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Despite the success of immune checkpoint blockade (ICB) therapy for eso-
phageal squamous cell cancer, the key immune cell populations that affect ICB
efficacy remain unclear. Here, imaging mass cytometry of tumor tissues from
ICB-treated patients identifies a distinct cell population of CD39*PD-1"'CD8" T
cells, specifically the TCF1* subset, precursor exhausted T (CD39" Tpex) cells,
which positively correlate with ICB benefit. CD39" Tpex cells are pre-
dominantly in the stroma, while differentiated CD39" exhausted T cells are
abundantly and proximally within the parenchyma. Notably, CD39" Tpex cells
are concentrated within and around tertiary lymphoid structure (TLS).
Accordingly, tumors harboring TLSs have more of these cells in tumor areas
than tumors lacking TLSs, suggesting Tpex cell recruitment from TLSs to
tumors. In addition, circulating CD39" Tpex cells are also increased in
responders following ICB therapy. Our findings show that this unique sub-
population of CD39*PD-1'CD8" T cells is crucial for ICB benefit, and suggest a
key role in TLS-mediated immune responses against tumors.

Immunotherapy, particularly the use of immune checkpoint blockade
(ICB) drugs to target PD-1 or CTLA4, has significantly improved the
prognosis for esophageal cancer'. PD-1inhibitors are not only used as
monotherapy; they can also be also combined with CTLA4 inhibitors
and cytotoxic agents, establishing them as key components of sys-
temic chemotherapy for esophageal cancer”. However, not all
patients benefit from ICB therapy. Specifically, PD-L1 expression has
proven less effective for use as a reliable biomarker for predicting
survival benefits from ICB therapy**. Given the crucial role of CD8"
T cells as mediators of ICB, a comprehensive analysis to identify the
determinants of therapeutic success is essential.

While tumor-reactive CD8" T cells are potential targets of ICB in
human cancers, the identification of tumor antigen-specific T cells in
primary samples has remained challenging, limiting further elucida-
tion of immune mechanisms. CD39 has recently emerged as a pro-
mising surrogate marker for these calls®™", playing an integral role in
the immune response against various solid tumors™". These cells are
characterized by oligo-clonality, an exhausted phenotype®*?, and a
highly proliferative state®*'>*”, and can be systemically and locally
reinvigorated by ICB therapy"*°.

Exhausted T (Tex) cells exhibit significant heterogeneity, includ-
ing ‘stem-like’ exhausted precursor (Tpex) cells that express T cell
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factor 1 (TCF-1) and differentiate into a late, dysfunctional cell state? *°,
Due to their high capacity for proliferation and self-renewal, Tpex cells
are associated with clinical benefits in ICB therapy*** and are expected
to localize in specific areas within tumor tissues. However, the spatial
characteristics of Tpex cells that infiltrate tumor tissues, as potential
targets of ICB, remain unclear.

The proximity of certain immune cells to tumors or PD-L1"
antigen-presenting cells has clinical implications?’?, suggesting that
spatial analysis could provide deeper insights into intratumoral
immune cell dynamics. Moreover, TCF-1* T cells or PD-1"CD8* T cells
are predominantly distributed within tertiary lymphoid structures
(TLSs)**'. Given the complexity of the tumor microenvironment
(TME), which includes TLSs, elucidating the spatial distribution of
CD39'CD8" T cells within the TME, particularly regarding their dys-
functional states, is crucial for a better understanding of the under-
lying immune landscape of tumor-reactive CD8" T cells.

In this work, we reveal a dynamic immune landscape in esopha-
geal squamous cell cancer (ESCC) mediated by TLSs through spatial
proteomics using imaging mass cytometry (IMC), highlighted by the
distinct distribution patterns of TCF-1* subsets within intratumoral
CD39*CD8"* Tex cells, which are closely associated with clinical bene-
fits from ICB therapy. Further investigation into post-ICB immune
kinetics in the blood suggests that the influence of these cells extends
beyond TLSs, contributing to systemic anti-tumor immunity. Our
study advances the understanding of the underlying immune land-
scape of tumor-reactive CD8" T cells and has the potential to con-
tribute to therapeutic strategy development in the field of precision
oncology.

Results

PD-L1 expression did not correlate with response to ICB therapy
Among the 31 patients initially enrolled to receive nivolumab mono-
therapy, 30 patients with unresectable advanced or recurrent ESCC,
who were refractory or intolerant to platinum-containing chemother-
apy, were eligible for the tissue and peripheral blood analysis in this
study (Fig. 1a, b). Of all 30 eligible patients, 7 (23.3%) achieved partial
response (PR), and 10 (33.3%) patients (PR + long stable disease [SD])
were classified as clinical responders (Fig. 1c). No differences in com-
bined positive score (CPS) were observed based on clinical response to
ICB therapy (Fig. 1d). Consequently, it is considered crucial to char-
acterize host immune cells rather than PD-L1 expression alone to
identify factors associated with improvement in the efficacy of
immunotherapies for ESCC.

Tumor CD39'PD-1" Tex cells are associated with the clinical
benefit of ICB therapy

To further investigate the major determinants of ICB responses, we
utilized multiplexed IMC to analyze the TME of 27 formalin-fixed
paraffin-embedded (FFPE) pre-treatment tumor tissue samples
(Fig. 2a, b). Next, we manually phenotyped the immune or epithelial
cells within the tumor regions of interest (ROIs), determining
each phenotype’s proportion in 27 tumor-focused ROIs per patient
(Fig. 2¢, d). A significant link was noted between a high ratio of PD-
1'CDS8" T cells to the total cell population and ICB therapy response
(P=0.0045; Fig. 2e), which is similar to previous reports®, despite no
significant difference in PD-1 expression rates on CD8" T cells between
responders and non-responders (P=0.1511; Fig. SIC). UMAP plots of
representative CDS" T cells revealed a distinct subset of PD-1" cells co-
expressing TOX, Ki67, and CD39 (Fig. 2f), which are associated with
T-cell exhaustion'*°, proliferative activity, and tumor specificity®™,
respectively. Additionally, the positivity of CD39 was higher in PD-
1'CDS8' T cells in the TME than in peripheral blood mononuclear cells
(PBMCs) (P<0.0001; Fig. 2g). This result suggests that PD-1'CD8"
T cells, potentially reactive to tumors, are more prevalent in the TME
and that PD-1 blockade could therefore be beneficial.

We next identified CD39'PD-1" Tex cells (CD39'PD-1'CDS8")
(Fig. 3a). These cells were characterized by high Ki67 and TOX
expression (P<0.0001; Fig. 2h), outperforming bystander T cells
(CD39°PD-1"CD8"). The density of CD39*PD-1" Tex cells was predictive
of the ICB response (P=0.0488; Fig. S1D), and CD39 expression in PD-
1'CDS8' T cells tended to be higher in responders (P=0.0767; Fig. S1E).
This proliferating and exhausted CD39'PD-1'CD8" population likely
corresponds to tumor-reactive T cells, thereby contributing to the anti-
tumor ICB response® 5P,

CD39" Tpex cells identified by TCF-1 expression constitute a dis-
tinct group among CD39°PD-1" Tex cells
We hypothesized that the phenotypes of CD8" T cells might differ
within the cohort of CD39"PD-1" Tex cells. From 11 independent
ROIls, each containing more than 500 CD8" T cells, we applied
unsupervised clustering to CD8" T cells using FlowSOM (Fig. S2A)
and visualized these clusters in UMAP plots (Figs. S2B, S2C). We
identified five CD39"PD-1" Tex clusters (C1-5) characterized by
high TOX and PD-1 expression (Fig. S2A). When mapping these
clusters to the representative ROIs of tumors lacking TLSs
(Fig. S2D) and tumors containing TLSs (Fig. S2E), clusters C1 and
C2, which exhibited high levels of TCF-1 expression and corre-
spond to Tpex cells due to their exhaustion profile, were pri-
marily localized to the stroma and TLSs. The localization
characteristics of these TCF-1* populations to TLSs were con-
sistent with previously reported findings®**°. In contrast, clusters
C3-5, primarily localized within the tumor parenchyma, corre-
sponded to differentiated Tex (dTex) cells lacking TCF-1 expres-
sion (Fig. S2D, S2E). The presence of CD39* Tpex (TCF-1'CD39°PD-
1'CDS8" T) cells, previously reported in several studies®®**"*, was
also confirmed through co-staining in the tumor ROIs (Figs. 3a,
S11B). To characterize this unique population within the TME, we
categorized CD39'PD-1" Tex cells from 27 cases as CD39" Tpex
and CD39" dTex (TCF-1'CD39°PD-1'CD8" T) cells. Both subsets
exhibited high exhaustion marker levels (Fig. S1A, S1B), suggest-
ing that they are potentially tumor-reactive T cells under con-
tinuous antigen stimulation in the TME*™",

To obtain further substantiation of their existence, we analyzed
a dataset® from a cohort of head and neck squamous cell carcinoma
(HNSCC) patients treated with atezolizumab (anti-PD-L1), where
tumor-infiltrating lymphocytes (TILs) were examined using mass flow
cytometry (MC) (Fig. S3A). We identified populations of CD39"PD-1"
clusters (Clusters; C1, C2, C3, C4) through unsupervised clustering of
CD8' T cells with FlowSOM (Fig. S3B) and visualized them using
UMAP plots (Fig. S3C). Notably, clusters C3 and C4, which corre-
spond to CD39" Tpex cells, were characterized not only by their
expression of TCF-1, but also their relatively higher expression of
CCR7, CD127, and TIGIT (Figs. S3B, S3D), indicating that they are
phenotypically distinct Tpex cells, unlike CD39* dTex cells*****"*,
These results collectively indicate that CD39°PD-1'CD8" T cells con-
stitute a heterogeneous group that includes not only dTex cells but
also Tpex cells.

Abundance of CD39" Tpex cells in tumors is associated with
clinical response to ICB therapy

Previous studies have highlighted the correlation between intratu-
moral TCF-1'CD8" T cells and clinical benefit from ICB therapy in
melanoma?* and breast cancer”. Given these findings, we explored
this correlation in ESCC by analyzing the association between clinical
outcomes and the abundance of CD39" Tpex cells. The relative abun-
dance of these cells among CD39'PD-1* Tex cells in the tumor and
stroma area (excluding TLS areas) showed no clear impact on clinical
outcomes (Fig. SIF), which is consistent with previous melanoma
findings®. However, a significant positive correlation was observed
between the densities of CD39" Tpex cells and CD39'PD-1* Tex cells
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Fig. 1| Study design and clinical data for the 31 enrolled patients. a Tumor,
blood, and secondary lymphoid organ (SLO) collection from esophageal squamous
cell carcinoma (ESCC) patients treated with nivolumab monotherapy for imaging
mass cytometry (IMC), mass flow cytometry (MC), and multicolor flow cytometry
(FC). Among the 31 enrolled patients, one patient (KU10) was ineligible for analysis
due to no history of fluoropyrimidine-based and platinum-based chemotherapy.
For more details, see the “Methods”. b Clinical data and samples analyzed for each
of the 31 ESCC patients. TLS: tertiary lymphoid structure, R: responder, NR: non-
responder, NE: not evaluable, NA: not applicable. ¢ Clinical outcomes of 30 eligible

ESCC patients: responders (complete response; CR + partial response; PR + stable
disease; SD or non-CR/non-PD > 6 months), non-responders (SD or non-CR/non-
PD < 6 months + progressive disease; PD). d Representative PD-L1 immunostaining
for an ESCC patient. Combined positive score (CPS) in Rs (n =9 patients) vs. NRs
(n=13 patients); two-sided Mann-Whitney U-test (P=0.95). Five NE cases are
excluded. PD-L1 staining across 27 independent samples was validated by a
pathologist to ensure accuracy. d Error bars indicate mean + SEM. a was created in
BioRender. Kenro, T. (2024) BioRender.com/s50j163. Source data are provided as a
Source Data file.

Nature Communications | (2024)15:9033


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53262-w

Acquired IMC images

TLS undetectable
(n=14)

27 FFPE tumor samples

]
of ICB-treated cohorts ¢ Tumor area

Acquire on
u

IMC

o Tumor area
SN +

13
IHC (CD3, CD20) ( ) e TLSarea

Responder Non-responder Non-responder
(ID: KU23) (ID: W5) (ID: KU8 )

% Fraction among total cells

[}

% PD-1+CD8+ T cells

«Q

% CD39 in PD-1+CD8+ T cells

’ @ PD-1+CD8+T cells ‘

Case01 (CD8*TILs)

- 100pm

PanCK CD20

100

Epithelial cells
[ Others

mono_
macro cells
B cells
I memory_
|

@
t=}
1
— |

convCD4 cells
M naive_
convCD4 cells
Nn I PD-1-Treg cells
= [l PD-1+Treg cells

& D DD O [ PD-1-CD8 cells
@‘jp}_f_&o%o"go}g’i_o’b W PD-1+CD8 cells

05

-0.266

-0.046

-0.17

UMAP1

UMAP:

.. n=555 cells
L e e e

f
6.3 T
4 p=0.0045 28 7]
® * 12
@ 3 X 4
o 02 ]
o] o
R
2 a2 ] TOX [ ** ]
g ¢ 1 2 ]
© % ] R 5 ~*':-';.| 07 ]
> LS oY -
] s ?:)E? -0.17]
] ol ]
TTTTTT T 11T 1 T
h Ki67 (CD8*TILs)
100 P <0.0001 SO;I_ p = 0.0001
40, *
80 °
60 ’-.:
40 2o
0
.
0-! N R
PBMC TILs QO’ Qo'
q’ x
o5 )
00 Qo{b

predictive of ICB therapy benefit (n =27 patients, r=0.795, P<0.001;
Fig. 3b). A similar correlation was also observed using the ICB cohort
dataset® (n=8 patients, r=0.831, P=0.0106; Fig. S3E). Accordingly,
the absolute density of CD39* Tpex cells in the tumor and stroma area
was significantly higher in ICB therapy responders than non-
responders (n=22 patients, P=0.0082; Fig. 3c). These results sug-
gest that CD39" Tpex cells, as potential precursors of CD39" dTex cells,

TOX (CD8* TILs)
p <0.0001
|—|

Median scaled expression

constitute a significant component of the immune responses against
the tumor.

Tumor CD39 ' PD-1" Tex cells exhibit a distinct spatial organiza-
tion that reflects their hierarchical differences

To explore the interplay between TME organization and tumor-
reactive CD8" T cells, we investigated the spatial characteristics of
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Fig. 2 | CD39'PD-1'CD8" T cells exhibit a proliferative exhausted phenotype.

a Schematic illustration of IMC processing of tumor samples with or without ter-
tiary lymphoid structures (TLSs). b IMC processing example for a tumor with TLSs
(patient ID: KU37). The IMC images are pseudo-colored as follows: Pan-cytokeratin
(PanCK) (white), CD20 (green), CD3 (blue), SMA (red), and Collagen (pink). ¢ Spatial
distribution images of PD-1"CD8* (orange plots) and PD-1"CD8" (blue plots) T cells,
derived from three representative IMC images, pseudo-colored as follows:
E-cadherin (green) and Nuclei (dark blue). Tumor parenchyma in distribution
images is outlined in red. d Each fraction (%) of the annotated immune profile
among total cells from the tumor-ROIs for 27 patients at pre-treatment.

e Proportion (%) of PD-1'CD8" T cells among total cells in tumor ROIls, compared
between responders (R, n=9) vs. non-responders (NR, n =13); two-sided Mann-
Whitney U-test (P=0.0045). Five NE cases are excluded. f Two representative

UMAP plots of CD8" tumor-infiltrating lymphocytes (TILs) (n =555 cells each)
within the tumor-ROIs, colored by the expression of each marker. The selected
UMAP plots were chosen for their clear depiction of exhaustion patterns, which
were observed in a subset of cases among a total of 11 independent ROIs.

g Proportion (%) of cells expressing CD39 among PD-1*CD8" T cells in paired pre-
treatment PBMCs vs. TILs; two-sided Wilcoxon matched-pairs signed-rank test
(n=27, P<0.0001). h Median mass intensity (MMI) of Ki67 and scaled expression
of TOX in CD39*PD-1*CD8* TILs vs. CD39"PD-1"CD8" TILs; two-sided Wilcoxon
matched-pairs signed test (each n =25 independent tumor-ROIs, P < 0.0001 for
both comparisons). Two cases with cold tumors lacking CD39*PD-1*CD8* T cells
are excluded. e, g, h Error bars indicate mean + SEM. e, g n refers to patients. a was
created in BioRender. Kenro, T. (2024) BioRender.com/s50j163. Source data are
provided as a Source Data file.

CD39'PD-1" Tex cells within the tumor area using samples from 27
enrolled patients. In this cohort, most T cells, regardless of type, were
localized in abundance in the stroma over the parenchyma (Fig. 3e);
however, approximately half (mean, 54.6%) of the CD39" dTex cells
were localized in the parenchyma, a rate higher than that of CD39*
Tpex cells (P=0.0097; Fig. 3e). CD39" Tpex cells were predominantly
localized in the stroma (Fig. 3d, P=0.0067; Fig. 3f), compared to the
parenchyma, with a higher percentage of TCF-1 positivity within the
stroma (P=0.0237; Fig. 3g). Among cells within 400 um of the par-
enchyma, a large subset was located even closer, within 40 um
(Fig. 4a). In results obtained from 27 individuals, CD39" dTex cells were
significantly more concentrated within the 0-10 um range than the
30-40 um range (*P< 0.05; Fig. 4b). However, in this cohort, stromal
CD39" Tpex cells were localized relatively distant from the tumor
compared with stromal CD39" dTex cells (P=0.0304; Fig. 4c, d), sug-
gesting that exhaustion hierarchy impacts the cells’ spatial character-
istics. These data suggest that CD39" dTex cells, which are more
cytotoxic than Tpex cells and located closer to the tumor
(Fig. S6C)****, interact with the tumor more directly. Considering that
Tpex cells differentiate into dTex cells within the tumor?®, this suggests
that stromal CD39" Tpex cells migrate to the parenchyma as they dif-
ferentiate into CD39" dTex cells.

Presence of TLSs comprising abundant CD39" Tpex cells is
associated with the hierarchical patterns of CD39PD-1" Tex
cells within the TME

Immunohistochemical (IHC) staining of CD3 and CD20 in FFPE tumor
sections revealed detectable TLSs in 13 cases (Fig. 2a) associated with a
high clinical response rate to ICB therapy (n =27 patients, *P< 0.05;
Fig. 5a), a finding consistent with other cancers®*. To explore the
relationship with ICB therapy, we analyzed the immune composition
within the TLS compared to the tumor area (Fig. 5b, c). Our findings
revealed a higher density of naive CD8" T cells and PD-1'CD8" T cells in
the TLS (*P<0.05; Figs. 5c, 6a). Additionally, we observed a high
density of CD39'PD-1" Tex cells within the TLS (P=0.0210; Fig. 6b,
Figs. 5d, 6a). Importantly, TCF-1 expression and CD39* Tpex cell
density within the TLS were respectively higher compared with the
parenchyma and stroma (Fig. 6c, d), consistent with the spatial fea-
tures of unsupervised CD8" T cell clustering (Fig. S2E). Compared
with the stroma adjacent to the TLS, the density of CD39" Tpex cells
inside the TLS was consistently higher than that of stromal CD39*
Tpex cells, irrespective of distance from the TLS (Fig. 6e). Stromal
CD39" Tpex cells within 400 um of the TLS were significantly more
concentrated in the nearest 0-100 um range (*P<0.05; Fig. 6f).
In contrast, stromal CD39* dTex cells exhibited no significant dif-
ference in localization proportion between the 0-100 ym and
200-300 um distances from the TLS (Fig. 6f). The rate of TCF-1
expression in CD39'PD-1" Tex cells within the combined parenchyma
and stroma areas was significantly higher in TLS-detectable ROIs than
undetectable ROIs (P=0.0338; Fig. 6g). These findings indicate that

the presence of TLSs affects the pattern of dysfunctional stages in
CD39°PD-1" Tex cells in the TME, and suggest that CD39" Tpex cells
are recruited via TLSs.

CD39"Ki67" Tex cells in blood are selectively increased 2 weeks
after ICB

To better understand how TLSs contribute to the clinical benefit of
ICB therapy®*°"*, it is crucial to characterize the underlying immune
kinetics that shape the unique responses of CD39'PD-1" Tex cells
to ICB therapy. To determine whether ICB therapy reactivates
CD39'PD-1" Tex cells in ESCC patients, we examined changes in cir-
culating immune dynamics before and after ICB therapy within the
same research cohort (Figs. 1a, 7a-d). We analyzed 12 PBMC samples
from 6 patients before and after ICB treatment using MC (Fig. 7c),
applied unsupervised clustering to the PD-1'CD8" T cell population
with FlowSOM (Fig. S4A), and visualized the results using UMAP plots
(Figs. 7d, S4B, S4C). This analysis identified two clusters (C1 and C4)
that behaved distinctly after ICB therapy initiation (Fig. 7e). Cells in
both C1 and C4 expressed high levels of CD39 and Ki67 (Fig. 7f),
which is characteristic of a Tex phenotype (Fig. S4A). Further flow
cytometry (FC) analysis to explore the characteristics of these clus-
ters revealed that CD39 was predominantly expressed in the PD-1*
subset compared to the PD-1" subset (Fig. S5C). Additionally, it was
found that Ki67 was highly expressed in the CD39'PD-1" subset
compared to other subsets of CD8" T cells (Fig. S5D). The exhaustion
of the CD39'Ki67" subset among PD-1' T cells was confirmed both
functionally and phenotypically (Figs. 8a, S5A, S5B). CD39" Ki67" cells
in blood have been reported as neoantigen-reactive T cells in uro-
thelial carcinoma*’. FC analysis also confirmed a marked expansion
of the CD39°Ki67" subset following ICB (Fig. 7b), supporting a spe-
cific response of these cells to ICB therapy. Notably, the frequency of
these cells was significantly higher in ESCC patients compared with
healthy donors (Fig. SSE), indicating their specific presence in the
TME. These findings suggest that monitoring CD39°Ki67* Tex cells in
the blood could significantly improve our understanding of the
immune kinetics in ICB-treated patients.

Proliferative CD39" Tpex cells constitute a distinct subset of
CD39'Ki67" Tex cells in the blood

To examine hierarchical patterns, we focused on phenotypic and
functional differences between unsupervised Tex clusters (C1 and C4)
in blood (Fig. 7d, S4A). C4 expressed higher TCF-1, TOX, PD-1 and
CTLA4 levels (Fig. S4A), representing proliferative CD39* Tpex cells.
Manual detection by MC confirmed both proliferative CD39* Tpex and
CD39" dTex populations with a phenotypically exhausted profile
expressing high levels of TOX, Eomes, PD-1, CD39, and CTLA4
(Fig. 7g, h). CD39" Tpex cells in blood expressed relatively higher levels
of CCR7 and CD127 (Fig. 7h) and lower levels of TIM-3 (Fig. S6A),
consistent with previous reports**?**. Despite the lower frequency of
cluster C4 compared to the manually gated groups from both FC and
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MC, a strong correlation was observed between the frequency of C4
and each manually gated group (Fig. S4D). Notably, a significant
increase in C4 was observed in one particular case (Patient ID KU37),
with similar results also reported in manually gated groups (Fig. 7e,
S4D). Additionally, a greater proportion of CD39" dTex cells than
CD39" Tpex cells produced IFN-y after TCR-independent in vitro sti-
mulation (Fig. S6C), confirming the greater cytotoxic activity of these
cells”*. In contrast, CD39'Ki67" Tex cells circulating in the blood
lacked CD69 expression (Fig. S6B) and resembled Tex progenitor2 or
intermediately differentiated Tex cells of the four previously reported
developmental stages®**. These observations suggest that CD39*Ki67"
Tex populations in the blood consist of proliferative CD39" Tpex cells,
exhibiting phenotypic and functional features distinct from those of
CD39" dTex cells.

The selective increase in circulating proliferative CD39" Tpex cells
Sfollowing ICB therapy is associated with clinical benefit

We also investigated the association between CD39'Ki67" Tex cells in
the blood and the clinical response to ICB therapy. Following ICB
therapy, the frequency of CD39" dTex cells increased significantly,
regardless of clinical response (Fig. 8c). However, the frequency of
CD39" Tpex cells showed a significant increase only in responder
group (n =10 patients, P=0.0039; Fig. 8c). Moreover, the abundance
of proliferative CD39" Tpex cells at 2 weeks after ICB therapy was
significantly associated with clinical response (P = 0.0065; Fig. 8d). The
abundance (>10%) of CD39" Tpex cells after ICB therapy was also
significantly associated with longer progression-free survival (PFS)
(n=28 patients, P=0.0012; Fig. 8e). These findings indicate that the
increase in proliferating CD39" Tpex cells in the blood following ICB
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therapy is correlated with clinical benefit and reflects the robust
immune response driving their expansion and facilitating their sub-
sequent differentiation into dTex cells.

CD39" Tpex cells in secondary lymphoid organs (SLOs) exhibit an
exhausted profile shared with counterpart cells in the blood
and tumor

Circulating tumor-specific Tpex cells are reportedly recruited from
lymph nodes (LNs) into the TME*****, Consequently, we hypothesized
that CD8" T cells with a CD39'PD-1' Tex phenotype are present within
SLOs. Therefore, we performed unsupervised clustering analysis of
CD8" T cells manually extracted from the ROIs of individually resected
SLOs from three patients (Fig. S7B) and visualized these clusters using
UMAP analysis (Fig. S7C). We identified clusters of CD39"PD-1" Tex
cells (C1-5) with high levels of TOX expression. The presence of this
CD39'PD-1" Tex subset was also confirmed in a representative SLO
image (Fig. 8b). Although only a single case of HNSCC in the ICB cohort
had non-metastatic LN samples available post-ICB therapy for MC
analysis, we found a remarkably abundant population of CD39*PD-1*
and CD39" Tpex cells within the CD8" T cells (Fig. S3I). Among these
clusters, C5 exhibited relatively low TCF-1 expression, possibly
reflecting CD39" dTex cells (Fig. S7B). However, most importantly, C1
and C2 which exhibited high levels of Ki67 expression also expressed

high levels of TCF-1 (Fig. S7B), corresponding to CD39* Tpex cells. This
characteristic of high Ki67 expression was similar to the findings in the
dataset of resected LNs from the HNSCC that did not receive ICB
treatment, where CD39" Tpex cells had higher Ki67 expression rates
than CD39" dTex cells (Fig. S3)).

To elucidate the spatial characteristics of these clusters within
LNs, we mapped each CD8" T cell cluster as shown in Fig-
ure. S7A and S7D, and analyzed their proximity to major immune cells
manually extracted from each ROI. We found that all CD8" T cell
clusters were generally in close proximity to CD4" T cell subsets
(Fig. S7E), compared to CD20" B cells and antigen-presenting cells
(CD11c'HLA-DRY). Notably in the representative SLO, CD39" Tpex
clusters (C1-4) were localized in significantly closer proximity to PD-1*
Treg cells compared to other non-exhausted CD8" T cells (Fig. S7F).
This proximity characteristic was consistently observed in all three
cases (Fig. S7G) and suggests possible immunosuppressive conditions
surrounding CD39PD-1" Tex cells in LNs***3**,

Recently, it was reported that ICB induces the conversion of
most Tpex cells in SLOs into more-differentiated Tex cells that then
transit into the blood*. Our findings revealed that the proportion of
circulating CD39" Tpex cells within CD39°Ki67" Tex cells decreased
2 weeks after ICB therapy compared to before treatment (Figs. S6D,
S6E) and was further reduced by the time of disease progression (PD)
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(Fig. S6E). Furthermore, the increased frequency of circulating CD39*
dTex cells (Figs. 7e, 8c) supports the potential scenario where ICB
triggers a conversion of highly proliferative CD39* Tpex cells within
the SLOs.

Intratumoral CD39" Tpex cells exhibit consistent high pro-
liferative activity under ICB therapy

ICB therapy preferentially increases the frequency of circulating
CD39°Ki67" Tex cells, suggesting that the CD39'PD-1" Tex population
in the TME after ICB consists primarily of reinvigorated Tex cells
recruited from the periphery'>”’. We therefore analyzed ROIs from
biopsied tumors of three cases at PD during ICB therapy (Fig. 8f).
Although the sample size is small (n =3 independent tumor-ROls), the
density of T cells, including CD39" Tpex and CD39" dTex cells, within
the tumor area did not increase markedly (Fig. 8g), similar to the lack
of increase in their frequency in PBMCs at PD (Fig. S6F) and consistent
with previously reported findings in a study of MSI-high rectal cancer®.
However, CD39" Tpex cells exhibited consistently high Ki67 expres-
sion in the second biopsy, a pattern also observed in our IMC results
prior to ICB therapy (Fig. S3B). This result is further supported by the
characteristic high Ki67 expression of intratumoral CD39" Tpex cells in
the HNSCC dataset, which includes 6 out of 8 samples post-ICB ther-
apy (Figs. S3B, S3C, S3D). Manual gating also confirmed that CD39"
Tpex cells exhibited high Ki67 expression comparable to CD39" dTex
cells (Figs. S3F, S3G). Furthermore, TCF-1'Ki67°CD8" TILs, a key pre-
dictor of ICB efficacy in breast cancer”, showed a significantly higher
CD39'PD-1" positivity rate compared to TCF-1'’Ki67'CD8" TILs in the
HNSCC dataset (Fig. S3H), indicating that many highly proliferative
TCF-1'CDS8" T cells are reflective of CD39"* Tpex cells. This character-
istic aligns with the properties of CD39" Tpex cells within blood
(Fig. 7f) and the SLOs (Fig. S7B). Collectively, the results support the
hypothesis that CD39" Tpex cells in the tumor, blood, and lymphoid

tissues, characterized by high proliferative activity, are closely asso-
ciated with ICB-mediated anti-tumor responses and play a critical role
in therapeutic efficacy.

Discussion

In this study, we characterize tumor-reactive CD8" T cells identified by
CD39 expression within the ESCC microenvironment through multi-
plex spatial proteomic profiling. This approach enables us to elucidate
a dynamic immune landscape mediated by TLSs. To the best of our
knowledge, few studies have focused on the major determinants of ICB
effects using multicellular spatial analysis in ESCC.

We have revealed distinct spatial features based on the pheno-
typic differences of CD39'PD-1" Tex cells, providing important insights
into a possible immunodynamics mechanism. This supports the sig-
nificant association between the CD39" Tpex cell population and
clinical benefits from ICB therapy. While Tpex cells have previously
been reported to express low levels of CD39* or show variability in
CD39 expression”®****, a key benefit of identifying this CD39-
expressing Tpex population is the confirmation of their specific
tumor reactivity. Interestingly, compared to CD39" dTex cells, these
Tpex cells are predominantly found in the stroma and distant from the
parenchyma. Conversely, CD39" dTex cells are primarily localized
within the parenchyma, showing a spatial bias towards this region
compared to their stromal counterparts. This spatial distribution
suggests a possible differentiation of Tpex cells into dTex cells during
their migration into the parenchyma®,

The dynamics of Tpex cells within TLSs have been poorly under-
stood, and the impact of ICB on these cells has remained unclear.
However, this study provides insights into the immune responses of
tumor-reactive CD8" T cells mediated through TLSs by elucidating the
spatial characteristics of CD39°PD-1" Tex cells around the TLSs. We
observe that CD39'PD-1" Tex cells are densely localized within the
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Fig. 6 | Spatial features of CD39" Tpex cells characterized by abundant locali-
zation in TLSs and near the stroma are distinct from those of CD39" dTex cells.
a Spatial distribution of indicated CD8" T cell subsets in representative IMC images
with TLSs The IMC images are pseudo-colored: PanCK (white), CD20 (green), CD3
(red), Collagen (pink), and Nuclei (dark blue). b Density (cells/mm?) of CD39*PD-
1*CD8* T cells in TLSs vs. combined tumor and stroma areas; two-sided Wilcoxon
matched-pairs signed test (n =12). ¢ The density (cells/mm?) of CD39* Tpex cells in
the tumor, stroma, and TLSs was analyzed using a repeated measures ANOVA
followed by post-hoc tests with Bonferroni correction (each n=12, TLS vs. stroma,
TLS vs. tumor). d Fraction (%) of TCF-1* cells among CD39*PD-1*CD8* T cells in the
tumor, stroma, and TLSs from 12 independent tumor-ROIs with TLSs; repeated
measures ANOVA using a mixed-effect model followed by post-hoc tests with
Bonferroni correction (TLS: n=11 vs. stroma: n=10, TLS: n=11 vs. tumor: n=11).
Cases with missing data for CD39*PD-1*CD8"* T cells in any area (TLS, stroma, or
tumor) were treated as missing data, not excluded. e Density (cells/mm?) of CD39*
Tpex and CD39* dTex cells within TLSs and stromal areas at varying distances from
TLSs; repeated measures ANOVA followed by post-hoc tests with Bonferroni cor-
rection (n =12 for each). Comparisons were made between TLS and 0-50 um, and

TLS and 150-200pum for both CD39* Tpex and CD39* dTex cells. f Proportions (%) of
stromal immune cell subsets at varying distances from the TLS, relative to total cells
within 400 um of the parenchyma in 13 tumor-ROIs with TLSs. Comparisons were
made among three distance ranges (0-100 um: circles, 100-200 um: squares,
200-300 um: triangles) using a two-sided Wilcoxon matched-pairs signed test
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respective stromal immune subset within 400pm of the TLS were excluded.

g Fraction (%) of TCF-1* cells among CD39*PD-1* Tex cells in the combined tumor
and stroma areas from 25 patients; two-sided Mann-Whitney U-test (13 TLS-
detectable vs. 12 TLS-undetectable tumors). Two cases with cold tumors lacking
CD39*PD-1'CD8" T cells are excluded. *P<0.05. b, ¢, d, e, f, g Error bars indicate
mean +SEM. b, ¢, d, e, f n refers to independent tumor-ROIs with TLSs. a Similar
staining and distribution patterns were confirmed among the 13 independent
tumor-ROIs harboring TLSs. Source data are provided as a Source Data file.

TLSs, with a large proportion retaining the expression of TCF-1.
Interestingly, we reveal distinct spatial patterns between CD39" dTex
cells and CD39" Tpex cells in the stroma surrounding the TLSs. This
supports the significant notion that TLSs might sustain the responses
of CD39* dTex cells to the tumor-stroma interaction produced by the
CD39* Tpex cells within the TLSs, replicating the function of SLOs*,
Moreover, another recent study proposed that ICB enhances anti-
tumor B cell responses, suggesting a potential association between
TLSs and ICB responses** as well as the possibility that ICB amplifies
anti-tumor Tpex responses within TLSs.

Lastly, CD39°PD-1" Tex cells exhibit a common exhausted phe-
notype and proliferate in both TLSs and SLOs. Despite previous
uncertainty regarding the role of CD39 expression on CD8* T cells in
these lymphoid tissues, it is well established that tumor-specific T cells
in an exhausted state are present within SLOs*?¢333*434* This obser-
vation suggests that some tumor-reactive T cells express CD39, simi-
larly to their counterparts in tumor environments. Our study shows a
selective increase in CD39°Ki67" Tex cells in the blood following PD-1
blockade, supporting the hypothesis that Tex cells expressing CD39
are recruited from SLOs to tumors*. Importantly, a preferential
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Fig. 7 | Circulating CD39°Ki67' Tex (CD39°Ki67'PD-1'CDS8’ T) cells, partly con-
sisting of CD39* Tpex (TCF-1'CD39°Ki67°'PD-1'CD8" T) cells, preferentially
increase in frequency 2 weeks after ICB therapy. a Study design and treatment.
b CD39*Ki67* Tex cells among PD-1*CD8* T cells pre- and post-treatment from 28
patients; two-sided Wilcoxon matched-pairs signed test (n =28, pre vs. post:
P=0.0001). ¢ Schematic illustration of MC analysis. Six patient samples were ran-
domly analyzed. d Unsupervised clusters visualized in the UMAP plots for con-
catenated PD-1'CD8" T cells (each 17,616 cells) from 6 patient PBMCs pre- and post-
treatment. C1: CD39* dTex, C2: central memory T (Tcm), effector memory T (Tem),
C3: stem cell memory T (Tscm), C4: CD39* Tpex, C5: CCR6* effector memory T, C6:
effector memory T, C7: terminally differentiated effector memory T (Temra), C8:
central memory T, C9: Tnaive, C10: central memory T, effector memory T cells.

e Comparison of the frequency (%) of 10 clusters within circulating PD-1*CD8*

T cells from six patients, analyzed by MC at pre- vs. post-treatment; two-sided
Wilcoxon matched-pairs signed-rank test for each cluster (each n = 6). f Mean mass
intensity of CD39, Ki67, and TCF-1 for each cluster from 12 independent PBMCs;
two-sided Wilcoxon matched-pairs signed test (TCF-1, n=6, Cl1 vs. C4: P=0.0049).
g Representative plots of CD39* Tpex (TCF-1'CD39*Ki67"PD-1*CD8*) and CD39*
dTex (TCF-1"CD39*Ki67*PD-1*CD8"*) cells determined by manual gating. Similar
staining was observed across 12 independent PBMCs. (h) Median mass intensity
marker expression of manual-gated T-naive (PD-1 CD27°‘CD45RA"), CD39"* Tpex,
and CD39" dTex cells from 12 independent PBMCs determined by heatmap analysis.
*P<0.05. b, e Error bars indicate mean + SEM. e, f n refers to independent PBMC
samples. a, ¢ were created in BioRender. Kenro, T. (2024) BioRender.com/s50j163.
Source data are provided as a Source Data file.
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increase in CD39" Tpex cells in the blood post-ICB therapy is observed
only in cases of successful treatment. Recent reports indicating shared
traits between Tpex cells in lymph nodes and Tex cell clones infiltrat-
ing tumors®?** support the notion that these CD39" Tpex cells are
recruited via the bloodstream. Collectively, these findings suggest that
ICB-mediated anti-tumor responses can be enhanced by synergistically
reinvigorating Tex cells in SLOs and TLSs.

Limitations of our study include the absence of fresh and post-
treatment tumor samples, which prevents functional assessment of
the tumor specificity of CD39* Tpex cells. Additionally, we cannot
detect all tumor-specific Tpex cells, as these cells often exhibit low
CD39 expression early in exhaustion*. Variability in CD39 expression
in Tpex cells has been reported®******’, and our evidence regarding the
tumor specificity of TCF-1'CD39PD-1'CD8" T cells is insufficient.
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Fig. 8 | A preferential increase in proliferative CD39* Tpex cells in the blood 2
weeks after ICB therapy is correlated with clinical benefit, and intratumoral
CD39* Tpex cells consistently upregulate Ki67 expression following ICB ther-
apy. a IFN-y and TNF production by indicated subsets from 18 patients prior to ICB
therapy, determined by FC analysis. % IFN-y and % TNF were compared using a
repeated measures ANOVA followed by post-hoc tests with Bonferroni correction
(each n=18, Ki67*CD39*PD-1" vs. Ki67*CD39 PD-1* vs. CD39"PD-1* T cells). Sam-
ples were randomly analyzed. b Representative SLO image of CD39* Tpex cells
(open arrowheads). The whole SLO ROl is pseudo-colored as follows: CD3 (green),
CD20 (blue), and SMA (red). In the magnified images, the colors are as follows:
CDS8 (red), PD-1 (green), CD39, TCF-1, TOX (blue), and nuclei (dark blue). This
staining pattern is confirmed across three independent SLO samples. White scale
bar =100 pm. ¢ Frequency of CD39* Tpex and CD39* dTex cells among PD-1*CD8*
T cells pre- vs. post-treatment from 24 patients; two-sided Wilcoxon matched-pairs
signed test. CD39* Tpex (Rs: n=10, NRs: n=14), CD39* dTex (Rs: n=10, NRs:
n=14). d % CD39* Tpex cells among CD39*Ki67* Tex (total Tex) cells from 24

patients pre-treatment and post-treatment; two-sided Mann-Whitney U-test. Pre-
treatment (Rs, n=10 vs. NRs, n=14), Post-treatment (Rs, n=10 vs. NRs, n=14).

e Kaplan-Meier PFS for post-% CD39* Tpex cells among total Tex cells from 28
patients; log-rank test (% CD39* Tpex cells in total Tex cells >10%, n =15 vs. <10%,
n=13). Two cases with missing post-treatment PBMC samples are excluded from
the analysis. f ROIs from biopsied tumors of three patients at pre-treatment and
around the time of PD on ICB therapy, pseudo-colored as follows: PanCK (white),
CD20 (green), CD3 (red), E-cadherin (blue), and nuclei (dark blue). g Density (cells/
mm?) of each T cell type in the tumor and stroma pre-treatment (circles) and post-
treatment (squares) from three paired tumor-ROIs. h Median nuclear expression of
Ki67 in each intratumoral T cell type pre-treatment (circles) and post-treatment
(squares) from three paired tumor-ROlIs. *P < 0.05, **P < 0.0001. a, d Error bars
indicate mean + SEM. (a, ¢, d, e) n refers to independent PBMC samples. ¢, d NE
cases and those with missing PBMC samples are excluded from the analysis. h Box
plots indicate median values. b was created in BioRender. Kenro, T. (2024) BioR-
ender.com/s50j163. Source data are provided as a Source Data file.

Further research is needed on the TCR repertoire and tumor antigen
reactivity of CD39* Tpex cells in tumors and blood. Moreover, the IMC
analysis post-ICB therapy is constrained by a small number of cases,
late time points, and the inclusion of metastatic tissues. Given the
limitations of this observational study, direct evidence regarding the
changes in the TME triggered by ICB therapy remains lacking. Further
verification is needed to understand how CD39" Tpex cells are acti-
vated following ICB and how they contribute to antitumor activity
within the TME.

In conclusion, our study reveals details related to the spatial
dynamics of CD39'PD-1" Tex cells in ESCC following ICB therapy. The
spatial characteristics of CD39" Tpex cells underscore the significant
local immune responses mediated by TLSs. A selective increase in
circulating CD39" Tpex cells following ICB treatment highlights their
systemic responses to ICB. Our findings could therefore contribute to
the development of precision medicine approaches for cancer
immunotherapy and enhance our understanding of the immunological
landscape of esophageal cancer.

Methods

Patients

From March 2020 to July 2021, a total of 31 patients with unresectable or
advanced ESCC (median age 72 years, range 40-85) were prospectively
enrolled for nivolumab treatment (240 mg/patient every 2 weeks until
disease progression, death, or unacceptable toxicity) (Fig. 1a). Inclusion
criteria were as follows: histologically confirmed ESCC, a baseline
Eastern Cooperative Oncology Group performance status of 0-1,
resistance or intolerance to fluoropyrimidine-based and platinum-
based chemotherapy, age over 20 years, and no prior immunotherapy
(Fig. 1a, b). One patient, without the necessary chemotherapy history,
was excluded from the analysis. Patient characteristics are outlined in
Table S1. Written informed consent was obtained from each patient for
participation in this study, and blood samples from healthy donors were
collected from volunteers who also provided written informed consent.
There was no additional compensation for patients. Ethical approval
was centrally granted by the Ethics Committee of Kyushu University
Hospital (Approval No. 2023-17) and by the respective Ethics Commit-
tees of the following institutions: Japan Community Healthcare Orga-
nization Kyushu Hospital, NHO Kyushu Medical Center, Hamanomachi
Hospital, Fukuoka Wajiro Hospital, and National Kyushu Cancer Center.
This study was conducted in accordance with the Declaration of Hel-
sinki. Sex or gender were not considered in the study design as it was
not relevant to our research objectives.

Specimen collection
Blood was collected in tubes containing acid citrate dextrose solution
before initial and second nivolumab administrations and at the point

of PD. PBMCs were obtained pre-treatment from all 31 patients, at
2 weeks post-ICB from 28 patients, and at PD from 19 patients (Fig. 1b).
Post-ICB samples of 30 eligible patients could not be obtained from 2
patients due to patient refusal and COVID-19 restrictions. PBMCs were
isolated via Ficoll gradient centrifugation and stored at —80 °C. FFPE
tissue blocks were obtained from archival pathology specimens. Pre-
treatment tumor samples were obtained from 27 patients, post-
treatment tumor samples from 3 patients, and pre-treatment regional
LNs from 3 of the 30 eligible patients (Fig. 1b). Pre-treatment FFPE
samples for 3 patients were unavailable because two were held by
other hospitals and one was non-tumorous. Each sample’s viable
tumor area was identified and mapped to its H&E slide by two
pathologists (D.K. and H.Y.).

Assessment of clinical response

Tumor response to anti-PD-1 therapy was assessed based on best
response using RECIST, version 1.1, including cases without measur-
able lesions. Clinical benefit from ICB therapy was defined as either
Non-complete response (CR)/NonPD or SD with PFS >6 months
(Fig. 1c). As per prior reports**’, the clinical response was modified as
follows: 1) patients exhibiting PR or CR were deemed clinical respon-
ders; 2) patients exhibiting NonCR/NonPD or SD with PFS > 6 months
were deemed responders; and 3) all other patients were classified as
non-responders. Cases not evaluable (NE) included 3 patients chan-
ging treatment, including radiotherapy prior to the initial treatment
evaluation, and 2 patients dying before treatment evaluation could be
conducted. NE cases were excluded from the analysis based on treat-
ment efficacy analysis.

Antibody validation by IMC and MC

Antibodies were sourced from Standard Biotools and validated on
tonsil and ESCC tissues using IMC. Antibodies were validated on
PBMCs from healthy donors and ESCC patients using MC to ensure
strong staining intensity and optimal signal-to-noise ratio. Unlabeled
antibodies underwent metal conjugation using a Maxpar X8 Multi-
metal Labeling Kit (Standard Biotools). Titration and specificity were
visually confirmed for new conjugates using tonsil images for IMC and
PBMCs for MC. CD45-152Sm (CD45-2B11) and CD28-173Yb (EPR22076)
in tumor-ROIs exhibited an extremely low signal-to-noise ratio and was
therefore not used for analysis. Further antibody and critical reagents
are described in Tables S2, S3, S4 and S5.

IMC staining procedure

Serial sections (4 um) from ESCC patient FFPE blocks were prepared
and stained per the Standard Biotools IMC protocol. The tumor sam-
ples were de-waxed by baking at 60 °C for 2 h, followed by depar-
affinization in fresh xylene (twice, 10 min each) and rehydration
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through a graded alcohol series (5 min each at 100%, 95%, 80%, 70%).
Antigen retrieval was performed using a decloaking chamber with Tris-
EDTA buffer (Antigen Unmasking Solution, pH 9.0, Vector Labora-
tories) at 110 °C for 20 min, followed by cooling to 70 °C at room
temperature (RT). Slides were blocked with 3% BSA in Maxpar PBS at
RT for 60 min. Concurrently, the antibody cocktail, prepared in 0.5%
BSA buffer, was applied post-blocking and incubated overnight at 4 °C.
Following incubation, slides were washed and treated with Cell-ID
Intercalator-Ir (Standard Biotools) for DNA staining at RT for 30 min.
Finally, slides were rinsed and air-dried for at least 20 min before IMC
acquisition.

IHC staining procedure

IHC staining was performed on serial tumor sections using the fol-
lowing antibodies: CD3 (clone F7.2.38, Agilent Technologies), CD20
(clone L26, Agilent Technologies), and anti-PNA (MECA79R, Novus).
The slides were first deparaffinized and rehydrated, followed by anti-
gen retrieval using EDTA buffer (Antigen Retrieval Buffer, EDTA buffer,
pH 8.0, Abcam) through a 20-min microwave treatment. Endogenous
peroxidase activity was blocked by incubating the slides in 3% hydro-
gen peroxidase for 5 min. Protein blocking was performed using Pro-
tein Block Serum-Free (Agilent Technologies). After applying the
primary antibody, a DAKO Envision Detection System (Agilent Tech-
nologies) was used for primary antibody detection.

Selection of ROIs for IMC analysis

Whole immunohistochemical-stained slides from all cases were scan-
ned to identify areas rich in CD3* cells and CD3*/CD20" TLSs within the
tumor. For tumors lacking TLS, areas with a high density of CD3" cells
were randomly mapped from consecutive IHC sections stained for
CD3. One ROI per mapped area was then acquired from IMC-stained
samples (Fig. S8A). Before the acquisition of ROIs within TLSs, TLSs
were initially screened in tumor-adjacent or -inherent areas using
consecutive IHC sections stained for CD3 and CD20. Subsequently,
randomly selected TLSs were then mapped to their corresponding
locations on IMC-stained samples, ensuring that at least one tumor site
per TLS was included. The accuracy of acquiring designated ROIs was
experimentally confirmed twice using the representative sample
(patient ID KU37) (Fig. 2b). Upon verification, for each sample in which
TLSs were detectable, ROIs corresponding to TLSs and associated
tumor areas were captured (Fig. S8C). Optionally, additional tumor
ROI without TLSs, previously mapped based on IHC-stained serial
sections, were also acquired. Given the predefined conditions descri-
bed above, the area for ROI acquisition was predetermined, and ROIs
were acquired within a range of up to 2.25 mm? (0.39-2.25 mm?).

IMC data acquisition

IMC images were acquired using a Hyperion Imaging System (Standard
Biotools) linked to a Helios mass cytometer (Standard Biotools)
(Fig. S1I0A). All images were collected according to the manufacturer’s
guidelines. Following daily calibration, each tissue slide was subjected
to 200-Hz laser ablation. The resulting IMC data were saved as MCD
files. The integrity and quality of staining across all samples in each
channel were manually verified by reviewing the visualized MCD files in
MCD Viewer (ver. 1.0.560.6, Standard Biotools). Figure S9A and S9B
show the expression of all markers in SLOs or tumors.

IMC image analysis of tumor and SLO samples

Raw data from 27 eligible patients were converted to 32-bit TIFF via
MCD Viewer, followed by processing using two different imaging
methods (Fig. S10B, S10C). Briefly, while both methods were applied to
tumor samples, “IMC image processing B”, using HALO image analysis
software (ver. 3.5.3577.265, Indica Labs), was predominantly employed
for these samples, as per the manufacturer’s protocol. “IMC image
processing A”, based on a previously reported algorithm®®, was utilized

to generate spatial information for CD8" T cell clustering within
tumors. For SLOs, “IMC image processing A” was primarily utilized due
to its superior small lymphocyte nuclei identification capability com-
pared to image processing B.

IMC image denoising
We noted the presence of hot pixels and shot noise in the IMC images
obtained for several markers, which could potentially affect down-
stream analysis. To clearly visualize protein expression, particularly in
channels with low signal-to-noise ratios, set precise positive thresh-
olds, and improve cell clustering, we utilized the IMC-Denoise software
package®. This software was used to analyze markers including CD3,
CD4, CDS, CD20, PD-1, CD39, TOX, Ki67, CD45RA, CD45RO, HLA-DR,
CDllc, FoxP3, TCF-1, LAG-3, 0X-40, TIM-3, CD69, and CD25.
IMC-Denoise employs two main steps: a differential intensity map-
based restoration (DIMR) for hot pixel removal and a self-supervised
deep learning algorithm for shot noise image filtering (DeepSNiF) for
shot noise suppression. DeepSNiF requires model training prior to
implementation. We trained a separate model for each marker,
resulting in the creation of a separate dataset for each marker from our
IMC images after DIMR hot pixel removal. Each dataset comprised
~30,000 64 x 64 patches after data augmentation. Subsequently, all
models were trained on a single NVIDIA RTX 3000 GPU over 200
epochs, using the default parameter settings of the software. After
training, the DIMR-processed IMC images were denoised by DeepSNiF
using their corresponding trained models. The denoised IMC images
were then evaluated by a pathologist (T.Iw.) (Fig. S11A). The quality of
these images was confirmed to be comparable in quality to immuno-
fluorescence staining for CD39, PD-1, and CD8 (Figs. S11B, S11C).

IMC image processing A for tumor and SLO samples

Pixel classification. Pixel classification training was performed using
ilastik software (ver. 1.3.3 postl)** to enhance the quality of cell iden-
tification in Cellprofiler (ver. 4.2.1)> (Fig. S10D). The following channels
of raw data were selected for machine learning: 196Pt-ICSK2, 191Ir-
DNA, 193Ir-DNA, 156Gd-CD4, 161Dy-CD8, and 162Dy-CD20, which were
used to train the pixel classifier. Batch processing for pixel classifica-
tion was not undertaken. In some instances, pixel classification
retraining was necessary to minimize uncertainty and enhance the
quality of the pixel classification results. Both training and probability
map generation were performed in ilastik, with all features selected
having sigma values ranging from 0.3 and 1.6. The resultant probability
maps were saved as individual 16-bit TIFF files for each class.

Single-cell segmentation. The generated probability maps were
processed using Cellprofiler (ver. 4.2.1) to create nuclei and membrane
masks. An Otsu three-class thresholding approach was used to seg-
ment nuclear masks by overlaying both 191Ir and 193Ir-DNA maps
(Fig. S10D). Nuclei were identified as primary objects, with a specified
diameter ranging between 3 and 18 pixels. Subsequently, membrane
masks were created by overlaying the probability maps of 196Pt-ICSK2,
156Gd-CD4, 161Dy-CDS8, and 162Dy-CD20. The intensity of each over-
laid channel was adjusted for each sample, thereby enhancing the
detection of CD4', CD8', and CD20" cells. Using the propagation
method, secondary objects were identified by overlaying the nuclei
and membrane masks (Fig. SIOE). Cell mask images for single-cell
segmentation were subsequently generated and saved for further
analysis. The quality of cell segmentation was verified using histoCAT
(ver. 1.761)*, and single-cell measurements were extracted from all
available channels using the mean pixel values for each segmented cell.
Representative images of cell-segmented tumor samples and SLO
samples are shown in Figure S10F.

Single cell data processing. FCS formats from ROIs were processed
using Cytobank (https://cytobank.org). Spillover correction was
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initially performed by referring to a previously reported spillover
matrix®. If residual spillover was observed in samples used for anti-
body titration, manual adjustments to the spillover matrix were per-
formed. Subsequently, cell data were normalized to the 99th
percentile and then subjected to Z-score normalization®°,

Gating strategy of cell subsets. For tumor-ROIs (Fig. S12C), manually
gated subsets including CD8" T cells, epithelial cells, and CD20" B cells
were extracted for further analysis. Similarly, for SLO-ROIs (Fig. S12D),
the manually gated subsets, as described in Figure S12A, were also
extracted.

High-dimensional data analysis of IMC tumor data. FlowSOM and
UMAP analyzes were performed using Cytobank (https://cytobank.
org). To ensure a sufficient number of cells for Tex phenotype ver-
ification, FlowSOM analysis®*® was performed using equal sampling
from each of the 11 ROIs, each containing over 500 CD8" T cells. The
analysis identified 225 clusters and 7 metaclusters specifically for CD8"
T cells. Key markers used to identify the Tex clusters included 0X40,
LAG3, TIM3, TCF1, TOX, PD-1, CD45RA, CD69, Ki67, CD39, and CD25
with an arcsinh cofactor of 1 for parameter transformation. For
visualizing the phenotype, the resulting clusters were analyzed using
UMAP, applying the same parameters as in FlowSOM, with settings
adjusted to 15 neighbors and a minimum distance of 0.01.

High-dimensional data analysis of IMC SLO data. CD8" T cells
extracted from SLOs were analyzed separately due to the distinct
panels used for tumors. All cells from three samples were included in
the downstream analysis, reflecting the abundance of T cells. For each
SOM, 225 clusters and 10 metaclusters were identified for CD8" T cells.
The following markers were used to identify the Tex clusters: 0X40,
LAG3, TIM3, TCF1, TOX, PD-1, CD45RA, CD69, Ki67, CD39, CD25,
CD45RO0, and HLA-DR with an arcsinh cofactor of 1 for parameter
transformation. For phenotype visualization, the resulting clusters
were analyzed using UMAP, employing the same parameters as in
FlowSOM, with the algorithm settings adjusted to 15 neighbors and a
minimum distance of 0.01.

Spatial analysis using CytoMAP. To visualize the distribution of cell
populations, CytoMAP analysis was employed”. Within SLOs, the “Cal-
culate Distance” function was used to assess the proximity of CD8" T cell
clusters to manually gated immune cells (Fig. S12D). The “Make surface”
function was then used to delineate the manually annotated regions of
TLSs and tumors (Fig. S2D). For TLS annotation, manually gated CD8"
T cells, CD4" T cells, and CD20" B cells were used, while epithelial cells
were used to annotate the tumor parenchyma (Fig. S12C).

IMC image processing B for tumor samples

Visualization and HALO software. For image processing B, 32-bit TIFF
files containing the denoised images were loaded into HALO software.
These images were visualized by manually adjusting the threshold
value of each marker’s expression, followed by a review and additional
adjustments by the pathologist (T.l.), who was blinded to the clinical
outcomes, to refine cell phenotyping (Fig. S12B). Images of tumor
samples, highlighted by representative markers, are shown on the left
side of Figure S8A and S8C. Due to batch effects among individual
cases, each analysis using HALO modules was processed separately for
each dataset. The following modules were used: 1) Highplex FL, 2)
Tissue Classifier, and 3) Spatial Analysis.

Image processing with the highplex FL module. With the Highplex
FL module, cell segmentation was primarily conducted at the nuclear
and cell membrane levels, followed by cell phenotyping. For the initial
identification of cell nuclei, overlays of 191Ir-DNA and 193Ir-DNA were
used. Subsequently, to construct cell membrane outlines around the

nuclei, we used 156Gd-CD4, 162Dy-CD8, 161Dy-CD20, and a Maxpar
IMC Cell Segmentation kit (195Pt-ICSK1, 196Pt-ICSK2, 198Pt-ICSK3)
(Standard Biotools) for cell membrane detection. The thresholds for
positivity of each marker’s expression were manually determined for
cell phenotyping, with adjustments made in increments of 0.1to 0.2 to
obtain the optimal threshold. These thresholds were finalized follow-
ing review by a pathologist (T.lw.), who based decisions on the indi-
vidual staining characteristics of nuclei or membranes, thereby
confirming cell phenotypes defined by the distinctive characteristics
of each marker’s expression (Fig. S12B). Specifically, for threshold
setting in low signal-to-noise channels such as CD39 and PD-], there
was a strong correlation (r=0.827, P<0.0001) between the cell den-
sity of CD39PD-1" CDS8" T cells identified through automated gating in
Image processing A and the visual threshold setting by HALO, con-
firming sensible cut-off selection (Fig. SI2E). An extensive image dis-
playing various cell phenotypes after processing with the Highplex FL
module is shown in Figure S8B. For the heatmap analysis of the T cell
subset, processed data were normalized to the 99" percentile followed
by Z-score normalization. Ki67 expression was evaluated using the raw
signal for each subset.

Image processing with the tissue classifier module. Subsequent to
cell phenotyping, tissue classification across the entire ROl was per-
formed using the Random Forest algorithm within the Tissue Classifier
module implemented in HALO. Within the tumor area, five types were
classified: tumor parenchyma, tumor stroma, portions of the normal
region, TLSs, and blank regions. The training and prediction steps in
this module were performed individually for each ROI. The markers
used for these tissue classifications included E-cadherin, Pan-
cytokeratin (Pan-CK), Collagen I, aSMA, vimentin, the nuclear mar-
kers 191Ir and 193Ir-DNA, CD3, and CD20. Images processed using the
Highplex FL module, showcasing delineated boundary lines between
the parenchyma and stroma, are shown on the right side of Figure S8A.
Additionally, annotations for TLSs are provided on the right side of
Figure S8C.

Image processing using the Spatial Analysis module. To integrate
cell phenotype with spatial information, the Spatial Analysis module
implemented in HALO was used to calculate the distances and the
density of each cell phenotype per unit distance, specifically analyzing
how these cells are distributed within the stroma relative to the tumor
parenchyma or TLSs.

MC staining and data acquisition procedure

Staining and data acquisition were carried out in accordance with the
manufacturer’s guidelines. Notably, Cd-CD45 antibody barcoding
mixtures were created according to the barcode key (Fig. 7c) and then
added to the 12 corresponding sample tubes, each containing 2 x 10°
cells. In addition, PD-1 expression on CD8" T cells in peripheral blood
was analyzed using 175Lu anti-human IgG4 (clone HP6025, Southern
Biotec) following saturation with nivolumab (human IgG4, Sellek
Chemicals). Figure S4F presents a comparison of the direct and
indirect methods for detecting PD-1 expression by MC.

Detailed MC staining procedure

A solution was prepared using RPMI 1640 medium supplemented with
10% FBS, 5mM MgCl,, and 15 units/ml of DNAase I and incubated at
37 °Cin a 5% CO, environment. Cryopreserved PBMCs were thawed in
a 37 °C water bath, transferred to a 5-ml tube containing the afore-
mentioned solution, and centrifuged at 300g for 10 min. After
removing the supernatant by aspiration, an additional 3-4 ml of the
same solution was added, followed by incubation at 37 °C for 30 min.
The sample was then centrifuged at 300 g and the supernatant was
removed by aspiration. The pellet was washed twice using Maxpar Cell
Stain Buffer (CSB) (Standard Biotools) supplemented with 1 mM EDTA.
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Fc-blocker was added, followed by a 10-min incubation at RT, and the
cells were then washed with CSB plus 1 mM EDTA.

After the supernatant was removed by aspiration, the cells were
incubated for 30 min at RT with a solution containing Nivolumab at
25 pg/ml and 103Rh DNA intercalator (1:500) (Standard Biotools).
After washing, the cells were incubated at RT for 30 min in CSB with
175Lu anti-IgG4. After two more washes, the samples were incubated
for 30 min at RT with live-cell barcoding antibody mix against CD45.
After four washes with CSB plus 1mM EDTA, all 12 samples were
mixed and then incubated for 30 min at RT with a surface antibody
cocktail. The cells were then washed once with CSB plus 1mM EDTA
and incubated for 30 min at RT with nuclear antigen staining buffer
concentrate (4x): nuclear antigen staining buffer diluent mixed at a
1:3 ratio (Standard Biotools). After washing twice with 2 ml of Maxpar
antigen staining Perm (Standard Biotools), intracellular antibody mix
was added, and the solution was incubated for another 30 min at RT.
After washing once with 2 ml of Maxpar antigen staining Perm, the
cells were fixed with a 1.6% FA solution for 15 min. Following a wash
with Maxpar antigen staining Perm, the cells were incubated for 2 h at
4 °C in Maxpar Fix and Perm buffer solution containing Cell-ID
Intercalator-Ir (1:1000; Standard Biotools). After two washes with
CSB, the cells were washed twice with Maxpar Cell Acquisition
Solution (CAS) (Standard Biotools). The supernatant was then
removed by aspiration, and the cells were resuspended in a solution
of EQ Four Element Calibration Beads (Standard Biotools) to CAS at a
1:9 ratio, followed by analysis using a Helios mass cytometer (Stan-
dard Biotools).

MC data acquisition

Prior to analysis, each barcoded MC sample was adjusted to ~1x10°
cells and exposed to CAS. The samples were then analyzed at an event
rate of 300-400 events/s.

Data normalization and de-barcoding for MC

The original FCS files were normalized and subsequently de-barcoded
using CyTOF software (ver. 7.0.8493, Standard Biotools) according to
the manufacturer’s instructions. Each of the 12 FCS files, extracted as
normalized and debarcoded CD45" cells, was saved and prepared for
further analysis using Cytobank.

MC clustering

MC clustering was performed based on a previously described method
using Cytobank®®. CD8" T cells were manually gated as CD3*CD8'CD4"
cells. Manual gating for PD-1 was also performed, as shown in Fig-
ure S4F. UMAP analysis was then applied to manually gated PD-1"CD8"
T cells from each of the 12 samples, involving a total of 17,616 cells
equally sampled across all cases. The following markers were used to
generate the UMAP plots: CCR6, CD45RA, CD4, Ki67, 0X40, CD28,
TIM3, TOX, CXCR3, CD27, CD39, Tbet, CD69, CD45RO, LAG3, CCR7,
CD127, TCF1, CTLA4, CXCR5, CX3CR1, CXCR4, Eomes, and PD-1.
Parameters were set to 30 neighbors and a minimum distance of 0.01.
The resulting UMAP plots were fed into FlowSOM clustering with
algorithm settings of 100 clusters and 10 metaclusters.

High-dimensional data analysis of MC dataset

FlowSOM and UMAP analyzes were performed on eight available
tumor samples, obtained through biopsy or resection, from the ICB-
treated cohort of HNSCC patients® using Cytobank. CD8" T cells were
manually gated, as described in Figure S3l. FlowSOM analysis
employed equal sampling for consistency across samples. For each
SOM, 225 clusters and 9 metaclusters were identified for CD8" T cells.
The markers used for this analysis included PD-1, CD39, TCF-1, Ki67,
TIM-3, CD127, CD69, CD103, GranzymeB, Tbet, CD39, CD38, CD25,
CD45RA, CCR7, CD27, TCF1, TIGIT, and HLA-DR. The resulting clusters
were then analyzed using UMAP, employing the same parameters as in

FlowSOM with the algorithm adjusted for 15 neighbors and a minimum
distance of 0.01.

Cell quantification of MC dataset

Quantification by manual gating was performed on 8 tumor samples, 1
non-metastatic lymph node (LN) sample from the dataset of the ICB
cohort of HNSCC patients, and 9 non-metastatic LN samples from the
standard of care cohort®. The expression rates of TCF-1, PD-1, CD39,
and Ki67 in CD8' T cells were determined based on the gating strategy
shown in Figure S3I.

Flow cytometry analysis

PBMCs collected pre-treatment and during nivolumab treatment
were thawed and stained using a Zombie Aqua Fixable Viability kit
(BioLegend). Cells were then stained with fluorochrome-conjugated
antibodies against surface proteins of interest. For intracellular
staining, the cells were fixed and permeabilized using Fixation/Per-
meabilization concentrate and Fixation/Permeabilization diluent
(Thermo Fisher Scientific) and stained with fluorochrome-
conjugated antibodies against intracellular proteins. PD-1 was
detected using anti-human IgG4-Alexa Fluor 647 (HP6025, Southern
Biotec) after saturation with nivolumab (Fig. S4E). The following
markers were used with an Attune flow cytometer (Thermo Fisher
Scientific): Ki-67 (BioLegend, Ki67), CD4 (BioLegend, SK3), CD39
(BioLegend, Al), Eomes (eBioscience, WD1928), Tox (eBioscience,
TXRX10), Tbet (BioLegend, 4B10), CD14 (BiolLegend, M5E2), CD8
(BioLegend, SK1), TIM-3 (BD, 7D3), CD69 (BioLegend, FN50), TCF-1
(BioLegend, 7F11A10), 0X-40 (BioLegend, ACT35), IFN-y (BD, 4S.B3),
and TNF (BD, Mabl1). Gating for all markers except lineage markers
was determined based on isotype controls, with a representative
gating strategy shown in Figure S6G. Further antibody details are
described in Table S5.

Cytokine analysis

Thawed cells were stimulated with phorbol 12-myristate 13-acetate
(Sigma) at 0.25 pg/ml and ionomycin (Sigma) at 2.5 pg/ml for 3hin a
37 °C incubator and then stained. Cytokine production was analyzed
by intracellular staining using antibodies against IFN-y (BD, 4S.B3) and
TNF (BD, Mabl1). A sample from an ineligible patient was used in this
analysis.

Immunohistochemical analysis of PD-L1

PD-LI staining of samples from each eligible patient was performed
using FFPE tumor samples and an anti-PD-L1 antibody (1:100, 28-8,
Abcam). The CPS was calculated by a pathologist (K.D.).

Immunofluorescence Staining

Fluorescence multiplex immunostaining was performed on FFPE
samples from an enrolled patient to assess the staining quality of
denoised images. Antigen retrieval was performed using Antigen
Retrieval Solution pH 9 (Nichirei, Tokyo, Japan) and microwaving for
20 min. The primary antibodies used were as follows: PD-1 (Clone
NAT105, ab52587, Abcam), CD39 (Clone ERP20627, ab223842,
Abcam), and CD8 (Clone 4B11, PA0183, Leica Biosystems). All primary
antibodies were incubated at RT for 90 min. The following secondary
antibodies were used: anti-mouse IgG2b CF Dye 647 (Biotium), anti-
mouse IgGl CF Dye 488 (Biotium), and anti-rabbit IgG CF Dye 568
(Biotium). All secondary antibodies were incubated at RT for 40 min.
DAPI was used as the nuclear counterstain. The images were captured
using a Leica DMi8 THUNDER imaging system (Leica, Weztlar,
Germany).

Statistical analysis
Statistical analyzes for group comparisons and correlations were
conducted using the Prism 9.5.1 and JMP pro 16 software packages.
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Data normalization and denoising of IMC images were performed in
Python 3.6. The treatment effect difference between the two TLS-
based groups was compared using a two-sided Fisher’s exact test. The
relationships of continuous variables between two groups were ana-
lyzed using non-parametric Mann-Whitney U-tests or Wilcoxon
matched-pairs signed rank tests for two-sided unpaired and paired
analyzes, respectively. For multiple groups, repeated measures
ANOVA with post-hoc tests using Bonferroni correction (including one
model using a mixed-effect model) or a Kruskal-Wallis test with post-
hoc Dunn comparisons were used. Correlations between continuous
variables were determined by Pearson’s r coefficient using a two-sided
test. For all tests, P<0.05 was considered statistically significant. PFS
was defined as the time from the initiation of ICB therapy to the date of
confirmed PD or death from any cause. The cutoff value for the fre-
quency of CD39" Tpex cells was determined using ROC curve analysis.
The optimal threshold in which the sum of sensitivity and specificity
was the maximum was detected.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The MC and IMC data generated in this study are publicly available in
the Zenodo database under the accession code https://doi.org/10.
5281/zenodo.11421121 for academic non-commercial research®. The
MC and IMC data generated in this study are also provided in the
Supplementary Information/Source Data file. The HNSCC MC dataset®
can be downloaded from https://doi.org/10.17632/2zgppyr2rr.1. All
remaining data are included in the Supplementary Information or
available from the authors. The raw numbers for charts and graphs are
available in the Source Data file whenever possible. Source data are
provided with this paper.
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