)—the major driver of interferon

signaling and antiviral defense. We discovered a new

phosphorylation site on a threonine residue within the protein’s
transactivation domain. This marks the first threonine

Figure.

phosphorylation identified in any STAT protein, completing the
long standing map of STAT family regulation alongside the
classical tyrosine and serine modifications. This newly identified
threonine phosphorylation works as a molecular switch, fine
tuning cell responses. It restrains excessive interferon signaling
while promoting cell type and context specific immune and non
immune programs. During bacterial infections, this switch
enhances protective inflammatory responses at the cost of
antiviral defenses—an adaptation particularly relevant for
combating Gram negative bacterial infections, a World Health
Organization critical priority. In a separate study, we revealed that
STAT1 also acts as a mechanical sensor and transducer in the gut
epithelium. When tissue integrity is compromised, STAT1
threonine phosphorylation activates protective structural
programs that restore barrier function while limiting interferon
induced toxicity. Together, our findings redefine STAT proteins as
integrators of biochemical and biomechanical cues, opening new
frontiers for precision therapies in infection and inflammation.

Brain endothelial cell inflammatory responses contribute to the pathology of cognitive deficits.

I Recent Publications

1. Metwally H, Elbrashy MM, Kayama H, Okuyama K, Taniuchi |, Takeda K,
Kishimoto T. Threonine phosphorylation of STAT1 safeguards gut
epithelial integrity and restricts interferon-mediated cytotoxicity.
Proceedings of the National Academy of Sciences of the United States of
America 122(30), €2511957122 (2025).

N

.Kang S, Onishi S, Ling Z, Inoue H, Zhang Y, Chang H, Zhao H, Wang T,
Okuzaki D, Matsuura H, Takamatsu H, Oda J, Kishimoto T. Gp130-HIF1a
axis-induced vascular damage is prevented by the short-term inhibition
of IL-6 receptor signaling. Proceedings of the National Academy of
Sciences of the United States of America 121(2), €2315898120 (2024).

3. Metwally H, Elbrashy MM, Ozawa T, Okuyama K, White JT, Tulyeu J,
Sendergaard JN, Wing JB, Muratsu A, Matsumoto H, lkawa M, Kishi H,
Taniuchi |, Kishimoto T. Threonine phosphorylation of STAT1 restricts
interferon signaling and promotes innate inflammatory responses.
Proceedings of the National Academy of Sciences of the United States of
America 121(17), 2402226121 (2024).

4. Ishibashi T, Inagaki T, Okazawa M, Yamagishi A, Ohta-Ogo K, Asano R,
Masaki T, Kotani Y, Ding X, Chikaishi-Kirino T, Maedera N, Shirai M,
Hatakeyama K, Kubota Y, Kishimoto T*, Nakaoka Y.* IL-6/gp130 signaling
in CD4* T cells drives the pathogenesis of pulmonary hypertension.
Proceedings of the National Academy of Sciences of the United States of
America 121(16), €2315123121 (2024). (*equally corresponding author)
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Mucosal Immunology

Kiyoshi Takeda, MD/PhD

P Professor Kiyoshi Takeda

» Associate Professor Hisako Kayama

Mari Murakami

P Assistant Professor Ryu Okumura

Taiki Sakaguchi

» Postdoctoral Fellow 3
P Research Assistant 3
P Visiting Scientist 2
» Support Staff 2

Crohn'’s disease (CD) is a chronic inflammatory bowel disease
characterized by recurrent intestinal inflammation driven by
dysregulated adaptive immune responses. Among immune
populations implicated in disease persistence and relapse, tissue-
resident memory T cells (Trw) have emerged as key mediators of
long-term inflammatory memory within barrier tissues. Although
CD4* Tem accumulate in the inflamed intestinal mucosa of CD
patients and exhibit potent pro-inflammatory functions, the
molecular mechanisms governing their differentiation and
maintenance have remained poorly defined.

In this study, we employed comprehensive single-cell multi-
omics approaches to elucidate the transcriptional programs
underlying pathogenic CD4* Tam formation in Crohn'’s disease (Fig.
1). Using intestinal tissue samples from CD patients and non-
inflammatory controls, we performed integrated analyses
combining single-cell transcriptomics, surface protein profiling,
chromatin accessibility (CITE-seq and scMultiome), and T cell
receptor (TCR) sequencing. Integration of these modalities
enabled the identification of a distinct CD4* Tam enriched in CD
lesions, characterized by coordinated upregulation of inflammatory
effector genes, surface markers associated with tissue retention,
and chromatin accessibility signatures indicative of disease-
specific transcriptional regulation. These cells were clearly
segregated from non-inflammatory Tev and circulating-like
populations at both transcriptomic and epigenetic levels.

Notably, transcription factor analysis identified RUNX2 and
BHLHE40 as key regulators selectively upregulated in disease-
associated Tam. While RUNX2 is classically known as a master
regulator of osteoblast differentiation, we found that CD-
associated Trw express an alternative transcriptional program
distinct from bone-related RUNX2 activity. Chromatin accessibility

profiling further demonstrated enrichment of RUNX2- and
BHLHE40-associated regulatory elements, indicating their direct
involvement in shaping the inflammatory Trm gene network.

To investigate the developmental origin of these cells, we
conducted single-cell TCR sequencing across matched intestinal
mucosa, mesenteric lymph nodes, and peripheral blood from the
same CD patients. A subset of disease-associated Trw shared
identical TCR clonotypes with circulating and lymph node T cells,
suggesting that small proportion of the disease-associated Tam
population may be preconditioned toward a tissue-resident fate
prior to intestinal entry.

Functional validation experiments supported the causal role of
these transcription factors (Fig. 2). Overexpression of RUNX2 and/
or BHLHE40 in CD4* T cells from healthy donors induced a disease-
associated Trw-like phenotype, including increased IFN-y
production and upregulation of the tissue-retention marker
CD103. Conversely, knockdown of either transcription factor in CD
patient-derived intestinal CD4* T cells reduced IFNG expression
while increasing STPR1, a receptor associated with tissue egress,
thereby diminishing inflammatory retention within the gut.

Together, these findings establish RUNX2 and BHLHE40 as
central transcriptional drivers of pathogenic gut-resident memory
CD4* T cells in CD (Fig. 3). By linking transcriptional regulation to
tissue residency and inflammatory persistence, this work provides
mechanistic insight into how chronic intestinal inflammation is
sustained atthe cellularlevel.Importantly, targeting transcriptional
programs specific to disease-associated TRM may offer novel
therapeutic strategies to prevent relapse and long-term tissue
damage in CD.



Figure 1.

Multi-omics identification of disease-associated CD4* Trm.

Integrated single-cell analyses, including CITE-seq, scMultiome, and TCR sequencing, were performed on intestinal CD4* T cells
from CD patients and controls. The figure highlights the accumulation of IFNG*GZMB* inflammatory Tam in CD lesions and the
enrichment of RUNX2- and BHLHE40-associated transcriptional programs that define this disease-associated Taw.

Figure 2.

Functional roles of RUNX2 and BHLHE40 in regulating Trw-associated phenotypes.

Overexpression of RUNX2 and/or BHLHE40 in healthy donor-derived CD4* T cells induces Tew-like features, including increased
IFN-y production and expression of tissue-retention markers. Conversely, knockdown of these transcription factors in CD-
derived intestinal CD4* T cells reduces inflammatory gene expression and promotes features associated with tissue egress.

Figure 3.

Conceptual model of transcription factor-driven Trm induction in Crohn’s disease.

Schematic illustration showing that upregulation of the transcription factors RUNX2 and BHLHE40 promotes the differentiation
and maintenance of inflammatory gut-resident memory CD4* T cells. These Tru exhibit enhanced tissue retention and effector
functions, thereby contributing to chronic intestinal inflammation and disease persistence in CD.
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A prevailing challenge in treating autoimmune and other
inflammatory diseases is how to establish stable immune
suppression and re-establish self-tolerance in an antigen-specific
or a disease-specific manner. There is accumulating evidence in
animal models that regulatory T cells (Tregs) specifically expressing
the transcription factor Forkhead box P3 (Foxp3) in the nucleus
and CD25 and CTLA-4 on the cell surface are instrumental in
immune suppression and tolerance induction. Tregs are not only
naturally present in the immune system (natural Tregs: nTregs); they
can also be induced from conventional T cells (Tconvs) in vitro
(induced Tregs: iTregs) (Figure). For example, antigen stimulation
of naive CD4* Tconvs in the presence of TGF-f3 and IL-2 is able to
convert them into antigen-specific iTregs. However, in contrast to
nTregs, which are functionally stable in vivo and in vitro, iTregs are
unstable, especially in inflammatory environments, and difficult to
generate from effector/memory Tconvs. Nonetheless, antigen-
specific iTregs are easier to prepare in vitro in large quantities as
opposed to nTregs, which are resistant to in vitro expansion by
antigenic stimulation. One of our projects therefore is how
antigen-specific iTregs as functionally stable as nTregs can be
produced in sufficient amounts not only from naive Tconvs but
also from those antigen-primed effector/memory Tconvs that are
the actual culprits behind immunological diseases.

In 2025, we have shown that antigen-primed effector/memory
as well as naive Tconvs can be converted into antigen-specific
Tregs by providing two conditions (Mikami et al., Sci Transl Med.
2025). One is the antigenic stimulation of Tconvs in the presence
of a CDK8/19 inhibitor, TGF-f, and IL-2 to induce strong Foxp3
expression, the other being the deprivation of CD28 co-stimulation
during iTreg generation to confer Treg-type epigenetic changes
(Figure). Repeating this Treg conversion process with intermittent

resting cultures with IL-2 alone efficiently yielded stably functional
iTregs (S/F-iTregs) even from cytokine-producing effector T cells
such as Th1, Th2, and Th17 cells. The results demonstrate that
iTregs functionally similar to nTregs can be generated by
manipulating specific signaling pathways, including the TGF-f/
TGF-B receptor/SMAD, the IL-2/IL-2 receptor/STAT5, and the
CDK8/19/STATS5 pathways for Foxp3 induction, and inhibition of
the CD28/PKC/NFkB pathway for Treg-type DNA hypomethylation.
The efficacy of S/F-iTreg conversion can be further increased by
creating the cell culture conditions more favorable for Tregs than
for Tconvs in cell expansion/survival because of distinct metabolic
features of the former (e.g., less metabolic dependency of Tregs
on glycolysis and glutaminolysis, hence enrichment of Tregs by
reducing glucose and glutamine concentrations in the culture
medium). The efficacy can also be enhanced by adding retinoic
acid, dbcAMP, and dexamethasone to enrich Foxp3* cells,
augment their suppressive activity, induce more IL-10 production,
and reduce inflammatory cytokine production. In addition,
depriving CD28 signal and supplementing ascorbate can, in
combination, enhance Foxp3 CNS2 DNA hypomethylation,
ensuring stable Foxp3 expression. By incorporating these
procedures into a single protocol, we have shown that mouse and
human CD4* Tconvs, whether in naive or activated effector/
memory states in inflammatory states (e.g., autoimmune disease),
can be converted into S/F-iTregs with high efficiency. They
effectively suppressed inflammatory bowel disease, graft-versus-
host disease, and pemphigus vulgaris in mouse models. Adoptive
cell therapy with such effector/memory Tconv-derived S/F-iTregs
may represent a strategy to achieve antigen- and disease-specific
treatment of immunological diseases in humans.



Figure.

Conversion of disease-mediating effector Tconv cells (Teff) into Foxp3* Tregs for antigen-specific immune

suppression/tolerance.
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Our laboratory focuses on elucidating the complex interactions
between pathogens and the host immune system, with a central
focus on malaria, particularly theimmunopathogenesis of cerebral
malaria. We investigate how dysregulated hostimmune responses
contribute to severe disease outcomes, aiming to identify key
mechanisms that can be targeted for intervention. A major goal of
our work is to inform and accelerate the development of effective
malaria vaccines by defining protective versus pathogenic
immune signatures.

Cerebral malaria (CM) is a severe complication of Plasmodium
falciparum infection, yet its precise pathogenesis remains unclear.
The olfactory bulb (OB) has emerged as an important site of
immunopathology in experimental cerebral malaria (ECM),
though its role in disease progression is not fully defined. To
address this, we performed transcriptomic profiling of the OB and

identified early upregulation of interferon (IFN)-inducible GTPases,
particularly Irgb6 and Gbp4, downstream of IFN-y signaling. Using
single and double knockout mice, we found that loss of these
GTPases improved survival despite increased T cell infiltration into
the brain, due to reduced T cell functionality and impaired antigen
presentation by endothelial cells, which altered parasite
accumulation in the OB. These findings demonstrate that Irgb6
and Gbp4 contribute to ECM immunopathology by modulating
antigen processing, cross-presentation, and immune cell
dynamics. Overall, our study finds a novel IFN-y-driven mechanism
underlying CM pathogenesis, showing how dysregulated immune
responses promote inflammation and disease severity, and
identifying Irgb6 and Gbp4 as potential targets for therapeutic
intervention.



Figure.

Proposed model for the role of the GTPases Gbp4 and Irgb6 during experimental cerebral malaria in the
olfactory bulb (OB). In wild-type (WT) mice, Plasmodium berghei ANKA (PbA) infection induces systemic
IFN-y production, which engages IFN-y receptors on OB endothelial cells and drives the expression of Gbp4
and Irgb6. These endothelial cells subsequently process and cross-present PbA antigens to infiltrating T
cells, promoting the development of ECM pathology. In contrast, Irgb6~~ Gbp4~~ mice exhibit increased
parasite accumulation and enhanced infiltration of CD4* and CD8* T cells, but with impaired T cell
functionality. The loss of Gbp4 and Irgb6 also disrupts antigen cross-presentation, indicating their critical
roles in antigen processing and presentation. Collectively, these findings identify Gbp4 and Irgb6 as key
regulators of immune responses in the OB, where they contribute to pathogen control but also drive
excessive immune activation that leads to pathology.
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Our laboratory investigates the immunological mechanisms
underlying vaccine responses and adjuvant activity, with a
particular focus on nucleic acid-mediated innate immunity. By
integrating systems vaccinology, molecular immunology, and
translational research, we aim to elucidate how host- and
pathogen-derived signals activate immune pathways such as
CcGAS-STING. These insights support the rational design of next-
generation vaccines and immunotherapies targeting infectious
diseases, cancer, and immune-mediated disorders.

Integrated Systems Approach for Adjuvant Discovery
and Safety Evaluation

To accelerate the rational design of next-generation vaccine
adjuvants, our laboratory developed a comprehensive multi-
omics adjuvant evaluation platform integrating in vivo and in
silico analyses. Using a panel of 25 core adjuvants, we
systematically profiled immune responses across mouse and rat
models, combining hematological parameters, tissue-specific
transcriptomics  (lymph node, liver, spleen), and public
toxicogenomics datasets (Open TG-GATEs). By integrating these
datasets, we established a scalable Adjuvant Database (ADB),
enabling simultaneous prediction and validation of both
adjuvanticity and toxicity (Natsume-Kitatani et al., Cell Chemical
Biology, 2025). Each adjuvant exhibited a distinct gene expression
signature, and machine learning-based modeling allowed cross-
dataset prediction of functional properties. Notably, our analysis
identified colchicine as a potential adjuvant candidate from Open
TG-GATEs data, and predicted hepatotoxicity of FK565, a synthetic
bacterial immunostimulant, from ADB, both of which were
experimentally validated (Figure 1). These findings highlight the
ability of our platform to uncover novel immunostimulatory

compounds while flagging safety liabilities. This work demonstrates
a new framework for large-scale, data-driven adjuvant screening,
providing a foundation for precision adjuvant selection and
regulatory science.

In a related study (Yoshioka et al., NPJ Vaccines, 2026), we
demonstrated that IL-1 signaling delineates the efficacy and
reactogenicity of squalene-based adjuvants in a cell-type-specific
manner. Distinct IL-1-dependent pathways independently
regulate protective immune responses and inflammatory side
effects, providing a mechanistic basis for designing safer and
more effective adjuvants.

Mechanistic Insights into cGAS-STING Activation via
Nucleocytosis

In our recent study (Negishi et al, Nature Communications,
2026), we identified a previously unrecognized mechanism
termed “nucleocytosis,” in which macrophages actively extract
nuclear DNA from dying cells to activate innate immune signaling.
We demonstrated that lysosomal dysfunction, including proton
imbalance and inhibition of PPT1, induces a unique form of cell
death characterized by nuclear calreticulin  accumulation.
Macrophages subsequently access these altered nuclei and
selectively extract DNA, triggering robust activation of the cGAS-
STING-type | interferon axis. Furthermore, we showed that cationic
amphiphilic drugs (CADs) can induce this process, linking
pharmacological lysosomal perturbation to innate immune
activation. This mechanism provides a unifying explanation for
how self-DNA can drive immune responses and identifies
nucleocytosis as a novel cellular pathway bridging cell death and
innate immunity (Figure 2). These findings have broad implications



for antiviral immunity, cancer immunotherapy, and autoinflammatory
diseases, and suggest that targeting nucleocytosis may offer new
therapeutic opportunities for regulating STING-dependent
inflammation.

Collectively, our studies integrate data-driven adjuvant
discovery with mechanistic insights into innate immune
activation. By linking systems-level analysis with cellular pathways
such as nucleocytosis and STING signaling, we provide a
framework for developing safe and effective immunomodulators.
These efforts advance our goal of “bench to clinic to bench”
research and contribute to the realization of precision vaccines
and immune therapies.

Figure 1.

Adjuvant Database Platform:

A systems vaccinology pipeline integrating multi-organ transcriptomics,
hematological profiling, and public toxicogenomics datasets to
predict and validate adjuvanticity and toxicity of candidate
compounds.
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Figure 2.

Nucleocytosis Mechanism

Lysosomal dysfunction induces nuclear calreticulin accumulation and cell death, enabling
macrophages to extract nuclear DNA and activate the cGAS-STING pathway, leading to type
| interferon production.

100 Days Mission

Ken J. Ishii contributes to the 100 Days Mission through advisory
roles in CEPI, IPPS, and G7 STEG, aiming to enable the rapid
development and deployment of vaccines, diagnostics, and
therapeutics within 100 days of emerging infectious threats. Our
laboratory supports this global initiative by advancing adjuvant
science, elucidating innate immune mechanisms, and developing
platform technologies that enhance vaccine efficacy and safety.
Through integration of basic immunology and translational
research, we contribute to pandemic preparedness and the
acceleration of next-generation countermeasures.
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Alveolar macrophages (AMs) are tissue-resident macrophages
that play indispensable roles in lung homeostasis. They remove
inhaled foreign materials and excess surfactant in the alveolar
space, thereby maintaining normal respiratory function. AMs are
also known to disappear during severe pulmonary inflammation,
but the biological significance of this phenomenon during
infection has remained unclear. One major reason for this
uncertainty is that conventional methods for AM depletion have
lacked sufficient cell selectivity. Chemical depletion with
clodronate liposomes can affect cells other than AMs, while
previously used genetic models often alter additional myeloid
populations or cause secondary changes in the lung environment,
such as pulmonary alveolar proteinosis. These limitations have
made it difficult to define the precise contribution of AMs to
respiratory infection.

To overcome this problem, we applied our VeDTR technology
to generate a transgenic mouse line in which AMs can be
specifically depleted by diphtheria toxin. This system enabled us
to assess AM function with substantially improved selectivity
compared with previous approaches. Using this model, we
examined the role of AMs in several respiratory infection settings,
with particular focus on Mycobacterium abscessus (M. abs), a
rapidly growing nontuberculous mycobacterium that is
notoriously difficult to treat because of its high level of drug
resistance. Since approximately half of patients with M. abscessus
infection fail to achieve successful outcomes even after prolonged
guideline-based therapy, better understanding of host defense
mechanisms against this pathogen is of clear clinical importance.

Our analysis revealed that AMs prevent the proliferation of M.
abscessus in the lung. This finding is notable because it differs
from conclusions drawn from earlier studies using clodronate

liposomes, which had suggested that macrophage depletion
could reduce mycobacterial burden. The discrepancy strongly
supports the view that the outcome of earlier depletion studies
was influenced by insufficient cell specificity and possible off-
target effects. By using a more selective AM depletion system, our
study provides evidence that AMs are not simply passive host cells
exploited by mycobacteria, but instead act as an important
component of protective immunity against M. abscessus.

In addition to clarifying the protective role of AMs, we also
investigated the meaning of their disappearance during
pulmonary infection. Our results showed that the loss of AMs
contributes to the reduction of bacterial load in the lungs. This
observation suggests that AM disappearance is not merely a
consequence of inflammation, but may represent a biologically
meaningful event in the host response to infection. Thus, AMs
appear to have a dual relevance in this setting: under homeostatic
conditions and during the early phase of infection they contribute
tobacterial control, while their disappearance during inflammatory
progression may also participate in reshaping the pulmonary
environment in a way that limits bacterial burden. This provides a
new perspective on AM dynamics during respiratory infection.

We further examined the relationship between AMs and
granulocyte-macrophage colony-stimulating factor (GM-CSF), a
cytokine that is essential for AM development and maintenance.
Inhaled GM-CSF has attracted attention as a potential therapy for
refractory nontuberculous mycobacterial disease, and previous
clinical case reports have suggested beneficial effects. However,
the cellular basis of this therapeutic effect has remained uncertain.
By using our AM-specific depletion system, we demonstrated that
AMs are indispensable for GM-CSF-mediated protection against
M. abscessus infection. This finding establishes a direct causal link



between AMs and the beneficial effect of GM-CSF in the lung. It
also provides a mechanistic framework for understanding why
inhaled GM-CSF may be effective in difficult-to-treat mycobacterial
infections.

Taken together, this study establishes a new experimental
platform for dissecting AM biology with high specificity and
revisits the role of AMs in respiratory infection from a different
perspective than previous depletion models allowed. Our findings
show that AMs suppress M. abscessus proliferation, that their

Figure.

disappearance has biological significance in reducing pulmonary
bacterial burden, and that they are essential mediators of GM-CSF-
driven host defense. Beyond M. abscessus, the AM-specific VeDTR
system should serve as a valuable tool for studying the roles of
AMs in a broad range of respiratory infections and inflammatory
lung diseases. In this sense, the present work not only resolves a
longstanding technical problem in the field but also opens new
opportunities for understanding pulmonary immunity and for
developing host-directed therapies.

Alveolar macrophage-targeting CCD mice reveal its role in anti-Mycobacterium immunity.
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Phospholipids are asymmetrically distributed across the plasma
membrane bilayer (Sakuragi and Nagata, Nat. Rev. Mol. Cell Biol.
2023).Phosphatidylserine (PtdSer) and phosphatidylethanolamine
(PtdEtn) reside predominantly in the inner leaflet, whereas
phosphatidylcholine (PtdCho) and sphingomyelin (SM) are
enriched in the outer leaflet. This asymmetry is maintained by
flippases (P4-ATPases), which use ATP to translocate
aminophospholipids such as PtdSer and PtdEtn to the inner
leaflet.

We previously identified ATP11A and ATP11C, together with
their subunit CDC50A, as plasma membrane flippases (Segawa et
al., Science 2014). Both enzymes selectively flip PtdSer, but not
PtdCho. In 2021, we characterized a de novo ATP11A mutation
(Q84E) in a patient with neurological deterioration (Segawa et al.,
J.Clin. Invest. 2021). This heterozygous dominant mutation altered
substrate specificity, enabling ATP11A to translocate PtdCho.
Aberrant PtdCho flipping led to increased SM in the outer leaflet,
likely as a compensatory response.

Subsequently, we identified two additional ATP11A mutations
(E114G and S399L) in patients with similar neurological
phenotypes (Calianese et al., Proc. Natl. Acad. Sci. U.S.A. 2024).
Molecular dynamics simulations suggested that these mutations
enhance ATP11A affinity for PtdCho. Together, these findings
highlight the importance of conserved entry and exit sites in
determining flippase substrate specificity and implicate aberrant
PtdCho flipping in neurological disease (Fig. 1).

Phospholipid asymmetry collapses during apoptosis and in
ATP-activated macrophages. In apoptotic cells, exposed PtdSer
functions as an “eat-me” signal, promoting phagocytosis either

directly or via bridging molecules. This process suppresses
inflammation by inhibiting IFN-a/ and TNF production while
promoting TGF-B and IL-10 secretion. Although ATP11A and
ATP11C are inactivated by caspases, this alone is insufficient for
rapid PtdSer exposure because spontaneous lipid translocation
across the membrane is energetically unfavorable. Instead,
scramblases that mediate bidirectional phospholipid movement
are required.

We identified TMEM16F and XKR8 as calcium- and caspase-
activated scramblases, respectively (Suzuki et al., Nature 2010;
Science 2013). The XKR family also includes XK, which mediates
PtdSer exposure in ATP-treated macrophages (Ryoden et al., Proc.
Natl. Acad. Sci. U.S.A. 2022), as well as XKR4 and XKR9, which show
tissue-specific expression. Loss of XKR8 impairs PtdSer exposure
and apoptotic cell clearance, leading to lupus-like autoimmunity
or male infertility in mice (Kawano et al., Proc. Natl. Acad. Sci. U.S.A.
2018).

We further showed that XK forms a complex with VPS13A, a
large cytoplasmic lipid transfer protein, to mediate ATP-induced
phospholipid scrambling. Mutations in XK or VPS13A cause
neurodegenerative disease. VPS13A binds XK via a C-terminal
B-strand that engages a B-hairpin in XK, an interaction essential
for scramblase activity. The XK paralogue XKR2 shares this feature
and also supports scrambling. Based on analyses of VPS13A
patient variants, we propose that defective PtdSer exposure
impairs anti-inflammatory signaling, leading to chronic
neuroinflammation and contributing to neuroacanthocytosis (Fig.
2).



Figure 1.

Gain-of-function de novo ATP11A mutations identified in patients with neurological disorders

The ATP11A-CDC50A complex with the substrate entry/exit sites and the hydrophobic gate. PVSM residues
form the hydrophobic gate. Q84 (red) is located at the entry site, while E114 (cyan) and $399 (blue) are at the
exit site.

Figure 2.

A model for the neuroacanthocytosis observed in patients with VPS13A mutations. Stress-induced damage
triggers ATP release, leading to local activation of P2X7 on the plasma membrane. Downstream, NF-kB
promotes IL-1( secretion, whereas the VPS13A-XK complex induces PtdSer exposure, activating an anti-
inflammatory pathway. Loss of scramblase activity shifts the balance toward persistent pro-inflammatory
signaling, resulting in chronic inflammation.
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Disorders of the central nervous system, such as cerebrovascular
diseases, cerebrospinal trauma, and encephalomyelitis, often
cause spatiotemporal changes in the nervous system and in
various biological systems, such as the immune system and
vascular system. We have analyzed disorders of the neural
networks in the central nervous system and the subsequent
restoration process from the perspective of the functional network
of biological systems (Fig. 1). Further, we have analyzed the
mechanism by which the spatiotemporal dynamics in those
biological systems control a series of processes (Fig. 2). Particularly,
the ultimate goal of this study is to elucidate the manner in which
the control mechanism is affected by the associations among the
nervous system, immune system, and vascular system.
Additionally, we aim to elucidate the processes involved in the
functioning of living organisms with neural network disorders
within the central nervous system by observing such disorders
and their functional recovery process with respect to the dynamics
of the entire biological system and by conductingacomprehensive
analysis of the association between each system.

We observe the central nervous system as a single organ within
a biological system. Further, studies from the perspective of how
the entire biological system is involved in disorders and recovery
of neural networks are scarce. By observing disorders in neural
networks and the biological reactions during the subsequent
recovery process as a “scrap-and-build” strategy, we aim to
elucidate the mechanisms behind a series of reactions as well as
their significance that may potentially lead to a new and original
trend in Life Sciences.



Figure 1.
The mechanism of spontaneous functional recovery.

Figure 2.

Biological systems that regulate rewiring of neural network after CNS injury.

I Recent Publications

1. AshikawaY, Itokazu T, Yamashita T. Enhancement of astrocyte regeneration
through FGF8-DBX1 signaling facilitates functional recovery after
pathological astrocyte loss in the spinal cord. Brain 148, 3763-3777 (2025).

2. Shimizu M, Shiraishi N, Tada S, Sasaki T, Beck G, et al. RGMa collapses the
neuronal actin barrier against disease-implicated protein and exacerbates
ALS. Science Advances 9, eadg3193 (2023).

3.lwamoto S, Itokazu T, Sasaki A, Kataoka H, Tanaka S, et al. RGMa signal in
macrophages induces neutrophil-related astrocytopathy in NMO. Annals
of Neurology 91, 532-547 (2022).

4.1to M, Muramatsu R, Kato Y, Sharma B, Uyeda A, et al. Age-dependent
decline in myelination capacity is mediated by apelin-APJ signaling.
Nature Aging 1, 284-294 (2021).

5.Tanabe S, Yamashita T. B-1a lymphocytes promote oligodendrogenesis
during brain development. Nature Neuroscience 21, 506-516 (2018).

1 ABojounww|

29



Molecular Immunology

Sho Yamasaki, PhD

» Professor Sho Yamasaki

p Associate Professor Norikazu Yabuta

» Assistant Professor Masamichi Nagae

Eri Ishikawa
» Postdoctoral Fellow 4
P Research Assistant 5
P Visiting Scientist 8
» Support Staff 6

30

Invariant TCR-triggered protein kinase D activation
mediates NKT cell development

Development of invariant natural killer T (iNKT) cells in the
thymus requires cell-cell interaction through invariant TCR (iTCR)
and CD1d, which induces expression of the transcription factor,
promyelocytic leukemia zinc finger (PLZF). However, the signaling
pathway linking iTCR and PLZF remains unclear. Here, we report
that a serine/threonine kinase, protein kinase D (PKD), plays a
pivotal role in iNKT cell development. In T cell-specific PKD-
deficient (Prkd2/3°®%) mice, PLZF induction and iNKT cell
generation were severely impaired, which were rescued by
introduction of a PLZF transgene. We identified the transcription
factor Ikaros as a substrate of PKD upon iTCR stimulation. Knock-in
mice carrying a phosphorylation-defective mutant lkaros
(Ikzf15267/2758) exhibited an impairment of iNKT cell development,
whereas conventional T cells were normal. In iNKT cells, Ikaros
binds to the upstream region of the PLZF gene to induce its
transcription. Mutant mice lacking the lkaros-binding site
(Zbtb16%) generated fewer iNKT cells than WT mice. These
results suggest that PKD links iTCRs to PLZF induction through
Ikaros, thereby mediating iNKT cell development.

Mycobacterial a-glucans hijack dectin-1 to facilitate
intracellular bacterial survival

Mycobacteria have a cell envelope that can act as a shield
against host defense. This study shows that mycobacteria survive
in host macrophages by targeting the innate host receptor
dectin-1 through a noncanonical ligand. Compared with wild-
type (WT) mice, dectin-1-deficient mice were more resistant to
infection to mycobacteria. Dectin-1-deficient mice presented
with substantially reduced bacterial burdens, inflammatory
cytokines, and infiltrating myeloid cells, such as neutrophils and
macrophages. Intracellular survival of these bacteria was reduced
in macrophages derived from dectin-1-deficient mice compared
with those from WT mice. Cellular characterization of
mycobacteria-infected macrophages indicated that the presence
of dectin-1 altered phagosomal maturation and association with
markers of autophagy. Activity-based purification and nuclear
magnetic resonance spectrometry identified branched a-glucan
as the dectin-1 mycobacterial ligand. This branched glucan was
essential for activating dectin-1. These results show that
mycobacterial a-glucan targets dectin-1 to facilitate intracellular
bacterial survival.



Figure.

A. Protein expression of PLZF in CD1d tetramer* thymic iNKT cells at each maturation stage. PLZF induction

at stage 1 was severely impaired by PKD deficiency.

B. Representative FACS profiles of iNKT cells in the thymus from WT, Prkd2/3°* and Prkd2/3** x Zbtb16 Tg
mice. Zbtb16 transgene restored iNKT cell generation in Prkd2/3*°* mice to levels comparable to WT mice.
C. PKD links iTCR to PLZF induction through phosphorylation of Ikaros thereby mediating iNKT cell

development.
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Specialized microenvironments known as niches are essential for
the maintenance of hematopoietic stem cells (HSCs), which give rise
to blood cells, and for supporting lympho-hematopoiesis within the
bone marrow (BM). We isolated the chemokine CXCL12 (also known as
SDF-1 or PBSF) (Nagasawa et al., PNAS 1994) and found that CXCL12
and its receptor, CXCR4, are essential for BM colonization by HSCs
during embryogenesis (Nagasawa et al., Nature 1996; Ara et al.,
Immunity 2003), maintenance of the HSC pool (Sugiyama et al.,
Immunity 2006), and the development of immune cells, including B
cells, plasmacytoid dendritic cells (pDCs), and NK cells, as well as
vascular formation and cardiogenesis (Tachibana et al., Nature 1998).
Based on the pivotal role of CXCL12 in HSC maintenance, we generated
mice in which the green fluorescent protein (GFP) gene was knocked
into the CXCL12 locus (CXCL12-GFP mice) and identified a population
of cells expressing high levels of CXCL12 within the BM, termed
CXCL12-abundant reticular (CAR) cells. We found that these BM-CAR
cells are the major producers of CXCL12 and SCF, and represent the
major cellular components of niches for HSCs and immune cells,
including B cells and plasma cells (Tokoyoda et al., Immunity 2004;
Sugiyama et al., Immunity 2006; Omatsu et al., Immunity 2010). Leptin
receptor-expressing (LepR*) cells show substantial overlap with CAR
cells (Ding et al.,, Nature 2012). We further confirmed that CXCL12
produced by BM-CAR cells is essential for the maintenance of HSCs
and lympho-hematopoiesis (Nakatani et al., Nat Commun 2023).
Moreover, we showed that numerous HSC niches remain unoccupied
and that all BM-CAR cells can serve as facultative niches for HSCs,
challenging the classical model of niche occupancy (Shimoto et al.,
Blood 2017).

Concerning the nature of BM-CAR cells, we demonstrated that they
are mesenchymal stem cells capable of differentiating into adipocytes
and osteoblasts. We also found that the transcription factors Foxc1
and Ebf3 are preferentially expressed in BM-CAR cells and play critical
roles in HSC niche formation and maintenance by inhibiting the
differentiation of BM-CAR cells into adipocytes and osteoblasts,
respectively (Omatsu et al., Nature 2014; Seike et al., Genes Dev. 2018).
Furthermore, we showed that BM-CAR cells require Runx1 or Runx2 to
prevent fibrotic conversion and thereby maintain HSCs and
hematopoiesis in adult BM (Omatsu et al., Nat Commun 2022). In

addition to our findings in mice, we identified the human counterpart
of CAR cells, which specifically expresses CXCL12, Foxc1, and Ebf3 and
constitutes the major population of nonhematopoietic cells in human
BM (Aoki et al., BrJ Haematol 2021).

Universal fibroblasts from the lung and the colon outside
the skeletal system and muscle can give rise to BM-CAR cells
Fibroblasts are nonhematopoietic, non-endothelial, non-epithelial,
and non-parenchymal cells that secrete structural and signaling
molecules. They have traditionally been considered to form the
structural components of organs and connective tissues. However, we
have shown that BM-CAR cells constitute a fibroblast population
characterized by salient features, including the specific expression of
CXCL12 and the transcription factors Foxc1, Ebf1/Ebf3, and Runx1/
Runx2, and that they function as HSC niche cells, as described above.

On the other hand, in the intestine, a population of fibroblasts
known as FoxI1* telocytes has been shown to specifically express the
transcription factors FoxI1 and Sox6 and to be essential for the
maintenance of intestinal stem cells (Shoshkes-Carmel et al Nature
557; 242, 2018). The similarities in morphology and function between
BM-CAR cells and Foxl1* telocytes raise the possibility that both
originate from a common progenitor. Turley et al. recently reported a
meta-analysis of 28 single-cell RNA sequencing (scRNA-seq) datasets,
encompassing approximately 120,000 fibroblasts from 16 tissues,
which identified a population of fibroblasts expressing high levels of
the proteoglycan Dpt and Pi16 that are present in all tissues (Buechler
et al., Nature 593; 575, 2021). These cells were termed universal
fibroblasts, and it was hypothesized that they give rise to distinct
tissue-specific fibroblast subsets, termed specialized fibroblasts, such
as BM-CAR cells and FoxI1* telocytes. However, direct in vitro and in
vivo evidence supporting this concept has been lacking. To obtain
direct evidence, we investigated the in vivo potential of universal
fibroblasts from various postnatal tissues to differentiate into CAR
cells.

We first isolated GFP*PDGFRa*Sca-1*CD34*CD45Ter119CD31
universal fibroblasts from the lung, the colon, and muscle of Ubc-
GFP;CXCL12-tdTomato mice, in which the tdTomato reporter gene
was knocked into the CXCL12 locus, using flow cytometry. These cells



expressed high levels of the universal fibroblast markers Pi16 and Dpt,
but not CXCL12, SCF, Foxc1, Ebf3, or Runx1. They were then suspended
in Matrigel supplemented with BMP2 and implanted into the tibialis
anterior muscle of wild-type recipient mice. Eight weeks after
transplantation, we observed ectopic bone formation containing
bone marrow, in which donor-derived GFP*PDGFRB*CD45Ter119
CD31" cells expressed CXCL12-tdTomato at levels comparable to
those in BM-CAR cells. These cells also expressed higher levels of other
HSC niche factors, including CXCL12, SCF, Foxc1, Ebf3, and Runx1,
than min universal fibroblasts and other cell populations.

When we co-cultured HSCs sorted from BM with either universal
fibroblasts from the lung, universal fibroblasts-derived GFP*CXCL12-
tdTomato"s" cells isolated from ectopic bone of mice transplanted
with GFP* universal fibroblasts from the lung, or BM-CAR cells in vitro
for 7 days, the number of HSCs increased in cultures containing
universal fibroblasts-derived CXCL12-tdTomato"" cells compared
with cultures containing universal fibroblasts. These results indicate
that universal fibroblast-derived CXCL12-tdTomato"" cells have the
potential to support HSCs in vitro (Figure 2).

Next, we isolated GFP* universal fibroblasts from the lung, the
colon, and muscle of Ubc-GFP;CXCL12-tdTomato mice and injected
them into the bone marrow of lethally irradiated recipient mice. In
these experiments, we detected donor-derived GFP* cells in the
recipient BM that expressed CXCL12-tdTomato at levels comparable
to those in CAR cells and exhibited higher expression of other HSC
niche factors, including Foxc1 and Ebf3, than other BM populations.

Together, these results demonstrate that universal fibroblasts
capable of differentiating into BM-specific HSC niche cells (CAR cells)
are distributed throughout the body, providing a valuable starting
point for elucidating fibroblastic cell lineage relationships and the
nature of tissue stem cell niches (Figure 3).

Figure 2.

Universal fibroblast-derived CXCL12-tdTomato"ish
cells have the potential to support HSCs in vitro.
When HSCs sorted from BM were co-cultured in vitro
for 7 days with either universal fibroblasts from the
lung, universal fibroblasts-derived CXCL12-tdTomato"oh
cells isolated from ectopic bone in mice transplanted
with universal fibroblasts from the lung, or BM-CAR
cells, the numbers of HSCs increased in cultures
containing universal fibroblasts-derived CXCL12-
tdTomato"9" cells compared with cultures containing
universal fibroblasts.

I Recent Publications

Identification of transcription factors sufficient for the

induction of CAR cells from universal fibroblasts in vitro

When we transduced universal fibroblasts sorted from the muscle
of adult CXCL12-GFP mice with Foxcl1, Ebf3, or both, which are
essential for HSC niche formation, expression of CXCL12-GFP
increased; however, the expression levels were much lower than those
in BM-CAR cells. Thus, the transcription factors sufficient for the
induction of BM-CAR cells from universal fibroblasts, which are
common naive progenitors of tissue-specific fibroblasts, remain
unclear.

To address this issue, we analyzed scRNA-seq datasets from
developing E18.5 mouse BM cells and selected 22 transcription factors
that were expressed at higher levels in CAR cell progenitors than in
other nonhematopoietic cells in BM, including osteoblasts, endothelial
cells, and universal fibroblasts in muscle. We then transduced universal
fibroblasts sorted from the muscle of adult CXCL12-GFP mice with a
mixture of the 22 genes. After 5 days of culture, a small number of cells
expressing high levels of CXCL12-GFP were detected. These CXCL12-
GFP" cells were sorted by flow cytometry, and the mRNA levels of the
transduced genes were analyzed in individual cells. As a result, 13
transduced genes that were highly expressed in almost all CXCL12-
GFP" cells were identified.

Subsequently, we transduced universal fibroblasts from the muscle
of CXCL12-GFP mice with a mixture of these 13 genes. After 5 days of
culture, CXCL12-GFP" cells were again sorted, and the mRNA levels of
the transduced genes were analyzed in individual cells. We then
identified 6 transduced genes that were highly expressed in almost all
CXCL12-GFP" cells. Among these genes, we are currently attempting
to identify the transcription factors sufficient for the induction of CAR
cells from universal fibroblasts in vitro.

Figure 1.

Functions of BM-CAR cells.

CAR cells are the major cellular component
of HSC niches and are characterized by
several salient features in both mouse and
human bone marrow (BM). They preferentially
express the transcription factors Foxcl,
Ebf1/Ebf3, and Runx1/2, as well as the
cytokines CXCL12 and SCF, all of which are
essential for the formation and maintenance
of niches that support HSCs and immune
cells.

Figure 3.

In vitro differentiation of common
naive progenitors into CAR cells.
Defined transcription factors and
cytokines may be sufficient for the
induction of CAR cells from universal
fibroblasts in vitro.
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Cellular senescence is a stable form of cell-cycle arrest triggered
by a variety of potentially oncogenic stresses, including telomere
erosion, oxidative stress, radiation, and oncogene activation.
While this response prevents the expansion of cells at risk of
malignant transformation and thus functions as a tumor-
suppressive mechanism, senescent cells also exert deleterious
effects. They secrete pro-inflammatory factors collectively known
as the senescence-associated secretory phenotype (SASP), which
can promote tissue dysfunction and disease depending on the
biological context. Accordingly, the selective elimination of
senescent cells using “senolytic” drugs has emerged as a promising
therapeutic strategy.

Over the past decade, more than 20 candidate senolytic drugs
with diverse mechanisms of action have been reported, including
ARV825, which we previously identified as a potent senolytic drug
(Wakita et al, Nat. Commun. 2020). Despite this growing list,
however, no systematic head-to-head comparison of their efficacy
and specificity had been conducted. Consequently, it has
remained unclear which agents most effectively eliminate
senescent cells while sparing non-senescent counterparts.
Furthermore, even the most potent senolytic drugs fail to
eliminate a subset of resistant senescent cells, and the mechanisms
underlying this resistance have remained poorly understood.

In our recent study, we systematically compared 21 senolytic
agents using a quantitative Senolytic Specificity Index (SSI). This
analysis identified the Bcl-2 inhibitor ABT263 and the BET inhibitor
ARV825 as the most effective senolytics across fibroblast and
epithelial models (Fig. 1). However, even after extended treatment
with these agents, a fraction of senescent cells remained viable.
We found that this resistance was associated with the maintenance
of mitochondrial integrity through V-ATPase-mediated clearance
of damaged mitochondria. Inducing mitochondrial stress by
shifting cellular metabolism from glycolysis to oxidative
phosphorylation (OXPHOS) enhanced the senolytic efficacy of
ABT263 and ARV825 both in vitro and in mouse models.
Consistently, ketogenic diet adoption or SGLT2 inhibition similarly
potentiated ABT263- and ARV825-induced senolysis, resulting in
reduced tumor growth and metastasis. These findings suggest
that mitochondrial quality control is a key determinant of
resistance to senolytic therapy and provide a framework for
rational combination senotherapies (Fig. 2).



Figure 1.

Comparative analysis of senolytic drugs revealed ABT263 and ARV825 as the most potent compounds.
a, Outline of the comparative analysis of senolytic drug. Early passage HDFs (IMR-90 cells) and RPE-1
epithelial cells were rendered senescent by serial passaging (Rep-Sen cells) or treatment with 150 ng/ml
doxorubicin for 10 days (DXR-Sen cells), respectively. Senescent and non-senescent (control) cells were
treated with 21 compounds at multiple concentrations for 3 days. Relative cell numbers were determined
throughout the experiments. The Senolytic Specificity Index (SSI) was calculated as: SSI = (% reduction of
senescent cells at day 3 relative to day 0) / (% reduction of control cells at day 2 relative to untreated control
cells). If the reduction of control cells at day 2 was <1%, the denominator was set to 1. Created with
BioRender.com. b and ¢, For each compound, the SSI value at the concentration yielding the highest index
is shown.

Figure 2.

Model for enhancing the senolytic activity of ABT263 and ARV825 by metabolic shift.

Ketogenic diets and SGLT2 inhibitors lower blood glucose levels, thereby suppressing glycolysis with
compensatory upregulation of OXPHOS. This increases the mitochondrial workload and induces
mitochondrial stress, thereby enhancing the vulnerability of mitochondria to mitochondria-targeting
senolytic drugs such as ABT263 and ARV825.
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The basic role of blood vessels is to deliver oxygen and nutrients
throughout the tissues, and conversely, to collect waste products
and carbon dioxide from the tissues. Additionally, blood vessels
allow immune cells to infiltrate tissues, playing an essential role in
calming inflammation. In recent years, it has become clear that
organ-specific angiocrine factors are secreted from the vascular
endothelial cells of each organ, promoting the maintenance and
regeneration of organ cells, and thereby maintaining the
homeostasis of organs.

Blood vessels are composed of vascular endothelial cells lining
the inner surface of the vessel and mural cells that support them
from the basement membrane side. Vascular endothelial cells
were traditionally thought to be a uniform cell type, but single-cell
RNA sequencing has revealed that the vascular endothelial cells of
each organ are highly heterogeneous. Previously, we showed that
within existing blood vessels, there is a population of vascular
endothelial stem cells, and that blood vessel formation in response
to tissue damage after birth is maintained by these cells. However,
the specific molecules involved in the development and
maintenance of these vascular endothelial stem cells remain
unclear, and it is also unknown whether such stem cells exist in
humans.

Therefore, in 2025, in order to analyze the mechanisms of
maintenance and differentiation of vascular endothelial stem
cells, we used APJ-deficient mice, as APJis a seven-transmembrane
G protein-coupled receptor previously reported to be involved in
vascular maturation, to study how APJ is associated with vascular
endothelial stem cells during neovascularization in liver
regeneration. Furthermore, we constructed a human iPS cell
differentiation culture system to analyze whether vascular
endothelial stem cells also exist in humans and whether, as seen in

mice, these cells express the cell surface molecule CD157.

I: APJ Regulates the Balance Between Self-Renewal and
Differentiation of Vascular Endothelial Stem Cells

CD157 marks tissue-resident vascular endothelial stem cells
(VESCs) that support endothelial turnover and rapid vascular
regeneration in the liver. However, mechanisms regulating
postnatal VESC maintenance and differentiation remain unclear.
Therefore, we investigated the role of apelin/APJ signaling using
APJ knockout (KO) mice. VESCs were characterized by flow
cytometry, colony-forming assays, and in vitro differentiation,
while vascular regeneration was assessed after partial
hepatectomy (PHx).

APJ deficiency resulted in the accumulation of VESCs in adult
liver, with enhanced colony-forming capacity but impaired
differentiation into mature endothelial cells. Consistently, APJ KO
mice exhibited defective vascular regeneration following PHx.
Transcriptomic analysis revealed increased expression of EGR1
and EGR2 and decreased Ccnd1, suggesting dysregulated cell
cycle control. In addition, loss of APJ reduced Collagen IV levels,
weakening the basement membrane and promoting maintenance
of an undifferentiated state.

These findings demonstrate that APJ signaling is essential for
balancing VESC self-renewal and differentiation. Its disruption
leads to delayed differentiation and impaired vascular
regeneration, highlighting the apelin/APJ pathway as a promising
therapeutic target for regenerative medicine.

Il: CD157* vascular endothelial cells derived from
human-induced pluripotent stem cells have high
angiogenic potential



We previously reported that a vascular endothelial stem cell
population resides in pre-existing blood vessels in mice and may
contribute to vascular endothelial cells in liver injury or hind limb
ischemia models in the long-term. However, whether such stem
cells existin humans and can differentiate specifically into vascular
endothelial cells have not been determined. We hypothesized
that CD157* vascular endothelial cells in humans may also possess
high angiogenic potential.

First, human-derived induced pluripotent stem cells were
differentiated into vascular endothelial cells and the expression of

Figure.

Development of mouse and human endothelial cells.

CD157 was monitored during the differentiation process. We
found that CD157 emerged 11 days after the induction of
differentiation, peaked at 14 days, and then declined by 24 days.
We also evaluated blood vessel formation by 14- and 24-day-old
vascular endothelial cells.

It was found that 14-day-old cells, when CD157 expression was
at its peak, formed more blood vessels than 24-day-old cells.
These results suggest that vascular endothelial cells expressing
CD157 have high angiogenic potential and may exist as vascular
endothelial stem cells.

In mice, CD157-negative vascular endothelial cells arise during early fetal development, and from this
population, CD157-positive vascular endothelial stem cells emerge through reprogramming before birth. In
human induced pluripotent stem (iPS) cell differentiation systems as well, CD157-negative vascular
endothelial cells are initially generated, followed by the emergence of CD157-positive vascular endothelial
cells with higher immaturity and strong angiogenic potential.
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Our laboratory has made contributions to the understanding of
autoimmune skin diseases, with a particular focus on connective
tissue disease (especially dermatomyositis and systemic sclerosis),
psoriasis, vitiligo and the roles of B and T cells in immune
regulation. Our research combines clinical observation,
immunological investigation, genomic analysis and translational
medicine to elucidate disease mechanisms and identify
therapeutic targets. Recent work has highlighted effects of
cytokines inhibition on immune cells, site-specific characteristics
of vitiligo and genotype-phenotype correlation in TSC, a hereditary
disorder.

1. Possible Role of IL-23 Inhibition in Reduction of
Circulating IL-17A* CD103* Memory CD8 T Cells in
Psoriasis. Journal of Investigative Dermatology
(2025)

We explored how different biologics affect psoriasis-associated
memory T-cell populations in skin and blood, with a focus on IL-
17A-producing CD103* memory CD8 T cells. We analysed paired
lesional (L) skin, non-lesional (NL) skin, and peripheral blood
samples from 31 patients with psoriasis before and after treatment
with guselkumab (IL-23 inhibitor), secukinumab (IL-17A inhibitor),
or adalimumab (TNF inhibitor). We found that IL-17A* CD103*
CD8 resident memory T cells (TRM) were enriched in psoriatic L
skin and, to a lesser extent, in NL skin. Importantly, the proportion
of these cells in NL skin increased with longer disease duration,
suggesting gradual accumulation over time rather than simple
reflection of current disease severity. In blood, we identified
CD103* CD45RO* “ex-TRM” cells, a population thought to derive
from skin-resident memory T cells. Among circulating CD8 T cells,
the IL-17A-producing ex-TRM fraction was higher in patients with

psoriatic arthritis than in those with psoriasis alone, and this
population also tended to increase with disease duration.

A key finding was that IL-23 inhibition reduced IL-17A-
producing CD8 TRM in both L and NL skin and also decreased
circulating IL-17A* CD8 ex-TRM, whereas IL-17A inhibition did not
show the same effect. TNF inhibition showed a possible trend but
without clear statistical significance, likely because of the small
sample size. We therefore propose that IL-23 blockade may act
upstream by reducing pathogenic tissue-resident and skin-
derived memory CD8 T-cell populations, which could help explain
its potential role in limiting long-term disease persistence and
possibly psoriatic arthritis development.

2. The Proposed Categorization of Vitiligo Lesions on

the Hands Pigment Cell & Melanoma Research (2025)

Vitiligo is a common skin condition causing white patches.
Although hand lesions cause significant psychological distress,
clinical research remains limited. We analyzed hand lesions in 140
patients with non-segmental vitiligo and proposed a classification
system based on lesion distribution. Findings showed that hand
lesions were generally symmetrical, but the dominant hand was
often more severely affected, suggesting that mechanical stress
and the Koebner phenomenon play a role. Distal digits were
involved more frequently than proximal areas and tended to
worsen over time. While disease duration was the strongest
predictor of severity, smoking was linked to severe distal
involvement in younger patients. Cluster analysis identified four
distinct subtypes: focal/scattered, distal digit, universal, and
proximal digit. For instance, the focal/scattered type was common
in children, whereas the universal type appeared later and
responded poorly to treatment. This study highlights the



heterogeneity of hand vitiligo, suggesting that subtype-based
classification can improve personalized treatment strategies.

3. Genotype-phenotype correlation for skin and
neuropsychiatric features in tuberous sclerosis
complex The British journal of dermatology (2025)

Tuberous sclerosis complex (TSC) is an autosomal dominant
disorder caused by pathogenic variants in TSC1 and TSC2. TSC
manifests as diverse symptoms across multiple organ systems and
is frequently associated with neuropsychiatric symptoms. We
examined genotype-phenotype correlations in 230 TSC patients,
focusing on skin and neuropsychiatric symptoms. Results showed

Figure.

that facial angiofibromas and hypomelanotic macules, but not
shagreen patches, correlated with the severity of intellectual
disability, autism, and epilepsy. Age-stratified analysis indicated
that severe infant macules may predict future neuropsychiatric
issues, while severe neuropsychiatric disease often precedes
worsening angiofibromas in adults. Whole-exome sequencing of
163 patients found no specific loci for skin severity, yet variants
linked to severe neuropsychiatric phenotypes clustered in specific
TSC1 and TSC2 exons, including regions within and outside the
known Rap1-GAP domain. Integrating clinical and genetic data
could enhance prognosis and support early, individualized TSC
management.

Possible Role of IL-23 Inhibition in Reduction of Circulating IL-17A* CD103* Memory CD8 T Cells in Psoriasis.
IL-23 blockade reduces pathogenic skin-resident and skin-derived memory CD8 T cells, which may contribute to
long-term disease control and prevention of psoriasis arthritis.
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Our laboratory has advanced research aimed at elucidating the
mechanisms underlying tissue homeostasis and the pathogenesis
of inflammatory diseases, with a particular focus on innate
lymphoid cells. We have investigated how interactions between
non-immune cells and immune cells are regulated, and how
environmental cues and microbiota-derived signals shape
immune responses to support tissue defense and repair.

In recent years, we have focused on immune regulatory
mechanisms in barrier tissues such as the intestine lung and skin.
We have conducted integrated analyses to determine how the
gut microbiota and their metabolites influence immune cell
function and epithelial cell differentiation. In parallel, we have
extended these studies to chronic inflammatory conditions,
including allergic diseases and fibrosis, with the goal of defining
disease mechanisms and identifying new therapeutic strategies.
During this reporting period, as part of these efforts, we conducted
research on ulcerative colitis (UC).

UC is a chronic inflammatory disease of the colon, and current
therapeutic strategies primarily focus on suppressing inflammation
after disease onset. However, a subset of patients shows
insufficient responses to existing medications and ultimately
requires surgical intervention, which is associated with a marked
decline in quality of life. Epidemiological studies have consistently
demonstrated that appendectomy significantly reduces the risk of
developing UG, yet the biological basis underlying this protective
effect has remained unclear for decades.

To address this question, we established a murine model in
which the cecal tip, considered the functional analogue of the
human appendix, is surgically removed. Using this model, we

demonstrated that cecal tip resection confers robust resistance to
colitis across multiple experimental models. This protective effect
is not attributable to surgical manipulation itself, but rather
reflects remodeling of the intestinal environment. The cecum
harbors a distinct microbial community, and its removal led to
reproducible changes in the composition and functional output
of the colonic microbiota. These alterations were accompanied by
shifts in microbial metabolic profiles. Comprehensive metabolomic
analysis identified a specific microbiota-derived oxidized lipid
metabolite that was consistently increased following cecal
resection. This metabolite is generated by intestinal bacteria using
dietary omega-3 fatty acids as substrates. Importantly, its
production depends on the presence of the microbiota, indicating
that it arises from host-microbe interactions rather than host
metabolism alone.

Administration of this metabolite recapitulated the protective
effects of cecal resection, identifying it as a key effector of
microbiota-dependent disease regulation. Mechanistically, this
metabolite promoted differentiation of tuft cells in the intestinal
epithelium and enhanced IL-25 production, thereby activating
group 2 innate lymphoid cells (ILC2s) and inducing IL-13
production. The importance of this cascade was confirmed by the
observation that colitis suppression was altered in mice deficient
in tuft cells, IL-25, ILC2s, or IL-13. This pathway stimulated goblet
cell differentiation and mucus secretion, leading to the formation
of a robust barrier between the microbiota and the epithelial
layer. In other words, the barrier reinforced by cecal resection
limits epithelial exposure to luminal microbes and inflammatory
stimuli, thereby suppressing the initiation and progression of
inflammation. Oral administration of this metabolite significantly



ameliorated disease severity, as evidenced by reduced
inflammatory cell infiltration and improved tissue architecture,
reproducing the protective effect of cecal resection. Furthermore,
co-administration of this metabolite with the standard UC therapy
5-ASA resulted in greater suppression of colitis than either
treatment alone, indicating therapeutic synergy and potential
clinical applicability.

Figure.

Together, these findings reveal a previously unrecognized
mechanism by which cecal resection regulates colonic immunity
through microbiota-dependent metabolic signals. By linking
microbial metabolism to epithelial differentiation and immune
activation, this pathway provides newinsightintothe maintenance
of intestinal homeostasis and suggests potential avenues for the
development of novel therapeutic strategies.

Epithelial barrier reinforcement via the tuft cell-ILC2 axis mediated by microbiota-derived metabolism

following cecal resection.

Cecal resection alters the composition of the gut microbiota, leading to changes in the profile of microbiota-
derived metabolites generated through the breakdown of dietary components. These metabolites act on
the intestinal epithelium to promote tuft cell differentiation. Tuft cells produce IL-25, which activates ILC2s
and induces IL-13 production. IL-13, in turn, promotes goblet cell differentiation and mucus secretion,
thereby reinforcing the barrier between the microbiota and the epithelial layer and contributing to the

suppression of colitis.
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Our lab pursues multiple approaches for understanding human
immunology. The first is the use of single cell analysis of the
human immune cells in infectious disease and vaccine settings to
understand how these immune cells are disrupted during severe
disease. The second is the development of new computational
tools to accelerate single cell data analysis. These two approaches
are represented by our two main papers this year. Finally, we are
working on new in vitro models to allow more direct experimental
confirmation of cellular interactions and differentiation.

* Discovery and characterization of a new form of

T-follicular regulatory cells.

Tfollicular regulatory (Tfr) cells control antibody production but
the stages of their development in humans remained unclear. We
discovered a previously uncharacterized subset of precursor Tfr
cells (preTfr), comprising 30-50% of circulating Tfr in human
blood. These preTfr are characterized by CD45RA and CXCR5
expression and, when stimulated, up-regulate suppressive
molecules such as IL-1RA and show enhanced wound healing
capacity. Importantly, preTfr can be expanded in vitro while
retaining their suppressive capacity, suggesting they are primed
for differentiation into mature Tfr. In patients with severe
COVID-19 and bacterial sepsis, both preTfr and mature Tfr were
significantly reduced while conventional regulatory T cells
remained stable, indicating a distinct response pattern for Tfr
during severe infections. Critically, the reduction in preTfr
correlated with increased anti-interferon-gamma autoantibodies
and activated atypical B cells (Fig 1). In contrast, SARS-CoV-2
mRNA vaccination increased both preTfrand mature Tfrfrequency,
particularly after later doses, suggesting that preTfr participate in
well-regulated immune responses. These findings suggest that Tfr
are disrupted at the earliest stage of their formation during severe

disease, leading to dysregulated autoantibody production, and
identify preTfr as a potential therapeutic target. (Tulyeu et al,
Science Advances, 2025).

* Development of new computational tools for single
cell analysis.

We developed scODIN (Optimized Detection and Inference of
Names in scRNA-seq data), a new computational tool to automate
cell type identification in single-cell RNA sequencing data. scODIN
employs a tiered classification system that first identifies major
cell clusters automatically, then allows users to define more
granular subsets at different levels of detail (Fig 2). The tool also
detects cells with intermediate phenotypes through double
labelling and uses k-nearest neighbor inference to recover cells
affected by dropout events. scODIN can classify 650,000 cells in
just six minutes with high accuracy, significantly accelerating the
analysis of complex datasets in immunology and cancer research.
(Tulyeu et al, Journal of Immunology, 2025).

* Development of new in vitro models for immune cell
analysis.

We also followed up on our previous work on new in vitro
methods for measuring Treg suppressive activity (Sendergaard, et
al Nat Commun. 2025) with a protocols paper (Sendergaard et al,
Bio-Protocols, 2025). Our work on in vitro modelling of human cell
differentiation continues as typified by our recent preprint
detailing methods for induction of germinal center like B-cells
from blood derived cells (Priest et al, Research Square 2025). We
also extended our work identifying new B cell populations (Priest
et al, Nat Commun. 2024) by providing a unified identification and
sorting strategy for all B cells found in human blood (Priest and
Wing, International Immunology, 2026).



Figure 1.

Loss of preTfr during COVID-19 correlates with autoantibody production. (A) preTfr cells differentiate into
mature Tfr cells, which secrete IL-1RA to suppress plasma cell formation and antibody production. (B)
During severe COVID-19infection, preTfr cell frequencies decline over time while anti-cytokine autoantibody
levels increase, suggesting loss of preTfr contributes to dysregulated autoantibody production.

Figure 2.

scODIN (Optimized Detection and Inference of Names in scRNA-seq data) overview. a, Automatic top-level
cell type identification to identify major clusters (CD4 T cells, B cells, monocytes) for further phenotyping. b,
User-defined tier-based system identifies cells at different detail levels. c, Detection of accepted double
labels for cells with intermediate phenotypes or transitional states between cell types. d, k-nearest neighbor
(kNN) inference expands cell identification to recover cells affected by dropout.
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Our laboratory has established a single-cell analysis platform at
IFReC and serves as an NGS core facility. Building on our extensive
experience during the COVID-19 pandemic, where we analyzed
over 200 peripheral blood mononuclear cell (PBMC) samples as
part of Team Handai, our laboratory has expanded its single-cell
genomics investigations into two major infectious disease areas:
dengue virus infection and SARS-CoV-2 infection (COVID-19).
Through the application of single-cell RNA sequencing (scRNA-
seq) and related multi-omics technologies, we aim to uncover the
cellular and molecular mechanisms underlying severe infectious
diseases, with a particular emphasis on immune dysregulation
and host defense.

* Dengue Virus Infection and Inmune Pathogenesis:
Severe dengue remainsacause of life-threatening complications
of dengue virus (DENV) infection affecting millions worldwide,
with no specific treatments available. However, the mechanisms
driving vascular leakage and cytokine storm are poorly
understood. Using a lethal mouse model of dengue, our analysis
previously demonstrated that DENV infection induces selective
expansion of y& T cells in the small intestine, accompanied by a
systemic cytokine storm involving TNF-q, IL-17,and IL-6, ultimately
driving vascular leakage (Kurosu et al., PLoS Negl Trop Dis, 2023).
Building on these results, we used scRNA-seq to profile immune
populations in the mouse model, revealing distinct inflammatory
signatures across multiple immune cell populations during severe
dengue and identifying the specific cellular drivers of the cytokine
storm that underlie vascular pathology (Al Kadi et al., Life Sci
Alliance, 2025). Together, these results provide a detailed cellular
atlas of dengue-induced immune dysregulation and highlight
potential therapeutic targets for mitigating vascular leakage in

severe dengue (Figure 1). Interestingly, inflammatory stromal cells
also exhibited distinct, niche-specific transcriptional profiles that
potentially define the local immune landscape. We are now
applying spatial transcriptomics and other methods to map how
the physical organization of stromal-immune interactions
influences disease severity and outcomes.

¢ Single-Cell Dissection of Immune Responses in

COVID-19:

Our COVID-19 research program has yielded several discoveries
through single-cell approaches. First, we mapped the clonal
landscape of autoantibody-secreting plasmablasts in COVID-19
patients, identifying a novel public antibody clonotype, PA-N-
CoV1804, that reacts with both SARS-CoV-2 nucleocapsid protein
and self-antigens (Sakakibara et al., Life Sci Alliance, 2024). This
clonotype underwent de novo clonal expansion from naive B cells
following infection, providing new insights into the emergence of
autoimmune-associated antibody responses during acute
COVID-19. Second, we applied scRNA-seq combined with single-
cell immune repertoire analysis to comprehensively map natural
killer (NK) cell diversity in response to COVID-19 infection and
mRNA vaccination (Kishi et al., Sci Rep, 2025). This study revealed
dynamic shifts in NK cell subpopulations and functional states,
demonstrating distinct NK cell responses between natural
infection and vaccination. Third, we characterized neutrophil
gene expression profiles in COVID-19 patients with acute
respiratory distress syndrome (ARDS) using scRNA-seq (Ito et al.,
Front Immunol, 2025). Our analysis uncovered transcriptionally
distinct neutrophil subsets enriched in ARDS patients, including
with heightened

populations inflammatory and

immunosuppressive signatures, providing a granular view of



neutrophil heterogeneity in severe respiratory disease (Figure 2).

Together, these studies demonstrate the power of single-cell
genomics to reveal previously unrecognized immune cell
heterogeneity and molecular mechanisms underlying severe
infectious diseases. By integrating scRNA-seq with spatial
transcriptomics, immune repertoire profiling, and proteomics, our
laboratory has generated comprehensive cellular atlases of host
immune responses to dengue virus infection and COVID-19,

Figure 1.

which offer new insights into diagnostic biomarkers and
therapeutic targets. Our laboratory continues to develop and
apply novel sequencing technologies to bridge fundamental
immunology research with clinical applications. In parallel, we
maintain our role as the NGS core facility at IFReC, supporting
collaborative single-cell projects across multiple research groups
and clinical departments.

Single-cell genomics elucidate immune mechanisms driving cytokine storm in severe dengue.

Figure 2.

Single-cell genomics reveal diverse immune cell dynamics in COVID-19.
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We focus on cellular immunotherapy, particularly chimeric
antigen receptor (CAR) T-cell therapy for cancer. CAR T cells that
target CD19 or BCMA have shown great promise in treating B-cell
leukemia/lymphoma and multiple myeloma. We discovered that
an integrin's active conformer may serve as a therapeutic target
for multiple myeloma (MM), an incurable hematologic cancer
involving the accumulation of neoplastic plasma cells in the bone
marrow. Additionally, we identified R8H283, a monoclonal
antibody that binds to MM cells but not normal hematopoietic or
non-hematopoietic cells. R8H283 specifically recognizes CD98hc.
Although CD98 heterodimers are also expressed on normal
leukocytes, R8H283 does not react with them. Normal leukocytes
express CD98hc glycoforms that differ from those expressed by
MM cells, which may explain why R8H283 does not react with
them. R8H28-derived CAR T cells exerted significant anti-tumor
effects without harming normal hematopoietic cells. These
findings suggest that extensive screening of primary human
tumor samples may reveal cancer-specific conformational
epitopes in ubiquitous proteins that cannot be identified by
transcriptome or proteome analysis.

Identification of a novel target antigen for acute
myeloid leukemia relapsed after allogeneic
hematopoietic cell transplantation and development
of CAR-T and CAR NK cells targeting it

AML-specific target antigens are difficult to identify. Of 14,000
monoclonal antibodies (mAbs) raised against AML cells, KG2032
was identified as an mAb that binds specifically to AML cells in
approximately half of patients but not to normal leukocytes,
except B lymphocytes. KG2032 reacted with a subset of HLA-DRB1
molecules, specifically those in which the 86th amino acid was not

aspartic acid. KG2032 reacted minimally with non-hematopoietic
tissues. These results suggest that KG2032 reactivity is highly
specific to AML cells in patients with KG2032-reactive HLA-DRB1
alleles who received allogeneic hematopoietic cell transplantation
(allo-HCT) from a donor with nonreactive HLA-DRB1 alleles.
KG2032-derived CAR T or NK cells have shown significant anti-
leukemic activity, suggesting that they could potentially cure
many patients with AML who are currently incurable, even with
allo-HCT. We are preparing investigator-initiated clinical trials of
KG2032 CAR T and CAR NK cells.

Recently, we established a novel, high-affinity monoclonal
antibody (mAb) that recognizes CLL-1. CLL-1 is expressed on AML
stem cells, but not on normal hematopoietic stem cells. We
demonstrated that CAR T cells derived from the new anti-CLL-1
mAb exhibit a significant anti-leukemia effect in vivo. In
collaboration with various cancer treatment departments at
Osaka University Hospital, we have also developed CAR T and CAR
NK cells to target solid tumors, such as glioblastoma. Additionally,
we are focusing on developing cord blood-derived CAR NK cell
therapy and improving CAR NK cell production methods.



Figure 1.
New types of target antigens of CAR T cells.

Figure 2.

Anti-leukemia effect of KG2032 CAR T or CAR NK cells in mouse xenograft models.
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The goal of our research program is to elucidate how host—
microbe interactions influence human health and disease. We
focus on the role of commensal microbiota in shaping host
immunity and contributing to gastrointestinal diseases, including
inflammatory bowel disease (IBD) and colorectal cancer (CRQ). In
particular, we aim to understand how normally benign microbes
acquire pathogenic properties under disease conditions. A key
concept guiding our work is that certain commensal bacteria,
termed “pathobionts,” become enriched during inflammation
and drive disease progression. However, their identities and the
mechanisms underlying their pathogenicity remain incompletely
understood. To address this, we integrate microbiological,
genomic, and immunological approaches to identify disease-
associated pathobionts and define their functional roles.

We have identified several pathobionts associated with IBD and
are investigating how they adapt to the inflamed intestinal
environment. A major focus is microbial metabolic adaptation. We
demonstrated that adherent-invasive Escherichia coli (AIEC), a
representative IBD-associated pathobiont, undergoes metabolic
reprogramming that enables it to colonize the epithelial niche.
AIEC exploits host-derived nutrients, including amino acids
enriched within epithelial cells, to support its persistence under
inflammatory conditions. Our findings further show that AIEC
persistence is facilitated by interactions with other microbes. For
example, mucolytic bacteria such as Akkermansia muciniphila
degrade the protective mucus barrier, allowing AIEC to access and
colonize the epithelial surface. These results highlight the
importance of microbial cooperation in disease pathogenesis.

Based on these insights, we are developing strategies to selectively
target pathobiont-specific metabolic pathways to reduce
colonization and restore microbial balance in IBD.

We are also investigating the contribution of orally derived
pathobionts to gastrointestinal disease. We identified oral bacteria
capable of ectopic colonization in the gut, where they induce
inflammation and contribute to IBD and CRC. Our work has
uncovered adhesion mechanisms that enable these bacteria to
adapt to the gut mucosa. We are currently pursuing microbiome-
targeted approaches to eliminate these ectopically colonized
pathobionts. In addition, we demonstrated that immune cells
primed in the oral cavity can migrate to the gut and exacerbate
inflammation. We are further characterizing these migratory
immune populations and their roles in disease through the oral-
gut immune axis.

Finally, we are exploring the intergenerational impact of
microbiome dysbiosis. Our studies show that maternal oral
dysbiosis increases the risk of IBD in offspring through vertical
transmission of pathobionts. Early-life colonization of maternal
pathobionts establishes long-lasting immune alterations that
predispose individuals to exacerbate intestinal inflammation into
adulthood.

Together, our work provides mechanistic insight into how
pathobionts emerge, adapt, and contribute to disease, and
supports the development of targeted microbiome-based
therapies for IBD, CRC, and related disorders.



Figure.

Our goal is to unravel the complexities of human health and disease by investigating host-microbe

interactions.
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Our laboratory, established in November 2022, aims to elucidate
the molecular, immunological, and ecological mechanisms that
govern host-microbe interactions in inflammatory skin diseases,
with a particular focus on atopic dermatitis (AD). Our research
integrates two complementary axes: (1) early-life skin barrier and
microbiome dynamics that shape disease susceptibility, and (2)
evolutionary adaptation of Staphylococcus aureus under host and
environmental pressures.

A central focus of our work is the accessory gene regulator (Agr)
quorum sensing (QS) system in S. aureus, which coordinates
virulence gene expression in a cell-density-dependent manner.
We have demonstrated that Agr activity not only regulates toxin
production and colonization efficiency butalso critically influences
host immune responses. In particular, our previous studies
revealed that early-life colonization by S. aureus increases the risk
of AD development, whereas naturally occurring Agr-deficient
variants are enriched in individuals who remain disease-free.
These findings suggest that variation in QS function can shift host-
microbe interactions from pathogenic to commensal-like states.

Wefurtherinvestigated how early-life [MT1.1]skin environments
shape microbial community assembly and immune development.
In a prospective birth cohort, we identified that dysbiosis is already
evident in neonatal skin prior to clinical onset of AD[MT2.1],
characterized by an increased abundance of Streptococcus and a
decreased abundance of Cutibacterium acnes. Importantly, early
skincare interventions using moisturizers partially restored
microbial balance, indicating that the neonatal skin ecosystem is
both highly plastic and modifiable. Together, these findings
highlight a critical window in which environmental and microbial
factors converge to determine long-term disease risk.

Concurrently, we have expanded our investigation into the

evolutionary dynamics of S. aureus in clinical settings. Using
isolates from hospital outbreaks, we are examining how genomic
[MT3.1Imethylation, stress responses, and quorum sensing
interact to promote bacterial persistence. Our data suggest that
attenuation of Agrsignaling, together with epigenetic modulation,
generates “stealth” phenotypes that evade host immunity while
maintaining colonization. These studies provide a framework for
understanding how pathogens adapt to both host and hospital
environments.

In 2025, we initiated a new translational research direction
aimed at intervening in early-life immune programming. We
identified PARP14 as a key regulator of type 2-skewed immune
responses in neonatal skin. Using combined human cohort
analyses and mouse models, we found that transient
pharmacological inhibition of PARP14 during early life suppresses
the development of AD-like inflammation later in life. These
findings support a model in which early-life immune trajectories
can be reprogrammed through short-term intervention targeting
host-intrinsic pathways. A patent application has been filed based
on these results.

To accelerate clinical application, we have established
collaborative research programs with industry partners to develop
preventive strategies for inflammatory skin diseases. These efforts
focus on optimizing small-molecule inhibitors and evaluating
their efficacy and safety in preclinical systems. This academia-
industry integration is expected to enable the translation of
mechanistic insights into actionable therapeutic approaches,
particularly for early-life intervention in high-risk populations.

Looking forward, our goal is to integrate ecological and
evolutionary perspectives of the skin microbiome with host-
directed therapeutic strategies. By combining longitudinal human



data, multi-omics analyses, and mechanistic models, we aim to Ultimately, we seek to establish a new paradigm in which both
identify key determinants that govern the transition between microbial community dynamics and host immune programming
health and allergic or infectious diseases. We define early life as a can be modulated to prevent inflammatory diseases before their

controllable window in which host immunity and microbial
ecosystems can be jointly programmed to prevent disease.

Figure.

onset.

Early-life skin microbiota dynamics in the development of atopic dermatitis.
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Humans and animals possess remarkable capacities for self-
preservation. Survival throughout life depends on the coordinated
operation of two fundamental defensive systems: physiological
protection mediated by the immune system, and behavioral
protection mediated by the nervous system. Our research focuses
on the latter—namely, the processes of behavioral homeostasis
and how the brain governs actions that protect organisms from
potential harm and regulate safe recuperation during recovery
from infection or injury.

Although the mechanisms by which infection and injury alter
behavior remain only partially understood, we propose that
peripheral insults are transmitted to the brain through dedicated
pathways involving unmyelinated C-fibers, ascending via
brainstem and thalamic circuits to the hypothalamus and insular
cortex. These regions then coordinate adaptive physiological and
behavioral responses (Seymour et al., 2023).

We conceptualize this system within the framework of
engineering control systems. Such systems consist of sensory
pathways that detect bodily states, central control systems that
determine optimal responses, and effector pathways that
implement actions. We propose that the brain constructs an
internal “homeostatic map” of bodily state, which is continuously
updated through Bayesian-like inference processes (Mahajan et
al.,, 2025). More recently, we have extended this framework to
biomechanical contexts, modeling injury inference as a form of
fault detection arising from mismatches between predicted and
actual sensory consequences of movement (Mahajan et al., 2026).

An important extension of this idea comes from recent studies
of molecular motors. Single-molecule studies of myosin
demonstrate that biological systems can extract useful information
from microscopic Brownian fluctuations and convert positional

information into mechanical work. This resembles a Maxwell’s
demon-like principle, in which information is used to extract
useful work from stochastic fluctuations. In particular, myosin
selectively exploits functionally useful fluctuations embedded
within Brownian motion to achieve highly efficient conversion of
ATP energy into mechanical force . These findings suggest that
biological systems treat noise and stochastic fluctuations not
merely as errors, but as active computational resources.
Furthermore, living systems may employ information-processing
algorithms that are approximately one million times more energy-
efficient than current Al systems and digital computers. The basis
of this efficiency may lie in the selective extraction and integration
of functionally meaningful fluctuations from noisy dynamics
(Yanagida, et al, 2025) .

In our experimental work, we investigate how these control
systems are implemented in the brain. For example, in patients
with rheumatoid arthritis, we have shown that the insular cortex
plays a central role in hyper-protective (“anxious”) decision-
making and the generation of fatigue states (Mancini et al., 2025).
We have also demonstrated that altered functional connectivity
within descending pain-control pathways predicts pain and
fatigue in fibromyalgia, with these abnormalities tracing back to
the hypothalamus, highlighting its central role in behavioral
homeostasis (Kelleher et al., 2025).

Together, these findings suggest that brain-body regulation is
not simply a deterministic command system, but rather an
adaptive control architecture that actively utilizes fluctuations.
Biological systems appear to achieve extraordinary flexibility and
energy efficiency by selecting and integrating meaningful states
from stochastic dynamics. This perspective has implications not
only for novel treatments of pain and fatigue, but also for the



development of ultra-low-power Al and next-generation

neuroengineering technologies.

Currently, we are advancing the “EPIONE” program based at the
University of Oxford, while also pursuing complementary research
at the IFReC Institute of the University of Osaka. Through these
parallel research hubs, we are developing next-generation
therapeutic technologies, including invasive brain stimulation,
targeted drug delivery, and focused ultrasound systems. Looking
ahead, we aim to understand how the brain and immune system

Figure.

cooperate to regulate injury and inflammatory states, while also
uncovering the fundamental principles by which biological
systems achieve ultra-efficient control by selecting meaningful
information from Brownian-like fluctuations. This “information—
energy conversion” perspective may ultimately provide new
principles not only for treating pain and fatigue, but also for
designing future Al and neuroengineering systems inspired by

living organisms.

The figure shows functional and connectivity differences associated with pain and fatigue symptoms (FMI)
in the UK Biobank database. It highlights core regions associated with behavioural homeostasis and
descending pain control (DPMS). Key regions include the hypothalamus (hypo), periaqueductal grey (PAG),
amygdala (amyg) and the rostroventral medulla (RVM).
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During in vivo imaging, when a strong laser is irradiated locally
(laser ablation), the cells in that area undergo necrosis, releasing
(DAMPs),  which
inflammatory cells such as neutrophils. This method has been
reported as a quantitative approach for evaluating local tissue
inflammatory responses in skin and other tissues. In this study, we
established a liver imaging system to investigate the molecular

damage-associated  molecules attract

mechanisms regulating inflammatory responses in the liver,
performed laser ablation, and observed inflammatory responses.
As a result, we indeed observed neutrophil accumulation
following laser ablation; however, the results varied significantly
between experiments, with some showing prominent
accumulation and others showing little to no inflammatory cell
accumulation even when the same laser was applied. Initially, the
cause of this variability was unclear.

At that time, there were reports indicating that hepatocytes in
the portal vein (PV) region and the central vein (CV) region of the
liver have distinct functions. Based on this, we hypothesized that
local inflammation in the liver might also differ between the PV
and CV regions. To test this, we established an experimental
system that distinguishes between PV and CV regions and
performed laser ablation separately in each. As a result, we
discovered that while inflammation was induced in the CV region
in response to identical laser irradiation, less inflammation
occurred in the PV region [Figure 1]. This indicated that the initial
variability in our results was due to differences in the irradiated
regions. Furthermore, when macrophages (Kupffer cells) in the
liver were depleted by administering clodronate-encapsulated
liposomes, laser-induced inflammation was also observed in the
PV region, just as in the CV region [Figure 1]. These findings
suggest that macrophages with inflammation-suppressing

properties are uniquely present only in the PV region.

Next, we sought to identify the “immune-suppressive
macrophages present only in the PV region.” However, since the
PV and CV regions are intermingled within liver tissue, isolating
cells exclusively from the PV region was a physically extremely
challenging task. To address this, we combined in vivo imaging
with photoactivatable (PA)-GFP (a GFP that is off in its steady state
but turns on when exposed to light in the violet spectrum) to
establish a unique cell recovery method. By selectively
photoactivating PA-GFP in the PV and CV regions of the liver of
mice expressing PA-GFP throughout the body, we marked cells in
each region with GFP, recovered cells from the liver, and sorted
them based on GFP positivity, successfully recovering cells from
the PV and CV regions individually. As a result, it was revealed that
macrophages in the PV region, unlike those in the CV region,
highly express Marco, a scavenger receptor for DAMPs (which
them), and
immunosuppressive cytokine IL-10 (the immunosuppressive
macrophages in the PV region are referred to as MP2 (Macrophage
type 2) in this paper).

In this study, we further demonstrated that MP2 is dependent
on intestinal bacteria for its steady influx from the intestine to the
hepatic portal vein area, and identified Odoribacteraceae as a
bacterial species particularly prone to inducing MP2 production.
Furthermore, by disrupting MP2 function through Marco
deficiency, we demonstrated that inflammation is more easily
induced in the liver. Using mouse models and human clinical
samples, we also proved that MP2 levels are reduced in liver
inflammatory diseases such as metabolic dysfunction-associated
steatohepatitis (MASH) and primary sclerosing cholangitis (PSC).
The liver is exposed to a constant influx of “contaminants” such as

internalize  and inactivate secrete  the



intestinal bacteria, their components, and absorbed nutrients via cellular basis of this liver immune tolerance system. This finding

the portal vein from the intestines, creating a potentially suggests that disruption of this system may lead to the onset of
inflammatory environment. However, inflammation does not chronic inflammatory liver diseases, thereby highlighting its
typically occurin the liver, leading to the assumption that a unique significant medical implications [Figure 2].

“immune tolerance” system exists there. Our findings clarify the

Figure 1.
Variability in inflammatory response to laser ablation in the liver. (Left) Inflammation induced by laser
ablation. (Right) Significant inflammation (left) and mild inflammation (right) in response to the same

stimulus.

Figure 2.

The nature of immune tolerance in the liver and the significance of the “regulatory” innate immune system.
(Left) The liver requires an immune tolerance mechanism because blood containing intestinal bacteria,
nutrients, and other contaminants enters the liver via the portal vein from the intestines. (Right) The
accelerator and brake of the immune system. In the adaptive immune system, the TCR repertoire differs
between activated and suppressed cells, while in the innate immune system, the mechanisms are
distinguished by the sites where they act.
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Controlling Intramolecular Rotation with Five-
Membered Heterocycles Facilitates the Design of
Highly Cell-Permeable Xanthene-Based Fluorogenic
Probes

Fluorogenic probes are invaluable tools in biology and
medicine, offering high sensitivity and background-free imaging.
In recent years, significant advancements have been achieved in
the development of fluorogenic probes, which have been
successfully utilized across various fields including biosensor
development, drug screening, protein function monitoring, and
super-resolution imaging. Rhodamine spirolactone / spirolactam
fluorophores have become the most promising fluorogenic
probes based on the fluorescence switching by reversible
spirolactone / spirolactam ring-opening and -closing reaction.
However, achieving a high signal-to-noise ratio, target specificity,
and robust cell permeability in wash-free imaging remains a
significant challenge.

This study proposes a new design strategy for wash-free,
fluorogenic (“OFF/ON”) fluorophores engineered by incorporating
five-membered heterocycles such as furan or thiophene at
9-position of the xanthene core. This increases conformational
flexibility and facilitates intramolecular rotation in low-viscosity
media, producing a dark OFF state. The fluorophores become a
fluorescence ON state upon interaction with biomolecular targets
by hindering intramolecular rotation (Figure 1a). This approach
aims to avoid common spirolactone-based issues such as pH
sensitivity, limited membrane permeability (zwitterionic forms at
neutral pH), and aggregation/toxicity when hydrophobic ligands
are attached.

We initially synthesized a series of xanthene-based fluorophores
and evaluated their viscosity sensitivities. Some of the fluorophores

including a thiophene-tetramethylrhodamine (Th-TMR) core
showed large fluorogenic response in viscous media and stability
under reducing conditions. Next, fluorogenic protein-labeling
probes were synthesized by conjugating these fluorophores with
ligands for self-labeling tags. The HaloTag probe (Th-TMR-Halo)
showed strong fluorogenic activation with recombinant HaloTag
by 147-fold. Live-cell imaging in mammalian cells expressing
nuclear HaloTag yielded high fluorescence contrast in nuclei after
labeling the fluorogenic probes (Figure 1b). Th-TMR-Halo showed
the fluorescence signals within 10 min, with intracellular ti> = 9.6
min.The fluorescence signal was 7.8-fold brighter than commercial
TMR-Halo at the same concentration, attributed to improved cell
membrane permeability. The Th-TMR fluorophores also showed
fluorogenic response for other self-labeling protein tags such as
SNAP-tag and PYP-tag.

Th-TMR-Halo exhibited insufficient photostability during long-
term imaging, indicating a need for further improvement. Thus,
we synthesized a sulfonic-acid-linked Th-TMR-Acid fluorophore,
designated as Th-TMR-S-Acid, to enhance both photostability and
water solubility. The corresponding HaloTag probe Th-TMR-S-
Halo showed excellent fluorogenic response upon labeling to
target protein and photostability under continuous illumination.
This property enabled no-wash super-resolution imaging of
tubulin network in both live and fixed cells. Using endothelial
reticulum (ER)-expressing HaloTag and Th-TMR-S-Halo in HEK293T
cells, stress-induced ER whorl formation was monitored in live
cells. The time-lapse images visualized the dynamic formation of
ER whorls, demonstrating a clear benefit of our probe for
monitoring protein dynamics of target protein in live cell imaging.

To expand the applicability of our design, we developed BRD4-
and epidermal growth factor receptor (EGFR)-targeting probes by



conjugating our fluorophores with non-covalent ligands such as
JQ1 and gefitinib/erlotinib inhibitors. BRD4 involved in gene
regulation through recognition of acetylated histones and is a
promising therapeutic target in cancer and inflammatory diseases.
On the other hand, EGFR overexpression is found in many cancer
cells. The EGFR-targeting probe (Gefi-T) exhibited strong
fluorescence in A431 cells with high levels of EGFR expression
(Figure 1c). In contrast, a minimum fluorescence signal was
observed in HEK293T cells with little expression of EGFR. These

Figure.

results demonstrate the effectiveness of the EGFR-targeting
fluorogenic probes for detecting EGFR overexpression.

This work presents a versatile design strategy that leverages the
controlled intramolecular rotation of furan/thiophene rings to
create innovative OFF/ON fluorogenic probes, offering a robust
platform for selective, wash-free live-cell imaging of diverse
cellular targets. Overall, our approach expands the molecular
toolkit for biomolecule detection in live cells and paves the way
for future applications in biological and medical research.

(a) Schematic representation of the OFF—ON-based fluorogenic response through ring rotation restriction
upon that occurs when the fluorophore attached to a protein-targeting unit interacts with the target
protein. (b) Live-cell confocal fluorescence images of MCF7 cells expressing the Halo-NLS gene or non-
transfected cells with 500 nM Th-TMR-Halo. Scale bar: 10 um. (c) Live-cell imaging of endogenous EGFR with
5 UM Gefi-T on EGFR-overexpressing A431 and control HEK293T cells. Scale bar: 30 pm.
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Our research focuses on uncovering novel mechanisms that
regulate lymphocyte migration and elucidating their physiological
and pathological significance. In our previous work, we
demonstrated that adrenergic neuronal input to the p2-
adrenergic receptor expressed on lymphocytes enhances the
responsiveness of specific chemokine receptors and inhibits
lymphocyte egress from lymph nodes (Nakai et al., J. Exp. Med.
2014). This mechanism was shown to drive diurnal variations in
lymphocyte numbers within lymph nodes and, consequently,
modulate the magnitude of adaptive immune responses in
synchrony with the circadian oscillation of adrenergic neuron
activity (Suzuki et al., J. Exp. Med. 2016). These findings provided
key insights into the molecular basis of neuroimmune interactions.

In the course of exploring the mechanism underlying the
crosstalk between the PB2-adrenergic receptor and chemokine
receptors, we identified a protein complex composed of copper
metabolism MURR1 domain-containing proteins COMMD3 and
COMMDS8 (the COMMD3/8 complex) as a positive regulator of
chemokine receptor signaling. Our study revealed that the
COMMD3/8 complex plays an essential role in the migration of B
cells and the induction of humoral immune responses (Nakai et al.,
J. Exp. Med. 2019). However, the contribution of the COMMD3/8
complex to the pathogenesis of immunological disorders
remained unclear.

Given the importance of the COMMD3/8 complex in humoral
immunity, we investigated its involvement in collagen-induced
arthritis, a B cell-dependent mouse model of rheumatoid arthritis.
Conditional deficiency of the COMMD3/8 complex at the onset of
disease attenuated arthritis progression, which was associated

with a diminished humoral immune response to collagen. These
results indicated that the COMMD3/8 complex contributes to the
pathogenesis of collagen-induced arthritis (Shirai et al., Sci.
Immunol. 2023).

Prompted by these findings, we conducted a chemical screen
to identify inhibitors of the COMMD3/8 complex that might serve
as therapeutic agents for autoimmune diseases. As the function of
the complex depends on the physical interaction between
COMMD3 and COMMDS, we searched for compounds that disrupt
this interaction. Screening a chemical library enriched in natural
products led to the identification of celastrol as the most potent
compound (Figure). Celastrol, a bioactive molecule derived from
the medicinal herb Tripterygium wilfordii, possesses known anti-
inflammatory properties, though its mechanism of action had
remained poorly understood. Our results demonstrated that
celastrol disrupts the COMMD3/8 complex in both live cells and in
its purified form, indicating that the compound directly targets
the complex. Using site-directed mutagenesis, molecular
dynamics simulations, and liquid chromatography-tandem mass
spectrometry, we revealed that celastrol covalently binds to
cysteine 170 (C170) of COMMDS3, leading to dissociation of the
complex (Shirai et al., Sci. Inmunol. 2023).

We next investigated whether celastrol mimics the functional
effects of COMMD3/8 complex deficiency. Celastrol inhibited B
cell chemotaxis both in vitro and in vivo, and suppressed antibody
responses by reducing the formation of germinal center B cells
and plasma cells. Notably, celastrol treatment initiated at the
onset of collagen-induced arthritis effectively prevented disease
progression. These findings demonstrated that celastrol



phenocopies COMMD3/8 complex deficiency, suggesting that the
complex is a functional target of celastrol in humoral immunity
and autoimmunity.

To further validate this mechanism, we generated a knock-in
mouse strain expressing a COMMD3 mutant (C170A) that is
resistant to celastrol while retaining its biological function. B cells
isolated from Commd3<'7°* mice were fully resistant to celastrol-
mediated inhibition of chemotaxis. Moreover, celastrol treatment
failed to suppress humoral immune responses and collagen-
induced arthritis in these mice. These results confirmed that the
COMMD3/8 complex is a principal target of celastrol (Shirai et al.,

Figure.

Sci. Immunol. 2023).

Our study highlights the involvement of the COMMD3/8
complex in the progression of antibody-mediated autoimmune
disease. However, the precise point at which this complex acts in
the pathogenesis of autoimmunity remains to be clarified.
Additionally, as most of our findings were derived from murine
models, the relevance of the COMMD3/8 complex to human
autoimmune diseases has yet to be established. Future studies
willaddress these challenges and aim to develop novel therapeutic
strategies targeting the COMMD3/8 complex in immune-
mediated disorders.

Functional characterization of the COMMD3/8 complex.

Our study identified the COMMD3/8 complex as a positive regulator of chemoattractant receptors.
Functional analyses revealed that it plays an important role in B cell migration and humoral immune
responses. Furthermore, we demonstrated the involvement of the COMMD3/8 complex in the pathogenesis
of autoimmune diseases and identified celastrol as a potent inhibitor of this complex.
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The Biophotonics laboratory develops tools for label-free
analysis of single cells. Single-cell analysis is a popular target for a
variety of research fields, usually pursued by labeling surface
markers, by introducing fluorescent dyes into the cell, or by
invasive, yet comprehensive, techniques such as single cell RNA
sequencing. In contrast, our tools are based on label-free optical
methods, which aim to produce some of the same discriminatory
capability as the more invasive methods. Additionally, label-free
methods are based on endogenous contrasts of the cell, and can
also find novel features that can be used to discriminate between
cell phenotypes or cell states.

One of our projects dealt with lipid nanoparticles (LNPs), which
have become one of the most consequential drug delivery devices
recently, and their role in COVID-19 mRNA vaccines shows that
getting biologically active cargo into cells efficiently is a key
challenge that needs to be overcome for a wide range of
applications. Typically less than 3.5% of RNA cargo escapes the
endosome into the cytosol. Non-lamellar LLCNPs can potentially
bypass this bottleneck by membrane fusion, but quantification of
cellular uptake is essential. We solved this using Raman imaging,
where the LNP uptake could be measured, independent of the
fluorescent probes used in orthogonal fluorescence imaging and
flow cytometry experiments. This was important because
conclusions regarding uptake based only on labeled particles are
subject to confounding effects where the label itself can modify
uptake behavior. We performed Raman hyperspectral imaging of
CHO cells incubated with each of the four LLCNP formulations for
6 hours at 532 nm excitation. Two components were diagnostic:
one tracking general cellular content, and one tracking lipid-
based molecules corresponding to the nanoparticles themselves.

We then thresholded the score images to isolate cell regions and
lipid-rich regions, and computed the ratio of integrated lipid
signal to integrated cell signal for each condition (Figure 1 A, B).
The results confirm the flow cytometry finding independently:
non-lamellar LLCNPs, particularly cubosomes, accumulate in cells
at substantially higher levels than liposomes. Because our
measurement was label-free, it also demonstrated that the
fluorescent tag used elsewhere in the study was not driving the
observed uptake differences. We additionally verified via PCA that
the uptake pattern in this case was essentially unchanged with or
without serum, ruling out a protein corona artifact in CHO cells.
The same approach can be used to determine how surface factors
affect LNP or LNP-based vaccine uptake.

We also completed a project with our collaborators in
Melbourne, which is focused on evaluating how micro- and
nanoplastics (MNPs) interact with the immune system. MNPs are
widely recognized as a global environmental and human health
concern due to their ubiquity and persistence. A major problem in
studying the downstream effects of MNP exposure is that most
published work uses commercially manufactured polystyrene
beads of uniform size and shape, which helps with experimental
repeatability, but at the cost of being significantly different from
real-world environmental MNPs in terms of chemistry, shape,
texture, size, as well as the degree of homogeneity in the
distributions. This makes it very difficult to extrapolate findings
related to the effects of the particles in the studies to actual
exposure scenarios. A key question was whether aging of
polyethylene terephthalate (PET), polyamide 6 (Nylon), and
polyacrylonitrile (PAN) resulted in chemical changes at the particle
surface, or only physical fragmentation. We addressed this using



Raman microscopy, which is used in MNP research for polymer
identification but can also report on oxidative surface
modifications. We recorded Raman images of each polymer
before and after aging with triplicate images per sample and
multiple particles per image. The results showed that aging
increased autofluorescence backgrounds substantially in PET and
PAN, with a dome-shaped baseline dominating the PAN spectrum
after treatment and nearly eclipsing the 2239 cm™' nitrile band.
Nylon showed a smaller but still measurable baseline elevation.
Together with the LDIR, zeta potential, and autofluorescence data,
this shows that such processing is important and results in
significantly different chemistry, so that studies on the health
effects of microplastics must take into account such environmental

Figure.

effects; claims of toxicity and immune activation should be
considered in the context of how closely the experimental
samples match real world particles. We are continuing to work on
this important topic.

We also published findings on non-invasive discrimination of
regulatory T cells, cryo-Raman and cryo-fluorescence imaging,
and high-throughput Raman imaging. We continued to work with
our collaborators towards quantifying lipid uptake and diffusion
in a range of cellular and tissue targets, including human studies,
and comprehensive elucidation of lipid nanoparticle uptake in
mRNA vaccines in different types of cells.

Recent results using Raman microscopy, analysis of lipid uptake and microplastics. Starting from the top-left, MCR-ALS images generated from
Raman microscopy compare the uptake of different lipid nanoparticles suitable for drug delivery at 6 h incubation. A) False color images of MCR-ALS
components representing the cell (green) and lipid-rich regions (red). B) The lipid uptake was quantified by integrating the intensities from the lipid-
rich regions and dividing by total cell area (see Experimental Section for details), showing the increase in lipid content for the non-lamellar lipid
nanoparticles relative to liposomes. Panels C-F show the influence of aging on particle charge and spectral properties. (C) Zeta potential shows
surface chemistry change induced by aging (APAS) of polyethylene terephthalate (PET), polyamide 6 (Nylon), and polyacrylonitrile (PAN) powdered
plastics before, and after 4 and 12 weeks as measured by DLS. (D) Autofluorescence of plastics before and after 4 weeks of APAS measured by
imaging flow cytometry. Ch07 excitation 405nm laser, emission filter 435-505nm. Ch02 excitation 488nm laser, emission filter 480-560nm. Ch11
excitation 405nm and 642nm laser, emission filter 642-745nm. (E) For comparison, average Raman spectra of PET, Nylon, and PAN particles at day 0
(black) or at day 21 (blue) of APAS. Raman intensity scales for day 0 samples are shown in black on the left-hand axis and Raman intensity scales for
day 21 samples are shown in blue on the right-hand axis. Number of spectra included in the averages: Nylon day 0 n=35344; Nylon day 21 n=33488;
PAN day 0 n=50072; PAN day 21 n=52551; PET day 0 n=34706; PET day 21 n=37403. (D) Average LDIR spectra of PET, Nylon, and PAN particles at day

0 (black) or at day 21 (red) of APAS..
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Systems Immunology

Overview. Research in the Systems Immunology Lab aims to
understand how immune responses are encoded and expressed
at the molecular and system levels. For adaptive immune
responses, we treat BCR and TCR repertoires as functional readouts
of in vivo immune selection. The central question is not simply
how to analyze repertoire data, but what these data reveal about
antigen recognition, immune convergence, and disease-
associated immune responses. To address these questions, we
have developed computational approaches that infer antigen-
binding properties from receptor sequence data and connect
molecular-level features of receptors with donor-level phenotypes
such as disease status and treatment response. In parallel, we
have continued to support experimental studies through
structural modeling and have begun expanding into experimental
validation, including cryo-EM.

1. Analysis of BCR and TCR repertoires

Paratope-based representation ofimmune specificity.

A longstanding challenge in adaptive immunity is that
individuals responding to the same antigen often show little or no
overlap at the clonotype level, making shared immune responses
across patients difficult to identify. We hypothesized that this
apparent lack of overlap reflects the level at which similarity is
measured, and that convergence is more readily detectable at the
level of antigen-binding surfaces than lineage. To test this, we
developed a paratope-based representation in which each
receptor is described by its antigen-contacting regions (Davila A.
et al 2022; Xu Z. et al 2024). Structural analyses indicate that
antigen contacts are distributed rather evenly across multiple
CDRs, supporting this representation. This allows each receptor to
be treated as a functional unit whose similarity can be assessed
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using standard protein sequence analysis methods. This approach
shifts the focus from lineage relationships to functional similarity
and enables biologically meaningful comparisons across
individuals.

Empirically, paratope-based clustering vyields groups that
closely reflect antigen and epitope specificity. In a controlled
benchmark using diphtheria-tetanus-pertussis (DTP) vaccinated
donors (Figure 1A), clustering based on paratope sequences was
experimentally assessed (Saputri D. et al, 2023). FACS-based
determination of B cell targets initially suggested cluster purity of
only 82%; however, subsequent ELISA-based assessment showed
the actual purity was 96% (Figure 1B). Furthermore, neutralizing
antibodies clustered together (Figure 1C-E), indicating that
paratope clusters group antibodies by epitope. We are now
exploring whether these findings can support development of a
simplified whooping cough vaccine candidate based on a single
immunogenic pertussis toxin subunit, which could potentially
reduce manufacturing complexity relative to multi-component
formulations.

Building on these results, we have developed general purpose
bioinformatics tools for clustering, searching, and classifying BCRs
and TCRs based on their paratopes. These methods compare
favorably to conventional approaches. For example, given the
task of determining whether two antibodies target the same
antigen and epitope, our paratope-based classifier exhibited a
ROC AUC of 0.96, much higher than conventional clonotype-
based classifiers (0.89).

2. From molecular features to donor-level phenotypes
Diagnostic modeling.
A long-term goal of the lab is to leverage molecular-level BCR/



TCR repertoire analysis for disease detection. Our first efforts
focused on binary classification (healthy vs. disease) using publicly
available data. This analysis clearly showed that paratope-derived
features improved disease classification across infection,
autoimmunity, and cancer compared with clonotype-based
features, while revealing potential cancer-targeting T cells in the
PBMCs of healthy donors (Xu, Z. et al, 2024). Building on this work,
and incorporating a more scalable paratope embedding method,
we developed a multi-disease classifier. In retrospective public-
data benchmarks, this classifier achieved very high accuracy
across 15 conditions using TCR information alone, although
prospective multi-site validation will be essential to establish
clinical robustness (Figure 2A). Encouragingly, our classifier
exhibited favorable performance compared to Stanford
University's Mal-ID disease classifier (Figure 2B). Such Diagnostic
Al methods have the potential to transform disease screening by
extracting high-dimensional, actionable information from a single

blood test.

Stratification modeling.

Immunotherapy has revolutionized both oncology and
autoimmunity treatment, but even the best interventions are
effective only in a subset of patients. To address this gap, we
examined prediction of treatment outcomes from repertoire data.
In rheumatoid arthritis, we cleanly separated Rituximab
responders and non-responders based on pre-treatment BCR
repertoire data (Figure 3A); notably, these BCR features could
almost entirely be attributed to anti-citrullinated protein
antibodies (ACPAs), implying a solid scientific foundation for the
features. We also examined TCR repertoires of HNSCC patients
before combined PD-1/CTLA4 treatment and again separated
responders from non-responders (Figure 3B). In this case, TCRs
sharing paratopes with tumor-infiltrating lymphocytes (TILs) were
the major driver of response prediction, again suggesting the
features have a clear scientific foundation.

Antigen purity of BCR paratope clusters using diphtheria tetanus pertussis (DTP) vaccinated donors.
A, Donors were vaccinated and their resulting BCR repertoires analyzed by paratope clustering. B, Initial
FACS-based antigen and subsequent ELISA-based validation. Neutralization assays for diphtheria (C)

tetanus (D) and pertussis (E).

Multi-disease prediction from paratope-based TCR features.

A, Analysis of 1450 donors covering 14 diseases in addition to a diverse healthy cohort. B, head-
to-head comparison with Mal-ID on their 6-class (HIV, influenza, COVID-19, SLE, T1D and

healthy) dataset.
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Statistical Immunology

1. Goal of Our Laboratory

Our laboratory is dedicated to uncovering how individual
genetic differences contribute to the risk of immune-related
diseases. By leveraging large-scale human genomic and multi-
omics datasets, we develop innovative statistical and
computational frameworks to identify causal genetic factors. This
approach—situated within the emerging field of statistical
immunology—bridges bioinformatics, and
immunology to provide new insights into disease mechanisms.

genomics,

Ultimately, our goal is to guide precision medicine for complex
immune disorders.

2. Projecting Human Genetics and Somatic Mutations
into Single Cells.

We present the Osaka Atlas of Immune Cells (OASIS), a multi-
layer, single-cell immune atlas built from 235 Japanese
participants, including healthy donors and patients with
COVID-19. We integrated single-cell transcriptomic and V(D))
profiling of more than 1.5 million high-quality peripheral blood
mononuclear cells with host genome sequencing, plasma
proteomics, and gut metagenomics to map how genetic,
environmental, and somatic factors shape immune-cell states. We
identified thousands of cell-type- and state-specific expression
quantitative trait loci, showing that dense single-cell sampling can
provide strong power even in a moderate-sized cohort and that
non-European datasets capture regulatory effects not fully
represented in European resources. We also linked HLA and
genome-wide variants to T and B cell receptor repertoires,
improved interpretation of disease-associated GWAS signals
through colocalization, and revealed context-specific effects of
polygenic risk on gene and protein expression. In addition, we
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projected somatic events, including mosaic chromosomal
alterations, loss of Y chromosome, and mitochondrial DNA
heteroplasmy, onto individual immune cells, uncovering
mutation-associated immune phenotypes. Overall, OASIS
provides a diverse, high-resolution resource for understanding
state-dependent immune regulation and the molecular basis of
complex human traits, supporting more equitable genomic
discovery across populations and disease contexts.

3. Germline and Somatic Divergence of Human Y
Chromosomes Impact Immune Profiles.

We investigated how germline and somatic variation on the Y
chromosome contributes to male-specific genetic regulation and
type 2 diabetes (T2D). We profiled Y-chromosome haplogroups
and mosaic loss of the Y chromosome (LOY) in 122,683 East Asian
males from BioBank Japan and 181,472 European males from the
UK Biobank, and performed phenome-wide analyses across 90
traits. We found that Y-chromosome haplogroups showed
population-specific associations with complex traits, including
pleiotropic effects of the Japanese-specific haplogroup D on
height and T2D. We also observed ancestry-dependent effects of
LOY on T2D risk: LOY increased T2D risk in East Asians but was
associated with reduced risk in Europeans. In East Asians, LOY
particularly contributed to incident T2D among males with lower
polygenic risk scores, suggesting that somatic Y-chromosome loss
can explain disease susceptibility beyond inherited autosomal
and sex-chromosome variation. By incorporating Y haplogroups
and LOY status, we improved polygenic prediction of T2D risk.
Finally, single-cell analyses revealed tissue- and cell-type-specific
LOY accumulation, including enrichment in pancreatic B cells,
where LOY may impair glucose metabolism. Overall, our study



highlights the clinical relevance of Y-chromosome variation for
understanding, predicting, and managing T2D risk across
populations.

4. Gene-Environmental Interaction Catalog.

We constructed a cross-population compendium of gene-
environment interactions to clarify how environmental exposures
modify genetic effects on human traits. We analyzed 440,210
individuals from European and Japanese populations, with
replication in 539,794 individuals from diverse cohorts. By testing
interactions between genome-wide variants and environmental
factors, including age, sex, smoking, alcohol consumption, diet,
and physical activity, we identified widespread gene-environment
effects across biomarkers and diseases. We showed that these
interactions contribute to missing heritability, reveal context-
dependent trait relationships, and systematically influence
polygenic prediction accuracy and its portability across

populations. In Japanese cohorts, we observed prominent
pleiotropic interactions at the East Asian-specific ALDH2 locus,
highlighting the importance of non-European datasets for
capturing population-specific biology. Cross-population analyses
further demonstrated both shared and ancestry- or environment-
specific interaction patterns. We decomposed the environmental
contributors underlying these signals and found examples
consistent with lifestyle effects and reverse causality from disease-
related behavioral changes. We also projected genetic effects
onto single-cell and multi-omics data, revealing age-dependent
shifts in regulatory pathways, cell types, and sex-discordant
effects in lipid metabolism relevant to drug development. Overall,
our study provides a scalable framework and resource for
interpreting  dynamic  genetic  architecture, improving
personalized risk prediction, and informing precision medicine
across populations.

Overview of Osaka Atlas of Immune Cells (OASIS).
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Our group integrates computational and single cell genomics
techniques to understand the immune system. We develop
computational methods to analyze single cell data. We integrate
experimental  data,
accessibility, protein expression, immune repertoire, and spatial

including  transcriptome, chromatin
genomics, with publicly available information into network
models of immune regulation. We apply this framework to study
gene regulatory networks controlling immune cell development

and function.

Development of computational methods

+ Animportant problem in single cell genomics is how to combine
different datasets while correcting for batch effects. A key focus
is on preserving the original cell population structure while not
introducing bias. We developed Canek, a method that leverages
a fuzzy logic framework to perform efficient batch correction on
replicated experiments without bias.

Another problem is the identification of marker genes. In
collaboration with Alexis Vandenbon at Kyoto University, we
developed singleCellHaystack, a method to efficiently identify
differentially active features (i.e., changes in genes, proteins,
chromatin accessibility, etc.) from single cell and spatial
genomics data in datasets with millions of cells.

Protein expression levels are classically used to define and
identify cell populations. CITE-seq and other genomics methods
use barcoded antibodies to simultaneously measure RNA and
protein expression at single cell resolution. Because barcoded
antibodies are expensive most single cell datasets do not
measure proteins. In collaboration with the Human Immunology

(Single Cell Genomics) laboratory, we are developing R2PVI, a
method that combines probabilistic modeling and deep
learning to predict protein expression from RNA expression
levels using publicly available CITE-seq data.

Mathematical modeling

The large number of cells obtained in single cell genomics
experiments opens the door to approaches that study the immune
system using mathematical modeling and machine learning.
Transcriptional regulatory networks are critical determinants of
cell identity and function. We use machine learning to model
immune transcriptional regulatory networks. Using the expression
level of the regulators as a proxy for their activities we apply these
methods to study how transcriptional networks change during
immune cell differentiation and disease.

Applications to immunology

Using single cell transcriptomics, protein expression, immune
repertoire, and chromatin accessibility we study the differentiation
of T cells in the thymus of BALBc and C57BL6 mice. Integration of
different datasets with different modalities enables us to
understand how changes in regulatory networks during
development effect T cell specification. In a clinical setting, we
apply single cell genomics (transcriptome, protein expression and
immune repertoire) of PBMCs and tonsils to get insight into IgA
nephropathy onset and therapies. We use single nuclei multiome
(transcriptome and chromatin accessibility) to study sex
differences in immune responses to vaccination.



Figure.

Single cell genomics identifies differentiation pathways of developing thymocytes.
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% International Symposium on Advanced Inmunology 2026
The 15" International Symposium of IFReC

This symposium was co-hosted by ©Senri Life Science Foundation and IFReC.
World-leading scientists gathered at this two-day symposium to present lectures
highlighting recent achievements in basic research in microbiology and immunology.
On the first day, Professor Shimon Sakaguchi of IFReC, a 2025 Nobel Laureate,
delivered a lecture. In addition to well-established scientists, promising early-career
researchers also gave presentations, particularly for the second day of the symposium.

P Date: February 5-6, 2026

P> Venue: Yuichi Yamamura Commemorative Life Hall,
the 5 floor at the Senri Life Science Center, Osaka, Japan




Tadamitsu Kishimoto
(IFReC)

James Di Santo
(Institut Pasteur, France)

Kenneth Murphy
(Washington University in St. Louis, USA)

Miriam Merad
(Icahn School of Medicine at Mount Sinai, USA)

Diane Mathis
(Harvard University, USA)

Shimon Sakaguchi
(IFReC)

‘Interleukin 6; from its discovery to clinical application Past, Present and
Future’

‘Treatment of immunological diseases by converting disease-mediating
T cells into Tregs’

Christophe Benoist
(Harvard University, USA)

Shunsuke Mori
(IFReC)

Kazuki Nagashima
(Harvard University, USA)

Caterina Faliti
(Emory University, USA)

Ryuya Edahiro
(IFReC)

Akiko Oguchi
(RIKEN/ Kyoto University, Japan)

Hiutung Chu
(University of California San Diego, USA)

Fiona Powrie
(The University of Oxford, UK)

Kiyoshi Takeda
(IFReC)

‘ImmgenT’
‘Discrimination of Self and Neoself Antigens by T Cells in Immune
Homeostasis’

‘Mapping the T cell repertoire to a model system of the human gut
microbiome’

‘Mapping B Cell Tolerance Breakdown in Lymph Nodes of Lupus
Patients’

‘Integrative projection of multi-layer omics data into the single-cell
immune landscape’

‘Identification of microbiota-derived metabolite and T cell subset
implicated in the pathogenesis of Crohn’s disease’
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% The first KAIST/ Yonsei University-OU IFReC
Joint Symposium Bridging Immunology for the New
Frontiers

P Date: May 16, 2025
P> Venue: Taniguchi Memorial Hall, The University of Osaka

Speakers

Sang-Jun Ha (Yonsei University) Hisashi Arase
©JunYoungHong (Yonsei University) ~ Watarulse
 You-Mekim (KAIST) Syinkang
 Kihyuck Kwak (Yonsei University) ~ YumiMatsuoka

Ho-Keun Kwon (Yonsei University) Kazuyo Moro
 JeongSeoklee (KAIST) | Kazuhiro Suzuki
 Seung-Hyolee(KAIST) | KiyoshiTakeda
JiEwnOh(KAIST) MasahiroYamamoto

Eui-Cheol Shin (KAIST) Sho Yamasaki




% IFReC and IIT Co-host fourth Symposium on
Immunology

P> Date: June 20-22, 2025
P> Venue: UCL Pears Building, London, UK

Speakers
Meryl Attrill Hisashi Arase
 UrsuleDemael Airilshibashi
. MarianaDiniz Yangsing
 GeorgeFinney AyumiKuratani
. ClaudiaMawri YumiMatsuoka
. MaddyNousadeghi | ReoMorimoto
PeterThomas | DavidPriest
LucyWalker Shimon Sakaguchi
 Alanzhuang BarboraSaleman
 KyioshiTakeda
 JamesBadgerWing
. MasahiroYamamoto

SOIMAIPDY YoeaINQ )P SJUSAT —— |

73



% ImmunoSensation?- IFReC Joint Workshop

p> Date: December 8, 2025
P> Venue: Taniguchi Memorial Hall, The University of Osaka

Speakers
Zeinab Abdullah Hisashi Arase

 RaykBehrendt  Waarulse
 GuntherHartmann | Masarulshii
Christiankurts NobuhikoKamada
CEiaMass  YumiMatsuoka
 KatrinPaeschke 1 KazuyoMoro
 Anne-KatrinProbstel DaronStandley
 AndreasSchlizer 1 Kazuhiro Suzuki

. KiyoshiTakeda

 JamesBadgerWing

Sho Yamasaki




% The fourth InmunoSensation?- IFReC
International School on Advanced Immunology

The fourth International School on Advanced Immunology was held in Germany. Fifteen leading immunologists were invited
as lecturers, and 50 exceptional participants were selected from 150 applicants. The cutting-edge research presented by the
participants and the active exchanges that promoted interaction among them were highly praised by both lecturers and
participants.

P Date: September 14-19, 2025

P> Venue: Seehotel Maria Laach, Germany

Philipp Beckhove (Leibniz Institute for Inmunotherapy, Germany)

Masahiro Yamamoto (IFReC)
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% Outreach Activities

In 2025, we have organized various outreach events. An interaction with the general public is a good stimulus for researchers.

We think an approaching to high school students and high school teachers is especially important for the future development of
science and technology.

The 14" WPI Science Symposium
“NEW SCIENTIFIC EYES FOR CHANGING THE FUTURE”

P> Date: November 15, 2025
P> Venue : Tsukuba International Congress Center, Ibaraki
P> Organizers : WPI-QUP and WPI institutions.

Life Science Seminar for high school students

P Date: August 8, 2025

P> Venue:  The University of Osaka and The Nippon Foundation Center
for Infectious Diseases

P> Speakers : Michiko Kodama (Graduate School of Medicine, Univ. Osaka)
Kentaro Terada (Graduate School of Science, Univ. Osaka)
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Exploring Research at WPI: Guide for Super Science High School students
and educators

P> July 19, 2025@Meijo University, Nagoya
P> December 26, 2025@0kazaki Conference Center, Aichi

Science Café at the Nakanoshima Festival “Cell Death and Immunity”

P> Date: November 30, 2025
P> Venue: Lecture Hall A, The University of Osaka School of Medicine
P> Speaker: Takaharu Sakuragi (Biochemistry & Immunology, IFReC)

Contribution to “Team Handai” project

In July 2020, The University of Osaka launched the "Team Handai Project" to promote
research and development on COVID-19 across fields and organizations. The core of
the project was comprised of members from IFReC. Although "Team Handai" was
dissolved in 2025, it had been publishing booklets introducing the University's
research on infectious diseases to the general public until then. In addition, IFReC
researchers have published books on infectious diseases for the general public.
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% Japanese Language Class

The Japanese language classes hosted by IFReC focus on speaking practice. Students are encouraged to use the grammar and
vocabulary learned in class to talk about themselves. Additionally, we hold parties a few times a year to foster friendships among
students. Ms. Kaori Tajima, our experienced Japanese teacher, is looking forward to meeting you all.

N

Message from an instructor

Hi. I'm Tajima. | always look forward to meeting you all every Tuesday and
Thursday. This class mainly focuses on practicing speaking and listening
skills. Each week, participants share various things about their daily lives,
hobbies, hometowns and so on. We also have time for review, so even if you
miss a class, you'll still be able to keep up. If you're interested in learning
Japanese, please feel free to join us!

L
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+ Major Awards

Shimon Sakaguchi

The Nobel Prize for
Physiology or Medicine 2025

“for the discoveries concerning peripheral
immune tolerance”

Award

Highly Cited Researchers (HCR) 2025 by
Clarivate ™

The Distinguished Fellow of American
Association of Immunologists (AAI) 2025

Young Investigator Award of the Japanese
Biochemical Society 2025

Shizuo Akira

The Japan Prize 2026

“Discovery of the nucleic acid sensing mechanism
by the innate immune system”

Awardee (s)

Nobuhiko Kamada, Shimon Sakaguchi

Takaharu Sakuragi




%4 Advanced Postdoc Program at IFReC

IFReC has been recruiting post-doctoral researchers for its
Advanced Postdoc Program. This program offers three-year
employment and funding (3 million JPY per year) for original
research to promising young researchers. Selected applicants
have access to continually upgraded state-of-the-art facilities
at IFReC for their research, including equipment for single-
cell analysis.

% Support for Paper Submission

This program aims to support the dissemination of research
results by young researchers of IFReC.

% IIT-IFReC Exchange Program for Young Researchers

This program started in 2024, and promises IFReC supports
selected young researchers a one-month visit to the Institute
of Immunology and Transplantation (IIT) at the University
College London, UK.

¢ Original Support Programs for Young Researchers

To strengthen our international research network and our basis for international collaborative research, IFReC has established
two kinds of financial support programs for researchers. 1) “IFReC Kishimoto Foundation Fellowship,” which has been used to
invite international researchers to Osaka. 2) “Program for International Circulation of Young Talented Researchers” for those who
wish to participate in overseas research activities. Since 2009, about 150 researchers have received these grants.
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-+ Common Facilities (IFReC, RIMD, Animal Resource Center)

IFReC and its parent institution, the Research Institute for Microbial Diseases (RIMD) are located on the same
site, constituting a large research complex. The complex contains the Core Instrumentation Facility, the Animal
Resource Center and the Network Administration Office, all of which are jointly operated by IFReC and RIMD. The
Core Instrumentation Facility is equipped with various highly advanced instruments and skilled technicians provide
in-house services to IFReC and RIMD researchers. The Animal Resource Center consists of three buildings for specific
pathogen-free (SPF) animals and the live immuno-imaging facility. With a largecapacity animal-breeding facility in
IFReC, researchers are able to choose animal rooms suitable for their experiment purpose. Using these common
facilities, IFReC researchers are able to effectively and smoothly carry out their experiments to promote their world-
leading research at IFReC.

© IFReC Research Building

@ Integrated Life Science Building

© Main Building, Research Institute for Microbial Diseases, RIMD
O South Building, Research Institute for Microbial Diseases, RIMD
© Cutting-Edge Research Building for Infectious Diseases

O Animal Resource Center for Infectious Diseases

Animal Resource Center for Infectious Diseases Network Administration Office

® Specific pathogen-free (SPF) animal facility ® Provision and maintenance of network infrastructure:
u Sperm/ embryo freezing and preservation LAN system and servers (web, mail, mailing lists, etc.)
® |n vitro fertilization and embryo transplantation

B Intracytoplasmic sperm injection

® Transgenic and knock-out animals

m Genome editing in experimental animals Core Instrumentation Facility

® Basic and advanced instruments

Live immuno-imaging facility ® In-house service
= DNA sequencing, cell sorting, electron microscopy, mass
H SPF animal experiment facility with 11.7T MR, in vivo spectrometry and next-generation sequencing analysis
imager & two-photon microscope. = Radio isotope facility



% Composition & Finance

@ Composition

Composition since the establishment of IFReC
350

as of Feb. 1,2026

300

250

200

150

100

50

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Year

@ Finance
Sources
From the
University
8.2%
Main Grant Management
Expenses Grant

0
- 17.3%

JPY
4,017,618,191

Donation
6.4%

Contract Research

b 25.5%
Grant-in-Aid

for Scientific
Research
7.5%

Expenditure

Personnel
26.1%

JPY
4,017,618,191

: Project
Equipment Activities
10.0% 27.9%

Travel 1.2%
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% Selected Articles

CART or NK cells targeting mismatched HLA-DR molecules in acute myeloid leukemia
after allogeneic hematopoietic stem cell transplant.

lkeda S, Hasegawa K, Kogue Y, et al.

Nat Cancer. 2025 Apr;6(4):595-611.

doi: 10.1038/543018-025-00934-1.

Chimeric antigen receptor (CAR) T cell therapy has
markedly improved the survival of patients with relapsed or
refractory B cell leukemia/lymphoma and those with multiple
myeloma (MM). In addition, cord blood (CB)-derived natural
killer (NK) cells transduced with a CD19 CAR were recently
reported to be effective for B cell malignancies. However,
acute myeloid leukemia (AML)-specific target antigens are
difficult to identify.

The research group of Naoki Hosen demonstrated that
HLA-DRB1 can serve as a leukemia-specific target of chimeric
antigen receptor (CAR) T cells in patients with AML after
allogeneic hematopoietic stem cell transplantation (allo-
HCT).

RIFINs displayed on malaria-infected erythrocytes bind KIR2DL1 and KIR2DS1.

Sakoguchi A, Chamberlain SG, et al.

Nature. 2025 Jul;643(8074):1363-1371.

doi: 10.1038/541586-025-09091-y.

It is known that Plasmodium falciparum (the parasite
causing falciparum malaria) uses a protein called RIFIN on the
surface of infected red blood cells to suppress immune cells,
but the specific responses and attack mechanisms of human
immune cells remained unclear.

A research group led by Hisashi Arase and Shiroh Iwanaga
has clarified that while RIFIN stimulates inhibitory receptors
on natural killer (NK) cells to suppress their function, NK cells
also specifically attack parasite-infected red blood cells via
activating receptors. Furthermore, the group discovered that
RIFINs similar to those they identified exist in parasite strains
worldwide, indicating that parasites and humans share
common defense and attack mechanisms.



Transmission of maternal oral pathobionts to the infant gut predisposes offspring to

exacerbated enteritis.

Haraguchi M, Kim Y, Watanabe N, et al.

Cell Rep. 2025 Jul;44(7):115974.

doi: 10.1016/j.celrep.2025.115974.

It has been shown that infants acquire microbes from
various maternal sources (skin, oral cavity, intestine, vagina,
etc.), and these microbes are among the earliest colonizers
of the infant's gut. Therefore, disturbances in the mother's
healthy microbial flora, particularly intestinal dysbiosis, may
impact the composition of the child's gut microbiota and,
consequently, their health. However, research on the effects
of maternal microbes, beyond those from the intestine, on
infant health and disease is limited.

A research group led by Hiroko Kitamoto and Nobuhiko
Kamada demonstrated that maternal oral dysbiosis may have
alasting effect on children's health.

OTUD3 prevents UC by inhibiting microbiota-mediated STING activation.

Li B, Sakaguchi T, Tani H, et al.

Sci Immunol. 2025 Jul;10(109):eadm6843.

doi: 10.1126/sciimmunol.adm6843.

Ulcerative colitis (UC) causes misery for millions worldwide.
It affects the large intestine, causing pain, cramping, and
frequent bowel movements with bloody diarrhea. Although
some people go through periods when they feel well, the
disease will suddenly flare up, causing another cycle of pain,
diarrhea, and weight loss. There is currently no cure.

The research group of Hisako Kayama and Kiyoshi Takeda
showed that OTU deubiquitinase 3 (OTUD3) suppresses
pathologic activation of fibroblasts exposed to microbial cyclic
GMP-AMP (3'3'-cGAMP) in the colon by deubiquitinating
stimulator of interferon genes (STING).
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Threonine phosphorylation of STAT1 safeguards gut epithelial integrity and restricts

interferon-mediated cytotoxicity.

Metwally H, Elbrashy MM, Kayama H, et al.

Proc Natl Acad Sci U S A.
2025 Jul;122(30):2511957122.

doi: 10.1073/pnas.2511957122.

Inflammation is a double-edged sword--essential for
protecting the body and promoting healing, yet potentially
harmful when left unchecked. A deeper understanding of
how inflammatory responses are fine-tuned at the cellular
level is critical for developing more precise and effective
therapies.

For over than 30 years, STAT1 has been best known for
its activation through tyrosine phosphorylation (Tyr701) in
response to interferons, primarily mediating antiviral defense.
The research group of Hozaifa Metwally and Tadamitsu
Kishimoto identified a novel phosphorylation site -- threonine
748 (Thr748) -- on the immune signaling protein STATT.
These findings demonstrate that Thr748 phosphorylation
acts independently of the canonical Tyr701 site to enhance
epithelial resilience during inflammatory stress, such as
colitis-induced tissue injury.

Multi-omics uncovers transcriptional programs of gut-resident memory

CD4+T cells in Crohn's disease.

Arase M, Murakami M, Kihara T, et al.

J Exp Med. 2025 Nov;222(11):€20242106.

doi: 10.1084/jem.20242106.

Crohn's disease is an intractable disorder characterized
by chronic inflammation in the digestive tract. Tissue-
resident memory T cells (TRM), which persist in long-term

in the intestinal mucosa, have been implicated in disease
pathogenesis, but it has not been clear how these cells are
induced.

The research group led by Mitsuru Arase, Mari Murakami,
and Kiyoshi Takeda revealed that transcription factors
RUNX2 and BHLHE40 play crucial roles in inducing T cells
involved in Crohn's disease.



Generating functionally stable and antigen-specific Treg cells from effector

T cells for cell therapy of inflammatory diseases.

Mikami N, Kawakami R, Sugimoto A, et al.

Sci Transl Med. 2025 Oct;17(821):eadr6049.

doi: 10.1126/scitransImed.adr6049.

Regulatory T cells (Tregs) are specialized T cells with
immunosuppressive functions and are expected to play a
key role in the treatment of autoimmune and inflammatory
diseases. To achieve such therapies, the use of artificially

induced Tregs (iTregs) has attracted considerable attention
as a means to overcome the limitations of naturally occurring
Tregs (nTregs). However, challenges remain regarding the
stability and functionality of these cells.

A research group led by Norihisa Mikami and Shimon
Sakaguchi has developed a novel method to artificially
induce Tregs using disease-causing T cells as the starting
material.

Comparative analysis of senolytic drugs reveals mitochondrial

determinants of efficacy and resistance.

Wakita M, Ito K, Fujii K, et al.

Nat Aging. 2026 Jan;6(2):316-328.

doi: 10.1038/543587-025-01057-z.

Senolytic drugs are a novel class of therapeutics that
selectively eliminate so-called "zombie cells," which secrete
inflammatory factors and promote aging in surrounding
cells. These drugs have been developed with the goal of
fundamentally treating age-related diseases, such as cancer,
diabetes, and arteriosclerosis, as well as extending healthy
lifespan. Over the past decade, more than 20 senolytic drug
candidates have been reported; however, their mechanisms
of action remain complex and diverse.

A research team led by Eiji Hara and Masahiro Wakita has
systematically compared the efficacy of 21 senolytic drugs
and identified a subpopulation of senolytic-resistant cells.
The team demonstrates a mitochondrial basis for senolytic
resistance and shows that metabolic interventions markedly
enhance senescent cell clearance in vivo.
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Publications

Abdelaal MR, Deng JR, Mclnerney MP, Ito E, Purcell AW, Yamasaki
S, Villadangos JA, McWilliam HEG, Gherardin NA, Rossjohn J, Awad
W. The antigen-presenting molecule MR1 binds host-generated
riboflavin catabolites. Journal of Experimental Medicine 223,
20250711 (2026).

Abe H, Yamashita E, Okuzaki D, Ishii M. Granzyme A-producing
type 1 innate lymphoid cells promote salivary secretion in the
aged submandibular gland. Inflammation and Regeneration 46, 9
(2026).
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