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Abstract

Background. Sustained immune surveillance at tumor sites is considered essential for effective cancer immunother-
apy; however, direct evidence of immune surveillance in humans is limited due to difficulty obtaining tumor and
peritumoral tissues through invasive procedures.

Methods. Peritumoral brain tissue was obtained during reoperation from a patient with diffuse astrocytoma who
had received continuous Wilms’ tumor gene 1 (WT1) peptide vaccination for 20 years. WT1 tetramer-positive CD8+
T cells were analyzed by flow cytometry, followed byT-cell receptor repertoire analysis and single-cell RNA sequencing.
Results. A high level of T-cell infiltration was observed in peritumoral brain tissue, despite the immune-privileged
nature of the central nervous system. Notably, 38.4% of CD8* T cells were WT1-tetramer positive, exhibiting an oli-
goclonal pattern similar to that observed in peripheral blood. Single-cell RNA sequencing demonstrated that
WT1-specific cytotoxic T lymphocytes (CTLs) were predominantly composed of resident memory T cells (Trm) and
terminally differentiated effector memoryT cells (TEMRA), along with a small fraction of cyclingT cells. Interestingly,
Trm-like subsets were also detected among WT1-specific CTLs in peripheral blood.

Conclusion. These findings provide in situ evidence of long-term persistence of WT1-specific CTLs in the human
brain by continuous WT1 peptide vaccination. Such local immune surveillance may have contributed to the preven-
tion of relapse in this patient. Single-cell RNA sequencing suggests that long-lived Trm may contribute to the per-
sistence of immune surveillance through self-renewal and generation of cytotoxicTEMRA. This study offers insights
into long-term anti-tumor immunity and may inform future optimization of cancer vaccine therapy.

Key Points

¢ High infiltration of WT1-specific CTLs was observed in peritumoral brain tissues of a glioma
patient after 20 years of continuous WT1 peptide vaccination.

e Expanded clones were mainly Trm and TEMRA, with a minor fraction of proliferating cells.
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Importance of the Study

This study provides rare in situ evidence of long-term
persistence of tumor antigen-specific T cells within the
human brain following continuous WT1 peptide vacci-
nation. We obtained peritumoral tissue during reopera-
tion for a newly developed lesion, allowing direct
analysis of the local immune environment. WT1-specific
cytotoxic T lymphocytes (CTLs) with an oligoclonal pat-
tern were persistently present in peritumoral tissue even
after 20 years of continuous vaccination. Single-cell
RNA sequencing further revealed that WT1-specific

Glioma remains a fatal disease due to high recurrence rates,
even after multimodal treatment with surgery, radiotherapy,
and chemotherapy. Cancer immunotherapy, which is now
an established therapeutic option in several malignancies,
is therefore attracting attention as a potential strategy for
glioma. Among these approaches, cancer vaccine therapy,™
immune checkpoint inhibitors, and chimeric antigen recep-
torT-cell therapy* are currently in advanced stages of clinical
development. Of note, we have experienced long-term sur-
vivors with glioma receiving continuous Wilms’ tumor gene
1 (WT1) peptide vaccinations. We previously reported that
WT1 peptide vaccination promoted high infiltration of
WT1-specific CTLs and converted glioma into a “hot tumor”
resulting in improved survival when combined with check-
point inhibitors in a murine model.* However, direct assess-
ment of such immune phenomena in humans has been
challenging due to the invasiveness of sampling brain tis-
sue. Here, we describe a unique long-term survivor treated
with continuous WT1 peptide vaccinations, in whom peritu-
moral brain tissue was available forimmunological analysis,
thereby providing rare evidence of sustained immune sur-
veillance in the human brain.

Case Presentation

A 55-year-old man presented with writing difficulty in
February 2005 and was diagnosed with an anaplastic astro-
cytoma of the left lateral ventricle (Figure 1A). Subsequent
immunohistochemical analysis revealed an IDH1 mutation,
and the tumor is currently classified as diffuse astrocytoma,
IDH-mutant, WHO Grade 2 under the WHO 2021 classifica-
tion. He underwent awake craniotomy, followed by radio-
therapy (expanded local field, total 60 Gy) and adjuvant
therapy with weekly Interferon-p for 8 weeks and 2 courses
of nimustine. The patient subsequently enrolled in the
“Phase l/ll clinical trial of WT1 peptide-based vaccine for the
patients with malignant tumors” (UMIN 000002001), and
received the WT1-235 peptide vaccine weekly for 12 weeks
according to the study protocol." MRI evaluation after the
12-week protocol showed stable disease, with only the post-
operative cavity and no contrast enhancement, and
long-term continuation of WT1 vaccination was initiated in
line with the study protocol. As the initial Phase I/ll trial
approached its long-term limit, the IRB recommended

CTLs were predominantly composed of resident memory
T cells (Trm) and terminally differentiated effector mem-
ory T cells (TEMRA), along with a small fraction of
cycling T cells. These findings suggest that long-lived
Trm may undergo self-renewal while generating highly
cytotoxic TEMRA, thereby sustaining immune surveil-
lance in the peritumoral brain. Our results contribute to
a better understanding of long-term anti-tumor immunity
in glioma and may inform the development of cancer
vaccine strategies.

transitioning to a new study designed to evaluate prolonged
safety, and in 2014 he was switched to enroll in “WT1
peptide-based cancer vaccine for long-term maintenance of
anti-tumor immunity” (UMIN000015997), under whichWT1
vaccination was further continued every 3 months. In total,
he received approximately 150 vaccinations over a
20-year period.

During the 20-year follow-up, he remained free from neu-
rological sequelae except for post-operative anterograde
amnesia, with an estimated Karnofsky Performance Status
of 70-80. In 2020, however, a small contrast-enhanced lesion
appeared on the dorsal side of the resection cavity (Figure 1
A, 15-year MRI). As the lesion remained stable, he continued
WT1 vaccination with MRI monitoring every 3 months. In
2025, a new enhancing nodule emerged adjacent to the pre-
vious one (Figure 1A, 20-year MRI). Because tumor recur-
rence could not be excluded, repeat surgery was performed
in February 2025. For the second surgery, 3D reconstruction
was performed to visualize the operative field and highlight
the lesion with color (Figure 1B). Both enhancing lesions
(blue and green in Figure 1B) were resected, and intervening
small tissue fragments (orange in Figure 1B), normally dis-
carded during the surgical approach, were collected sepa-
rately forimmunological analysis. Histopathology revealed
that the green lesion was a benign hemangioma, and no
residual tumor was identified in the blue lesion.

Oligoclonal Expansion of WT1-Specific CTLs
Within Peritumoral Brain Tissue

Although normal brain parenchyma usually contains very
few immune cells due to the blood-brain barrier, a large
number of CD45* cells were recovered from the small peri-
tumoral fragments (orange in Figure 1B). Flow cytometry
revealed that the majority of these cells wereT lymphocytes.
Notably, CD8*T cells showed a clear positive shift in PE flu-
orescence intensity for the WT1 tetramer, and as many as
38.4% of CD8*T cells were within the WT1 tetramer-positive
gate defined by the fluorescence minus one (FMO) control
(Figure 1C). By contrast, the frequencies of WT1
tetramer-positive CD8* T cells in frozen PBMCs from 2019
and 2020 were 0.30% and 0.24%, respectively (Figure 1C).
These levels are higher than those observed in healthy indi-
viduals and are consistent with high frequencies in patients
with a favorable clinical course treated with WT1 peptide
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Figure 1. Clonal distribution of WT1-specific CTLs in peritumoral brain tissue. (A) Clinical timeline of the patient. Arrows indicate the
contrast-enhanced lesions that appeared from 15 and 20 years after onset, respectively. (B) Three-dimensional reconstructed image used for
surgical planning. Blue and green areas correspond to the contrast-enhanced lesions indicated by arrows of the same color in (A), and the inter-
vening orange area was collected for immunological analysis. (C) Flow cytometry analysis of WT1 tetramer-positive CD8*T cells. The upper panels
show the gating strategy and WT1 tetramer staining with FMO control. The lower panels show representative plots of WT1 tetramer-PE versus
CD8-Alexa647 for 7AAD-CD3+CD8* T cells from PBMCs collected 14 and 15 years after onset, and from tumor-infiltrating lymphocytes (TILs) obtained
20 years after onset. The frequency of WT1 tetramer-positive cells is indicated in each plot. (D) Clone distribution maps of CD3*CD8*WT1-tetramer*
T cells gated in (C) from PBMCs at 14 and 15 years and from TILs at 20 years. Each dot represents a single cell, and cells sharing identical TCR
sequences form clusters. The accompanying table shows the amino acid sequences of the CDR3 regions of TCRx and TCR for the dominant
clonotypes, which are defined based on TCRB sequence, together with their relative frequencies (%) within the analyzed cells. Cells lacking
detectable paired TCRx sequences but sharing identical TCRB sequences were included within the corresponding clonotypes and are indicated
as “only B” in the table.
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vaccination.” Taken together, these results indicate that an
exceptionally high accumulation of WT1 tetramer-positive
CD8* T cells was observed in peri-tumoral tissue of the
patient.

To further confirm the antigen specificity of the WT1
tetramer-positive CD8*T cells, we performedTCR repertoire
and single-cell RNA sequencing analyses on WT1
tetramer-positive CD8*T cells from both peritumoral tissue
and frozen PBMCs.TCR repertoire analysis demonstrated a
clear oligoclonal pattern among WT1 tetramer-positive CD8*
T cells in peritumoral tissue (Figure 1D). The dominant clo-
notype, defined by CDR3p sequence CASSLEGTYFGYTF,
accounted for 29.9% of the population, followed by
CACMGLGRAYEQYF, CSVGPSYSEQYF, CASSQAGANEQFF,
and CASSLGMNQPQHEF, together comprising 55.1% of the
population. In addition, some cells lacked identifiable TCRa
sequences but shared identical TCRf sequences with these
dominant clonotypes and therefore were included as “only
B” in the accompanying table in Figure 1D, suggesting that
they likely represented the same clonotypes. A recent report
demonstrated that such marked oligoclonality is absent in
healthy individuals but is consistent with the characteristic
feature of long-term responders treated with WT1 peptide
vaccination.® Importantly, all of these top 5 clones were also
detected in frozen PBMCs obtained in both 2019 and 2020,
indicating that these WT1-specific CTL clones had been sta-
bly maintained for more than 5 years during continuous
WT1 peptide vaccination.

Trm Subsets With a Few Dividing T Cells Within
Expanded WT1-Specific CTL Clones in
Peritumoral Tissue

To clarify how these WT1-specific CTL clones had been main-
tained for more than 5 years, we first compared the tran-
scriptional profiles of expanded and non-expanded
WT1-specific CTL clones in peritumoral tissue using RNA
sequencing data. Non-expanded clones showed higher
expression of stemness-related genes (TCF7, LEF1, KLF2)
and naive/memory-associated genes (IL7R, CCR7, SELL,
CD28, BCL2, CD27) (Figure 2A). By contrast, expanded
clones exhibited higher expression of effector/activation
genes (KLRG1,TBX21, EOMES, PRF1) and cytotoxicity-related
genes (FASLG, GZMB, IFNG). These findings indicate that
expanded clones possessed stronger effector functions and
the potential to eliminate WT1-expressing target cells,
thereby contributing to immunosurveillance. Although
these clones exhibited strong cytolytic activity, they did not
show upregulation of exhaustion-related genes such as
PDCD1 or CTLAA. Instead, they expressed high levels of
ZNF683 and BHLHEA40, which are implicated in the regulation
and maintenance of resident memory. Furthermore, CCL5
associated with trafficking was consistently higher in
expanded clones than in non-expanded clones.

To further investigate why expanded WT1-specific CTLs
exhibited both strong effector function and resident memory
characteristics, we performed UMAP clustering analysis of
WT1-specific CTLs FACS-sorted from peritumoral tissue and
frozen PBMCs in 2019 and 2020, as gated in Figure 1C. We
performed single-cell gene expression and TCR repertoire
analysis on approximately 3,000 cells per sample. We

integrated our data with a public reference huARdb data-
base (~440,000 human single-cell immune profiling cells)’
and trained an scVI model to create a joint latent space. We
then used scANVI to transfer cell-type labels to our data.
Using this annotation, we generated an UMAP and per-
formed clustering on our dataset (Figure 2B). Next, the dis-
tribution of the top 5 expanded clones identified in Figure 1D
was visualized on the UMAP of WT1-specific CTLs for each
sample (Figure 2C). In the peritumoral tissue, all top 5 clones
were predominantly localized within Trm and TEMRA clus-
ters, with the relative population differing among clones.
Importantly, each clone also contained a subset of cyclingT
cells, indicating that proliferative activity was present within
these long-term persisting clones. In PBMCs, all top 5 clones
were predominantly localized within TEMRA clusters.
However, a few cells from each clone were also localized
withinTrm clusters.

Discussion

To our knowledge, this is the first report demonstrating
tumor-associated antigen (TAA)-specific CTLs persisting in
peritumoral tissue for over 2 decades. Despite the brain
being an immune-privileged site, we observed high infiltra-
tion ofT cells, including oligoclonally expanded WT 1-specific
CTLs. Since gliomas typically relapses in the vicinity of the
primary site,®° such durable CTL infiltration likely contrib-
uted to preventing recurrence. These findings clearly indi-
cate that continuous WT1 peptide vaccination can maintain
immune surveillance within the peritumoral compartment.
Direct evaluation of tumor sites has not been reported, but
several studies have shown that sustained TAA-specific CTLs
can be detected in PB of long-term survivors receiving can-
cer peptide vaccinations.'*'? The frequencies of TAA-specific
CTLs in PB are generally modest, typically <1.0% in these
studies and in our data, because PB captures them only in
transit within the broad pool of circulating T cells, whereas
local tissues reflect their cumulative accumulation over time.
Indeed, both murine tumor model and human graft-versus-
host disease (GVHD) have demonstrated that CTL clones
<1.0% in PB can dominate at around 20% within tumor sites
and GVHD organs, respectively.”®' In line with these obser-
vations, the detection of WT1-specific CTLs at 0.30% and
0.24% in PB in our patient corresponded to a striking 38.4%
accumulation in peritumoral brain tissue. Our results
strongly support previous findings that even modest fre-
quencies of TAA-specific CTLs in PB can be important pre-
dictors of clinical efficacy.

Transcriptomic analysis of TAA-specific CTLs in
long-survivors has been difficult because of their low num-
bers and biased subset composition. In our study, refer-
ence integration and scANVI enabled robust annotation,
clarifying thatTrm andTEMRA were the dominant subsets
in peritumoral brain tissue.Trm are long-lived, locally res-
ident memoryT cells, originally characterized in mucosal
immunity,’ and their tumor infiltration has been associ-
ated with better survival across multiple tumor types.'®"”
Furthermore, tumor-infiltrating Trm have recently been
linked to favorable response of immunotherapy including
checkpoint inhibitors and cancer vaccine therapy. Several
mouse studies demonstrated that induction of Trm is
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Figure 2. Trm subsets with a few dividing T cells within expanded WT1-specific CTL clones in peritumoral tissue. (A) Heatmap comparison of
gene expression between expanded and non-expanded clones. Expanded clones correspond to the top 10 most abundant clones, highlighted in
color in Figure 1E. Non-expanded clones were randomly grouped into 10 sets, each comprising cells from clones with <10 cells in Figure 1E, to
allow balanced visualization. (B) UMAP projection of CD3*CD8*WT1-tetramer* T cells from PBMCs (14 and 15 years after onset) and TILs (20 years
after onset). Cell-type annotation was performed by scANVI based on reference integration. (C) Distribution of the top 5 expanded clones in
Figure 1D, visualized by overlaying clone-specific cells (pink) on the UMAP background of all WT1-specific CTLs (blue) for each sample and

time point.

crucial for the efficacy of cancer vaccines, and novel vac-
cination routes have been proposed to enhance their gen-
eration.’® Taken together, prominent infiltration of Trm
subsets among WT1-specific CTL clones in our patient

likely contributed to his long-term survival without recur-
rence. Since expanded WT1-specific CTL clones included
cycling T cells, suggesting ongoing proliferation in situ,
Trm may differentiate into highly cytotoxic TEMRA while
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simultaneously replenishing the Trm pool through
self-renewal. In addition, Trm-like subsets were also
detected in PB in our analysis. Recent reports suggest that
a small fraction of Trm can re-differentiate and recirculate
as so-called ex-Trm cells.’®?° Although their functional role
remains to be clarified, such TAA-specific ex-Trm subsets
in PB raise the possibility that they could serve as periph-
eral biomarkers of effective vaccine response.

Elucidating the biology of Trm, particularly their induc-
tion and long-term maintenance, will be crucial for advanc-
ing cancer vaccine therapy. Broader transcriptomic
analyses are needed; for example, in this case we noted
markedly higher CCL5 expression in expanded clones,
together with well-established Trm-associated genes such
as ITGAE, ZNF683, and BHLHE40. CCL5 is well known in
cancer immunity for its tumor cell-derived immunosup-
pressive function throughTreg recruitment,?’ but it can also
act in the opposite direction by promoting immune activa-
tion depending on the context.?? Recent studies in murine
autoimmune models have shown that long-resident Trm
can sustain local inflammation and recruit circulating effec-
torT cells through CCL5 production.??* Although this mech-
anism has not yet been demonstrated in tumor immunity,
it is plausible that the peritumoral Trm persisting for over
2 decades in our patient may have played a similar role.
Further transcriptomic studies of TAA-specific CTL clones
in both PB and tumor sites of long-term survivors will be
essential to clarify the mechanisms underlying Trm induc-
tion, regulation, and maintenance in cancer vaccine
therapy.
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