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Efficient Predictor for Inmunotherapy Efficacy: Detecting
Pan-Clones Effector Tumor Antigen-Specific T Cells in Blood
by Nanoparticles Loading Whole Tumor Antigens
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Cancer involves tumor cells and tumor-specific immunity. The ability to
accurately quantify tumor-specific immunity is limited. Most
immunotherapies function by activating new effector tumor antigen-specific T
cells (ETASTSs) or reactivating the pre-existing ETASTs repertoire. Therefore,
the amount of ETASTs can be used to characterize immunotherapy efficacy.
Tumor antigens are highly heterogeneous and detecting most ETASTs is
challenging. Therefore, nanoparticles loading whole-cell tumor antigens are
used to activate and detect pan-clones ETASTs in the blood. The differences
between ETASTs and other T cells are transformed into activated and
non-activated states. By measuring markers of the activated status and
cytotoxic function of ETASTSs, it can distinguish ETASTs from other T cells.
ETASTs in patients with lung cancer are higher than those in healthy
individuals and those with benign pulmonary nodules. Therapeutic efficacy
positively correlated with the number of ETASTs in the blood. ETATS levels
increase only in the blood of patients who respond to immunotherapy.
Single-cell sequencing studies validated these findings. This study provides a
highly accurate, specific, non-invasive, and efficient biomarker for predicting
immunotherapy efficacy in lung and other cancers. This method can also be
applied to evaluate the efficacy of other treatments, such as radiotherapy,
oncolytic viruses, and nanomedicine-based therapies.

1. Introduction

Lung cancer, including adenocarcinoma
and squamous cell carcinoma, is among
the most prevalent and deadly malignancies
worldwide, with non-small cell lung can-
cer (NSCLC)!! being the predominant type.
Traditional treatments such as surgery,
chemotherapy, and radiotherapy often ex-
hibit limited efficacy in improving the prog-
nosis of NSCLC. The rapid development
of immune checkpoint inhibitors (ICIs) in
recent years has resulted in novel ther-
apies for NSCLC. ICIs primarily block
the interaction between inhibitory recep-
tors on T cells and their corresponding
ligands, modulating immune cell activity
and reactivating and expanding pre-existing
tumor-specific T cell subpopulations.l**l
Currently, the mainstay of NSCLC treat-
ment involves inhibiting programmed cell
death protein 1 (PD-1) or programmed
cell death ligand 1 (PD-L1), alone or in
combination with chemotherapy, which is
now a primary treatment modality for
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advanced patients with NSCLC.I°! However, ICI therapy only ben-
efits a subset of patients with NSCLC, and a considerable por-
tion fails to derive clinical benefits. Consequently, identifying
efficient predictive biomarkers for immunotherapy response is
crucial.

Cancer is the result of a conflict between cancer cells and
the immune system. The reported biomarkers to date have fo-
cused on evaluating the properties of cancer cells, including
PD-L1 expression levels,[®®! tumor mutation burden (TMB),[*1"]
tumor-infiltrating lymphocyte (TIL) counts,!'l and neoantigen
load.'?13] No biomarkers have been systematically used to evalu-
ate tumor-specific immune responses in tumor-bearing bodies.
Assessing and presenting information on both tumor cells and
tumor-specific immunity would greatly benefit doctors and pa-
tients.

Despite the FDA approval to use PD-L1 expression levels in
NSCLC tumor tissues to select patients for ICI therapy, the
discriminatory efficacy of this biomarker has not met expecta-
tions. The failure of the biomarker’s efficacy implies that rely-
ing solely on PD-L1 expression levels as a selection criterion may
result in some patients not benefiting from ICI therapy or in-
correctly excluding those who could have benefited."*151 Addi-
tionally, specific subsets of T cells within tumor tissues, known
as tumor antigen-specific T cells (TAST), have been shown in
multiple studies to be predictive biomarkers of immunotherapy
response.['*17] These T cells can recognize tumor antigens specif-
ically, but not all have cytotoxic functions after antigen recogni-
tion. Specific recognition of tumor antigens can be considered
structurally specific, whereas the ability to kill cancer cells con-
taining the antigen after recognition can be considered function-
ally specific. Based on structural and functional specificity, TAST
can be classified into three categories: 1) Effector tumor antigen-
specific T cells (ETAST), capable of both specifically recogniz-
ing and killing cancer cells containing the antigen; 2) Regulatory
tumor antigen-specific T cells (RTASTs), which not only recog-
nize tumor antigens specifically but also inhibit the function of
ETASTs after recognition, thereby promoting tumor cell prolif-
eration; and 3) Anergy tumor antigen-specific T cells (ATASTs),
which recognize tumor antigens specifically but lack cytotoxicity
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against cancer cells after recognition. Two recent studies demon-
strated a positive correlation between the types and quantities of
ETASTSs in the body or peripheral blood of patients with cancer
post-immunotherapy and their prognosis.!'®] ETASTs are the
key force in killing cancer cells and are considered the true par-
ticipants in ICIs therapy.2*2!] A successful ICIs therapy response
relies on the reactivation of ETASTs.?22] Detection of ETASTs
in peripheral blood could be an ideal biomarker to reflect im-
munotherapy efficacy.

Accurate detection of pan-clone ETASTS in the peripheral
blood is one of the best ways to assess tumor-specific immunity in
patients, but this remains a significant challenge. There are thou-
sands of different tumor antigens, and one clone of TAST can
recognize only one tumor antigen; thus, there are thousands of
different clones of TASTs. According to the tumor-immune cycle
theory,[2*] after tumor antigens activate TASTS in draining lymph
nodes, TASTs enter tumor tissues through the bloodstream, mak-
ing blood the optimal source for detecting ETASTs. However,
ETASTs in the blood are rare and highly heterogeneous.!?>2]
Due to the highly heterogeneous nature of tumor antigens, it is
challenging to detect all ETASTs accurately using ELISPOT or
tetramer technology. ETASTS are not different from other T cells,
except for the TCR recognizing different antigen peptides; there-
fore, distinguishing ETASTs from other T cells is very difficult,
particularly when identifying all different clones of ETASTs. Cur-
rently, detecting a few well-defined clones of ETASTS is mainly
done through multimer technology or ELISPOT, which only de-
tects T cells recognizing specific antigens. However, these meth-
ods have limited peptide antigens available for detection, low ac-
curacy, and high costs, making their widespread implementation
in clinical practice challenging. There is an urgent need for non-
invasive, facile, and efficacious peripheral blood ETASTs detec-
tion methods.

The highly heterogeneous nature of tumor cells and tumor
antigens makes it difficult to detect pan-clones (all or most
clones) of ETASTs. Currently, no effective method exists to
comprehensively and accurately detect broad ETAST clones
in the blood, providing doctors with accurate information on
tumor-specific immune responses in patients with cancer. This
study proposes that pan-clone ETASTs in peripheral blood
mononuclear cells (PBMCs) can be efficiently identified using
nanoparticles (NPs) loaded with whole tumor antigens, thereby
providing accurate information on tumor-specific immune re-
sponses to doctors and patients with cancer. When co-incubated
with PBMCs, NPs are phagocytosed by the antigen-presenting
cells (APCs) in PBMC, releasing the encapsulated tumor anti-
gens. The released antigens undergo degradation into antigen
peptides on the surface APCs. Subsequently, antigen peptides
presented on the surface of APCs can secondarily activate pre-
existing TASTs, which recognize the antigen originally activated
by tumor antigens in draining lymph nodes. Dendritic cells
(DCs) are the only APCs capable of activating naive T cells
in lymph nodes, while B cells, macrophages, and DCs serve
as APCs for secondary activation of pre-existing non-naive T
cells in peripheral tissues!?’] or in vitro (Figure S1, Supporting
Information). When Naive T cells are primarily activated by
tumor antigens through APCs and transformed into ETASTSs
in draining lymph nodes, all three signals —antigen peptide
(signal 1), co-stimulatory molecule (signal 2), and cytokine in
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the microenvironment (signal 3) — are required for the initial
activation. However, only signal 1 is necessary when pre-existing
ETASTS, initially activated by tumor antigens, encounter and are
reactivated by corresponding antigens in vitro or in the blood.

This study defines nanoparticles loaded with whole tumor anti-
gens as Tumor Antigen-specific T cells Activating Nanoparticles
(TATAN). In this study, the activation of T cells in vitro using
nanoparticles loaded with whole-cell tumor antigens was an in-
direct process via autologous APCs, mimicking the activation of
pre-existing TASTs in the periphery after APC phagocytosis of
in vivo antigens. T cells (ETASTs) that recognize tumor antigens
are activated in vitro upon encountering these antigens, followed
by the detection of activated ETASTs. Thus, the structural dif-
ference between ETASTs and other T cells is reflected in their
activated status, allowing ETASTs to be distinguished by detect-
ing activation biomarkers, such as IFN-y and CD137. Whether
NPs loaded with whole tumor antigens are better than those
loaded with multiple peptides or free tumor lysates for such ac-
tivation needs to be explored. Importantly, universally activating
NPs needs exploration for practical use. Thus, it is necessary to
investigate whether NPs loaded with mixed lysates from multi-
ple allogeneic tumor tissues or multiple homogeneous cancer
cell lines can achieve the same activation and detection efficacy
as NPs loaded with autologous tumor tissue lysates. The feasi-
bility of using these NPs for activation-based detection of pe-
ripheral ETASTs to predict immunotherapy efficacy was demon-
strated by monitoring changes in peripheral blood ETASTs in
40 NSCLC patients before and after immunotherapy. This ap-
proach offers a promising and efficient predictive biomarker for
immunotherapy with high accuracy, specificity, accessibility, and
minimal trauma (Figure 1).

2. Results

2.1. Preparation and Characterization of TATAN Loaded with
Whole-Cell Tumor Antigens

Whole-cell tumor antigens (including water-soluble antigens and
8 M urea-solubilized water-insoluble antigens) were encapsu-
lated as previously described in our studies.[?(Figure Sla,
Supporting Information). These NPs have an average size of
~210 + 30 nm, with a Zeta potential of -20 £ 2 mV and a PDI
value of 0.163 + 0.052 (Table S1, Supporting Information). The
particle size was controlled within a range efficiently taken up by
APCs.B! The loading capacities of all these NPs are ~0.73 mg
antigen /mg PLGA. Transmission electron microscopy (TEM)
revealed that the NPs exhibited a regular spherical structure
(Figure S1b,c, Supporting Information). Flow cytometry analy-
sis showed that all three types of APCs, namely B cells (B220),
mononuclear macrophages (F4/80), and DC (CD11c), could take
up TATAN (Figure S1d,e, Supporting Information). Confocal mi-
croscopy results (Figure S1f, Supporting Information) revealed
that while the red fluorescence signal of the nanoparticles par-
tially overlapped with the green fluorescence signal of the cell
lysosomes in some areas, there were also instances where the red
fluorescence signal was observed in the cytoplasm, indicating the
successful escape of most nanoparticles from the lysosomes into
the cytoplasm.
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Proteomic analysis was conducted to identify the proteins and
peptide antigens carried by different TATANS, revealing that each
nanoparticle loaded ~5800-6800 protein species and 40 000—
51 000 peptide species under a stringent standard of FDR < 0.01
(Figure 2a,b). Further analysis revealed that proteins carried by
the nanoparticles included various neoantigens derived from
mutations recorded in the Catalog of Somatic Mutations in Can-
cer, such as PIOD2, KEAP1, and PIH1D1. TATANSs loaded with
a mixture of multiple tumor tissues or cell lines carried more
diverse antigen species than those loaded with single tumor
tissues or cell lines (Figure 2d). In addition, the inclusion of
water-insoluble components significantly enriched the antigen
species encapsulated by TATANs (Figure 2e-h). Furthermore,
NPs loaded with a mixture of multiple allogeneic tumor tissues
or multiple mixed cancer cell lines contained a greater and more
diverse range of antigens than those loaded with single tumor
cells or tissues (Figure 2e-h), demonstrating the feasibility of us-
ing multiple mixed tumor tissues or multiple mixed cancer cell
lines instead of autologous tumor tissues for TATAN preparation.

2.2. TATAN Efficiently Activates ETASTs Both In Vivo and In Vitro,
and The Level of ETASTs Correlates Positively with Treatment
Efficacy

The immune activation and cancer therapeutic efficacy of
antigen-loaded nanoparticles were evaluated in subcutaneous
and orthotopic LLC lung cancer mouse models. Following tu-
mor inoculation, either subcutaneously or in the lungs, the
mice were injected with tumor tissue antigen-loaded nanoparti-
cles (TTNP) six times (Figure 3a). Meanwhile, aPD-1 antibody
and carboplatin (Cbp) were administered in combination as a
standard anti-tumor regimen five times. In the subcutaneous
mouse model and orthotopic mouse model, either TINP or
aPD-1+Cbp effectively suppressed tumor growth (Figure 3b-d;
Figure S2, Supporting Information), and combining TTNP with
aPD-1+Cbp can further improve the inhibition of tumor growth.
No significant abnormalities were observed in the major organs
of mice after treatment based on H&E staining, indicating mini-
mal toxicity of the antigen NPs in mice (Figure S3a,b, Supporting
Information).

Flow cytometry analysis revealed a notable increase in the
CD8" T cell population, macrophages (F4/80), dendritic cells
(CD11c), B cells (B220), and NK cells (CD49b) in the tumor tis-
sue microenvironment of the TTNP group compared to those
in the PBS and blank NP groups (Figure 4a,b; Figure S4, Sup-
porting Information). Furthermore, a synergistic effect was ob-
served when combining TTNP with aPD-1+Cbp. These results
were verified by multiplex immunofluorescence (mIF) analysis
(Figure 3e; Figure S4, Supporting Information). CD8*CD137* T
cells or CD8TIFN-y* T cells within tumor tissues denote ETASTS,
which are more indicative of immune activation features com-
pared to CD8™ T cells alone.3? These studies revealed that TTNP
significantly increased ETAST levels in the TME (Figure 3f,g;
Figures S5 and S6, Supporting Information), and combining it
with aPD-1 further increased ETAST levels in the tumor. An in-
crease in intra-tumoral ETAST levels leads to improved antitu-
mor therapeutic efficacy. T cell depletion studies revealed that
CD8* T cells function as the major killer cells, while CD4* T cells
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Figure 1. Schematic illustration of activation-based pan-clones ETAST detection in PBMC and mechanism of secondary activation of ETAST in peripheral
or in vitro using nanoparticles loaded with whole tumor antigens. a) The Process of predicting immunotherapy efficacy by detecting ETASTs in PBMCs:
PBMCs are isolated from the blood samples of cancer patients before and during treatment, followed by in vitro activation of ETASTs using NPs loaded
with whole-cell antigens (TATAN). All existing ETASTs clones are activated by their corresponding tumor antigens, and the activated ETASTs are detected
by measuring activation biomarkers via flow cytometry (an increase in ETASTs after treatment indicates better therapeutic efficacy). b) Naive T cells are
primarily activated by tumor antigens through APCs (tumor antigens are phagocytosed by APCs and presented on the surface of APCs), transforming
into TAST in draining lymph nodes. All three signals are required for the initial activations of TAST. Upon encountering tumor antigens in vitro or in the
blood (Nanoparticles loaded with tumor antigens are phagocytosed by APCs, processed, and presented on the surface of APCs), pre-existing TAST, which
has been initially activated, will undergo secondary activation. Only signal 1 is required for secondary activation. NP, nanoparticle; NSCLC, non-small

cell lung cancer; ETAST, effector tumor antigen-specific T cells; APCs, and antigen-presenting cells.

also play a role in killing cancer cells (Figure S7, Supporting In-
formation). These data reaffirm that TATAN activates ETASTs in
vivo, correlating with improved therapeutic outcomes.

The specificity of NPs loaded with whole tumor antigens was
verified by investigating NPs loaded with liver tissue lysates and
NPs loaded with lung tissue lysates under the same conditions.
The results demonstrated that NPs loaded with liver or lung tis-
sue lysates did not activate tumor antigen-specific T cells, thereby
verifying the NPs’ specificity (Figure 3h,i).

Quantitative analysis of ETASTs in peripheral tissues from
all mouse groups revealed that TATAN-stimulated T cells ca-

Adv. Sci. 2025, 12, 2409913 2409913 (4 of 21)

pable of recognizing tumor antigens and activated ETASTSs
can secrete anti-tumor cytokine IFN-y and express CD137.
Thus, IFN-y* T cells and CD137* T cells (Figures S5 and S6,
Supporting Information), particularly CD8*IFNy* T cells and
CD8*CD137" T cells (Figure 3jk), are identified as ETASTS.
Analysis of the correlation between the anti-tumor effect and
peripheral ETAST levels in each group indicated that bet-
ter anti-tumor efficacy resulted in higher levels of periph-
eral ETASTSs, suggesting a positive correlation between the in-
crease in peripheral ETASTSs induced by TATAN and therapeutic
efficacy.
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Figure 2. Proteomic mass spectrometry analysis of components in different TATANSs. a) Protein species loaded in different TATANSs. b) Peptide species
loaded in different TATANS. c) Relative abundance of neoantigens loaded into dn‘Ferent TATANS. d,e) In comparing protein species loaded in different
NPs, overlap indicates sharing among multiple NPs. sTT WNP: NPs loaded with water-soluble antigens from a single tumor tissue; sTT UNP: NPs
loaded with water-insoluble antigens from a single tumor tissue; mTT WNP: NPs loaded with mixed water-soluble antigens from multiple allogeneic
tumor tissues; mTT UNP: NPs loaded with mixed water-insoluble antigens from multiple allogeneic tumor tissues; A549 WNP: NPs loaded with water-
soluble antigens from a single cell line (A549); A549 UNP: NPs loaded with water-insoluble antigens from a single cell line (A549); mTC WNP: NPs
loaded with water-soluble antigens from a mixture of multiple tumor cell lines; mTC UNP: NPs loaded with water-insoluble antigens from a mixture of
multiple tumor cell lines (A549, H1299, H1650, PC9, H226, H520, SK-MES-1).
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Figure 3. Increase of ETASTs is positively correlated with immunotherapy efficacy in a mouse model. a) Flowchart of tumor inoculation and drug admin-
istration. b) Tumor volume growth curves in mice. c¢) Photographs of isolated tumors in each group on day 21. d) Average weight of isolated tumors on
day 21. e) Percentage of CD8* T cells within the tumor as counted by immunofluorescence staining analysis. f) Percentage of CD8"IFNy*T cells within
the tumor, as counted by immunofluorescence staining analysis. g) Percentage of CD8tCD137" T cells within the tumor as counted by immunofluores-
cence staining analysis. h) CD8*IFNy ™ tumor antigen-specific T cells specificity analysis by comparing different tissue sources. i) CD8"CD137* tumor
antigen-specific T cells specificity analysis by comparing different tissue sources. j) Representative flow cytometry result (left) and summary (right)
of CD8*IFNy*T cells in splenocytes. k) Representative flow cytometry result (left) and summary (right) of CD8TCD137* T cells in splenocytes. NP,
nanoparticles; Cbp, cisplatin; TTNP, nanoparticles loading whole tumor tissue lysates. Data are presented as mean =+ SEM, and P-values <0.05 were
considered significant: “P < 0.05, P < 0.01, P < 0.001.
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Figure 4. NPs loaded with whole tumor tissue antigens efficiently detect ETAST levels in the peripheral blood of NSCLC patients. a) Comparing different
NP concentrations applied to activate and detect ETATS in blood. b) Comparing different co-incubation times applied to activate and detect ETASTs in
blood. c—e) Representative ETASTs detection results in ELISPOT, ELISA, and flow cytometry. f) NPs can more efficiently activate and detect ETASTs than
free tumor lysates (patients = 3). g) Comparing different NPs loaded with different antigens to activate and detect ETASTs in blood (patients = 3). h)
NPs loaded with a mixture of multiple allogeneic tumor tissue lysates showed similar detection effects with NPs loaded with autologous tumor tissue
lysates (patients = 3). i) APC is needed to activate ETASTs (PBMC contains DC and B cells). j) No significant difference in ETASTs activated by mTT NP
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2.3. TATAN Loaded with Whole-Cell Antigens from Various Tumor
Tissues Effectively Quantifies ETAST Levels in Patients with
NSCLC Peripheral Blood

ETASTs in the peripheral blood of patients with NSCLC were
activated by TATAN, followed by detecting activation markers
IFN-y and CD137 for the quantitative analysis of ETASTs. Based
on the screening studies, 0.5 mg mL™" was selected as the co-
culturing concentration with PBMCs, and 48 h was determined
to be the optimal in vitro co-culturing time for activating ETASTs
by TATAN (Figure 4a,b; Figure S8a—c, Supporting Information).

Enzyme-linked immunospot assays (ELISPOT), enzyme-
linked immunosorbent assays (ELISA), and flow cytometry are
techniques commonly employed to quantify the number of T
cells in an activated state. This study divided TATAN-activated
PBMC samples into three groups and subjected them to flow cy-
tometry, ELISA, and ELISPOT to evaluate the activated T cells.
Remarkably, the results from all three methods were consistent
(Figure 4c—e), confirming that all three methods could be applied
to measure the expression of activation-state markers to quantify
ETAST content. In this study, flow cytometry was used for subse-
quent investigations.

Furthermore, NPs loaded with whole tumor tissue lysates ex-
hibited much better ETAST activation and detection effects than
free tumor tissue lysates with blank NP (Figure 4f; Figure S8d,
Supporting Information). In addition, the diversity of tumor anti-
gens in TATAN was further compared by detecting ETASTSs in
the PBMCs of patients with NSCLC. The outcomes revealed that
mTT NPs (loaded with tumor antigens from mixture of 26 al-
logeneic tumor tissues of patients with NSCLC) and mTC NPs
(loaded with tumor antigens from mixture of 7 lung cancer cell
lines) activated more CD8*IFNy* T cells compared to other NPs
loaded with tumor antigens from single tumor tissue or single
cell line or multiple neoantigen peptides (Figure 4g; Figure S8e,
Supporting Information).

Importantly, mTT and mTC NPs achieved the same efficacy
as personalized NPs loaded with autologous tumor tissues in
activating and detecting ETASTS, whereas NPs loaded with sin-
gle allogeneic tumor cell lysates did not achieve similar effects
(Figure 4h; Figure S8f, Supporting Information). The fact that
NPs can only activate antigen-specific T cells in PBMCs (contain-
ing APCs such as B cells and DCs) but cannot activate pure T cells
illustrates the necessity of including APCs in the co-incubation
system (Figure 4i)

In addition, at the applied NP concentration, we found that
whether TATAN carried an immunoadjuvant did not affect the
in vitro results of detecting ETASTs (Figure 4j). The content of
TATAN-activated ETASTs in PBMCs frozen in liquid nitrogen for
two months was not significantly different from that in fresh

www.advancedscience.com

PBMCs (Figure 4k), suggesting that cryopreserved PBMC sam-
ples can also be assayed for the content of ETASTs.

These data demonstrate that a mixture of multiple allogeneic
tumor tissues and multiple tumor cell lines contains broad-
spectrum and diverse tumor antigens that sufficiently encom-
pass the tumor antigens found in most patients with cancer.
These findings confirm the feasibility of using a mixture of multi-
ple allogeneic tumor tissues or multiple tumor cell lines as a sub-
stitute for autologous tumor tissue. Therefore, NPs loaded with
a mixture of multiple allogeneic tumor tissue lysates or those
loaded with a mixture of multiple tumor cell line lysates can be
used as a universal TATAN to detect ETASTs in the peripheral
blood of patients with cancer.

More importantly, the amount of ETASTs in the blood of pa-
tients with lung cancer, as detected by NPs loaded with a mixture
of allogeneic tumor tissue lysates from 26 patients, was signif-
icantly higher than that in healthy individuals and individuals
with benign pulmonary nodules (Figure 4l). These findings in-
dicate that tumor tissues in patients with cancer can stimulate
certain ETASTs in their bodies, which is a fundamental function
of ICIs.

2.4. General Clinical Characteristics of NSCLC Patients
Undergoing Chemoimmunotherapy

We enrolled 40 previously untreated patients with NSCLC un-
dergoing this regimen to assess the potential of TATAN-activated
peripheral ETAST levels as biomarkers for predicting the efficacy
of PD-1 inhibitors combined with chemotherapy in NSCLC treat-
ment. The median age of the enrolled patients was 63 years, with
25 (62.5%) patients aged > 65 years. Clinical efficacy was evalu-
ated using RECIST 1.1 criteria at week 6 from the beginning of
treatment, revealing that 14 (35.0%) patients achieved complete
remission (CR) or partial remission (PR), 21 (52.5%) exhibited
stable disease (SD), and 5 (12.5%) showed disease progression
(PD), resulting in an objective response rate (ORR) of 35.0% and
a disease control rate (DCR) of 87.5%. PD-L1 expression was as-
sessed in all patients, with 11 patients (27.5%) exhibiting expres-
sion levels below 1%, 18 patients (47.5%) showing expression
levels between 1% and 49%, and 10 patients (25.0%) showing
expression levels exceeding 50% (Tables S2 and S3, Supporting
Information)

Blood tests such as neutrophil-to-lymphocyte ratio (NLR),
C-reactive protein (CRP) index, lactate dehydrogenase (LDH)
levels, and platelet count, have been reported to predict im-
munotherapy efficacy;**%7! therefore, we also examined these
biomarkers in this study and found no significant differences in
platelet count (median 182.5 versus 178.5 10”9 /L), lactate dehy-
drogenase level (median 173.2 vs. 196.6 U L™'), and C-reactive

in fresh and frozen PBMC for two months. k) Comparing the amount of ETASTs detected by mTT NP in health people, people with benign pulmonary
nodules, and NSCLC patients (patients = 3). ) Whether it carries an immune adjuvant or not does not affect NPs’ effectiveness in activating ETASTs
(patients = 3). Blank NP, blank nanoparticles; MUC1 NP, NPS loaded with MUC1; MAP NP, NPs loaded with multiple neoantigen peptides; A549 NP,
NPs loaded with whole cell lysates of A549; mTC NP, NPs loaded with a mixture of 7 tumor cell line lysates; sTT NP, NPs loaded with single tumor
tissue lysates; mTT NP, NPs loaded with a mixture of 26 patient’s whole tumor tissue lysates; Lysate, free whole lysate from 26 patient’s lung cancer
tumor tissue; Personalized NP, NPs loaded with personalized autologous whole tumor tissue lysate. The percentage of CD8TIFNy™ T cells represents
the percentage of ETASTs, BPN, and benign pulmonary nodules; data are presented as Mean + SEM. P-values <0.05 were considered significant: “P
<0.05, P < 0.01, P < 0.001.
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protein level (median 6.4 vs. 4.3 mg L~!) between patients in the
responder (R) and non-responder (NR) groups before treatment
(Figure S9a—c, Supporting Information). However, the NLR
was significantly lower in the R group than in the NR group
(median 1.6 vs. 2.7) (Figure S9d, Supporting Information), and
PD-L1 expression was slightly higher in the R group than in the
NR group (median, 25.0% vs. 9.5%) (Figure S9e, Supporting
Information). Subsequently, we constructed receiver operating
characteristic (ROC) curves for the NLR and PD-L1 expression to
evaluate their predictive ability for treatment responses. The area
under the curve (AUC) for NLR was 0.776 (95% CI: 0.627-0.926)
with an accuracy of 0.769, whereas the AUC for PD-L1 expres-
sion was 0.713 (95% CI: 0.514-0.860) with an accuracy of 0.783
(95% CI: 0.514-0.860) (Figure S9f,g, Supporting Information).
These results reveal that although NLR and PD-L1 expression
levels can predict immunotherapy response, their accuracy is
limited.

2.5. Changes in the Levels of ETASTSs in the Peripheral Blood of
NSCLC Patients Treated with Chemoimmunotherapy

We obtained 147 blood samples from 40 patients with NSCLC
who underwent chemotherapy before treatment and after the
first and second courses. Of these, 139 PBMCs were successfully
isolated for further analysis. Flow cytometric analysis was initially
conducted on PBMC in selected patients to assess the effect of
immunotherapy on peripheral blood T cells, as illustrated by the
gating strategy in Figure S10a (Supporting Information). The re-
sults showed no significant differences in the total CD4* T cell
levels among the various groups at all treatment stages. How-
ever, the total CD8* T cell levels were slightly higher in the re-
sponse group (Group R) than in the non-response group (Group
NR) after two treatment cycles (Figure S10b,c, Supporting Infor-
mation). Although a previous study highlighted a significant as-
sociation between the baseline ratio of CD4* to CD8" T cells and
treatment response,3®! in this study, no significant difference in
the CD4/CD8 ratio was observed between the different response
groups at baseline (Figure S10d, Supporting Information). We
examined the number of ETASTs activated by TATAN in the pe-
ripheral blood of patients with NSCLC after various treatment cy-
cles to investigate the specificity of TATAN. The results showed
that Patients in group R, who underwent two treatment cycles, ex-
hibited a significant increase in ETAST levels after co-incubation
with TATAN (Figure S10e,f, Supporting Information).

2.6. The Increase in ETASTs in Peripheral Blood after Treatment
was Positively Correlated with Therapeutic Efficacy

The association between peripheral blood ETAST levels and
the efficacy of chemoimmunotherapy was explored by collect-
ing PBMC samples from 40 patients before and after two
treatment cycles. Subsequently, T cells expressing [FN-y* and
CD137* after co-incubation with TATAN (mTT NP and mTC
NP) were evaluated using flow cytometry. Compared with
ETASTs (CD8'IFNy* T cells or CD8"CD137" T cells) in prior
chemoimmunotherapy samples, ETASTS significantly increased
in ongoing-chemoimmunotherapy samples in the treatment-
responsive group (TTNP-R) after co-incubating PBMC with mTT
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NP. In samples of ongoing chemoimmunotherapy from the
treatment-response group, the percentage of CD8*IFN-y* T cells
and CD8*CD137* T cells in total CD8" T cells reached 1.81%
+ 0.34% and 5.14% + 1.72%, respectively (Figure 5a—d). How-
ever, ETAST levels in ongoing chemoimmunotherapy samples
from the non-responder group (TTNP-NR) did not notably in-
crease after co-incubating PBMC with TATAN. Meanwhile, the
percentages of CD8*IFNy* T cells and CD8"CD137* T cells in
ongoing chemoimmunotherapy samples were the same as those
in prior chemoimmunotherapy samples, both in responders and
non-responders, indicating that activating ETASTs with TATAN
before flow cytometry analysis is indispensable. In addition, mTC
NP and mTT NP showed similar ETAST detection (Figure 5Se,f).
Representative chest CT images of the responders and non-
responders before and after therapy are shown in Figure 5g,i).
The corresponding ETAST levels are shown in Figure 5h,j, be-
fore and after post-therapy, illustrating that increasing ETAST lev-
els in the blood predicts good therapeutic efficacy. All these find-
ings illustrate that after immunotherapy, the number of ETASTs
recognizing tumor antigens increased significantly in the pe-
ripheral blood of responders but did not increase in the blood
of non-responders. Furthermore, this phenomenon was a gen-
eral occurrence that can be observed across different pathological
types (lung adenocarcinoma and lung squamous cell carcinoma),
clinical stages (stages III and IV), and immune checkpoint in-
hibitors (pembrolizumab, tislelizumab, and sintilimab) as shown
in Figure S11 (Supporting Information).

Patients were divided into two groups based on PD-L1 expres-
sion, low and high, using the median PD-L1 expression as the
cutoff. Subsequently, ETAST levels in peripheral blood during
ongoing chemoimmunotherapy were compared between respon-
ders and non-responders within these groups. In both the low
and high PD-L1 expression groups, responders exhibited signif-
icantly higher ETAST levels than non-responders (Figure 5k).
Similar trends were observed in the low and high NLR groups
(Figure 5l). These findings suggest that ETAST detection via
TATAN activation could serve as an independent predictive
marker of immunotherapy efficacy in patients with NSCLC, dis-
tinct from known markers such as PD-L1 expression and pre-
treatment NLR.

2.7. ETAST Level in Peripheral Blood Predicts Prognosis in
Chemoimmunotherapy for NSCLC

The final follow-up for this study was conducted in February
2024, with a mean follow-up duration of 9.5 months and an
endpoint defined as either disease progression or patient death.
The mean progression-free survival (PFS) of all the enrolled
patients was 6.3 months. Patients were stratified into low and
high-level groups based on the median levels of TATAN-activated
CD8*IFN-y* T cells and CD8*CD137* T cells in peripheral
blood. Statistical analysis revealed that the mean PFS was 5.5
months for patients in the low-level IFN-y/CD8 group and 7.3
months for those in the high-level group. Similarly, for the low-
level CD137/CD8 group, the mean PFS was 5.3 months, whereas
it was 7.4 months for the high-level group. PFS survival curves for
different ETAST content groups were plotted using the Kaplan-
Meier method, indicating (Figure 5m,n) a significant association
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Figure 5. ETAST levels in peripheral blood positively correlate with immunotherapy efficacy. a) Representative flow cytometry analysis of CD8*IFN-y*
T cells activated by mTT NP in each group. b) Representative flow cytometry analysis of CD8*CD137* T cells activated by mTT NP in each group. c)
Analysis of CD8"IFN-y* T cells activated by mTT NP responders and non-responders (Each data point represents 1 patient, n = 40). d) Analysis of
CD8*CD137* T cells activated by mTT NP responders and non-responders (Each data point represents 1 patient, n = 40). e) Analysis of CD8*IFN-y* T
cells activated by mTT NP responders and non-responders (Each data point represents 1 patient, n = 40). f) Analysis of CD8tCD1377 T cells activated
by mTT NP responders and non-responders (Each data point represents 1 patient, n = 40). g,h), Representative chest CT images of responders and
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between high levels of IFN-y/CD8 and CD137/CD8 and longer
PFS, with hazard ratios (HRs) of 0.39 and 0.34, 95% confidence
intervals of 0.16-0.97 and 0.13-0.87, and P-values of 0.044 and
0.022, respectively. These findings suggest that ETAST levels in
the peripheral blood could serve as important biomarkers for
predicting the prognosis of patients undergoing chemotherapy
for lung cancer. However, owing to the short follow-up duration
and limited occurrence of patient death, the relationship between
ETAST and overall survival (OS) was not analyzed in this study.

2.8. ETAST in Peripheral Blood is a Predictive Biomarker of
Chemoimmunotherapy Efficacy

The performance of ETAST levels in predicting the treatment re-
sponse was assessed using receiver operating characteristic curve
analysis. The AUC for CD8*IFNy™ T cells and CD8*CD137*
T cells was 0.821 and 0.846, respectively (Figure 50), demon-
strating superior predictive efficacy compared to PD-L1 expres-
sion (AUC = 0.716). Combining these two ETAST markers in-
creased the AUC to 0.903, with a sensitivity of 0.913 and a speci-
ficity of 0.884. Combining three biomarkers — CD8*IFNy* T
cells, CD8*CD137* T cells, and PD-L1 expression — further im-
proved the AUC to 0.950, with sensitivity rising to 0.962 and
specificity reaching 0.944. These findings affirm that peripheral
blood ETAST levels have a significant predictive value for antic-
ipating a response to chemoimmunotherapy after immunother-

apy.

2.9. Analysis of Immune Cell Subsets in PBMC with and without
TATAN Activation

Single-cell sequencing was conducted on six PBMC samples
from two lung adenocarcinoma patients with different responses
to chemoimmunotherapy to delve deeper into the influence of
TATAN on immune cell activation in peripheral blood. These
patients were closely matched in terms of age, gender, stag-
ing, PD-L1 expression, and gene mutation status, with each
patient providing three blood samples: pre-treatment, ongoing-
treatment, and ongoing-treatment blood activated by TATAN. Fol-
lowing quality control, 59428 cells were analyzed, with a median
0f 1290 genes detected per cell. Unsupervised clustering was per-
formed to classify the cells from the six samples, and the cell
types were identified based on characteristic molecular markers.
The analysis revealed 22 distinct clusters encompassing all the
cells (Figure S12a, Supporting Information). Clusters 0, 1, 2, 3,
4,9, 10, 11, 14, and 17 were identified as T cells, characterized
by the expression of genes such as CD3D, CD3E, and CD3G,.
Clusters 7, 16, and 18, which expressed genes CD19, MS4Al,

www.advancedscience.com

and CD79A, respectively, were classified as B cells. Clusters 5,
12, 15, and 19 were categorized as monocytes, expressing genes
such as CD14, LYZ, and CD68. Cluster 13, expressing TRGV9
and TRGV2 genes, was identified as y6 T cells, while Cluster 6
was designated as NKT cells, Cluster 8 as NK cells, and Clus-
ter 21, characterized by high expression of PPBP genes, was ex-
cluded from subsequent analysis (Figure 6a; Figure S12b, Sup-
porting Information).

The stacked histograms illustrated the percentage occupancy
of each cell subset in the PBMC samples (Figure 6b). Before
treatment, responders and non-responders had similar T-cell oc-
cupancy, and the total number of T-cells did not change signif-
icantly after two treatment cycles. However, the total number
of T cells significantly increased after co-incubation with anti-
genic NPs. The total number of B cells decreased in responders
(R+NP group) but not in non-responders (NR+NP group). In ad-
dition, the proportion of monocytes in the peripheral blood of
responders is significantly higher than that in non-responders,
while the number of y6 T cells and NK cells was significantly
lower.

2.10. T Cell Subtypes in Peripheral Blood of NSCLC Patients
Activated by TATAN

T cells are the primary immune cells responsible for killing can-
cer cells, and we re-clustered 31931 previously identified T cells
to obtain 25 clusters of T-cell subtypes (Figure 6¢). These clusters
were annotated based on differentiation- and function-related
marker genes*>*! (Figure 6¢,d). Specifically, 8 clusters were an-
notated as CD8" T cells (C5, C7, C8, C13, C15, C22, C23, and
C24), while 13 clusters were identified as CD4" T cells (C1, C12,
Co, C2, C6, C4, C16, C10, C3, C14, C20, C21, and C19). Clus-
ters C9 and C11 were annotated as NKT cells, C17 as y6 T cells,
and C18 as adherent bipartite cells. These T-cell subtypes were
characterized based on genomic expression, representing various
immunophenotypes, including naive, memory, cytotoxic, acti-
vated, functionally depleted, and transitional (Figure 6d). Marker
genes associated with naive and memory traits, such as TCF7,
CCRY7, and SELL, were predominantly expressed in CD4* naive
T cells (C1, C12). Cluster C6 cells expressed both naive and mem-
ory trait genes and high levels of activation-specific genes, like
CD69. Clusters C3 and C14 represented CD4* effector T cells
with high expression of cytotoxic genes such as GZMA, GZMB,
and GZMH. Clusters C5, C7, C8, C13, C15, and C22 were iden-
tified as CD8" effector T cells. Functionally depleted signature
genes, such as PDCD1, CTLA-4, and TIGIT, were primarily ex-
pressed in CD4* T, cells (C19 and C21).

Analysis of the percentage of each T-cell subset before and
ongoing chemoimmunotherapy revealed significant changes

corresponding ETASTs test before therapy and after therapy. i,j), Representative chest CT images of responders and corresponding ETASTs test prior-
therapy and post-therapy. k) Relationship between PD-L1 expression and CD8*IFNy™* T cell content. |) Relationship between NLR value and CD8*IFNy™*
T cell content. (m, n) Kaplan-Meier survival curves demonstrating progression-free survival of patients with different CD8*IFN-y* and CD8+*CD137+ T
cell levels. 0) ROC curves of ETAST predicting the effect of chemoimmunotherapy in patients with NSCLC, with IFN-y representing CD8"IFNy* T cells
percentage and CD137 representing CD8*CD 137+ T cells. Ongoing-immunotherapy, two treatment cycles; R, treatment response group; NR, treatment
non-response group; CON, blank control group; TTNP, multi-tumor tissue antigen nanoparticles; NLR, Neutrophil to lymphocyte ratio, neutrophil-to-
lymphocyte ratio; HR, hazard ratio; statistical difference test using Log-rank method; AUC, Area under the curve. Data are presented as Mean + SEM.
P-values <0.05 were considered significant: “P < 0.05, “*P < 0.01, P < 0.001.
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Figure 6. Analysis of immune cell subtypes in PBMCs of patients with NSCLC with and without TATAN activation. a) Clusters of subtypes in immune
cells in PBMCs based on the expression of known marker genes. b) Percentage of each cell type in PBMC samples. c) T-cell subpopulations were re-
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(Figure 6e-g). Specifically, the C6_CD4*Activated T-cell sub-
set showed a notable increase in treatment responders after
two cycles of treatment, whereas non-responders exhibited
increases mainly in C3_CD4*GNLY_Temra/Teff and C17_yé
T-cells. Memory and effector T cells significantly increased in re-
sponders’ peripheral blood after co-incubation with TATAN,
including ~ C4_CD4*SIPR1_Tem, C16_CD4*SIPR1_Tcm,
C15_CD8"CXCR3_Tem, and C22_CD8"PRF1*_Tem. In con-
trast, non-responders experienced increased levels mainly
in C3_CD4"GNLY_Temra/Teff and C17_yé T cells after co-
incubation with TATAN. Notably, co-incubation led to increased
numbers of C10_CD4+tSTAT1_Tcm, C13_CD8"LAG3_Tem,
and C20_CD4*RORA_T cells in the peripheral blood of non-
responders. Comparison of the gene expression profiles of the
C15_CD8'CXCR3_Tem cluster and C22_CD8*'PRF1*_Tem
in responders and the C13_CD8'LAG3_Tem cluster in
non-responders revealed similarities in gene expression.
However, the C13 cluster exhibited higher expression levels
of the depletion-related genes LAG3 and TIGIT, whereas
the C15 cluster showed higher expression levels of the
cytotoxic function-related gene GZMK. The cytokine lig-
and genes CXCR3 and C22_CD8" PRF1*_Tem showed
higher cytotoxic function-related GZMB and PRF1 expres-
sion levels. Functional genes and scores further validated
this difference (Figure 6h); C15_CD8*CXCR3_Tem had
similar cytotoxicity scores to C13_CD8*LAG3_Tem, and
C22_CD8* PRF1*_Tem had higher cytotoxicity scores than
C15_CD8*CXCR3_Tem and C13_CD8'LAG3_Tem, whereas
C13_CD8'LAG3_Tem had significantly higher functional de-
pletion scores than C22_CD8" PRF1*_Tem and C15_CD8*
CXCR3_Tem.

Pseudo-time analysis revealed that CD8" T cells exhibited
two main differentiation starting points, C5_CD8"Tem cells and
C8_CD8*GZMB_Tem cells (Figure 6i), and then progressed
along a trajectory that passed through C7_CD8'GZMK_Tem,
C23_CD8'KLRB1_Tem, and C24_CD8'IL7R_Tem, and
finally differentiated into C22_CD8*PRF1*_Tem and
C15_CD8*CXCR3_Tem PRF1* with C13_CD8'LAG3_Tem
cells in the terminal differentiation state. This differentiation
pathway correlated with the highest cellular functional ex-
haustion scores observed in the C22 and C13 clusters. This
differentiation pathway correlated with the highest cellular
functional exhaustion scores observed in the C22 and C13
clusters.

Subsequently, we analyzed the enrichment of differentially
expressed genes in C15_CD8*CXCR3_Tem cells using the Ky-
oto Encyclopedia of Genes and Genomes (KEGG) database.
The results revealed that the highly expressed genes in
C15_CD8*CXCR3_Tem cells were enriched in pathways related

www.advancedscience.com

to chemokine signaling, T cell receptor signaling, natural killer
cell-mediated cytotoxicity, and IL-17 signaling (Figure 6j). Ad-
ditionally, the diversity of T cell receptors (TCR) in responders
to immune checkpoint inhibitors can be increased after im-
munotherapy; thus, we investigated TCR diversity in respon-
ders and non-responders to immunotherapy. The TCR diver-
sity of CD8" T cells, obtained through single-cell sequencing
of TCR, was analyzed using the Shannon index, which demon-
strated that immunotherapy increased TCR diversity in response
to immunotherapy (Figure 6k). TATAN activation can further am-
plify the increase in TCR diversity between responders and non-
responders. This amplification suggests NP stimulation effec-
tively activates CD8* T cells to exert cytotoxic effects. In sum-
mary, our single-cell sequencing results demonstrate that TATAN
can reactivate CD8" T cell subpopulations with high expres-
sion of cytotoxic genes in the peripheral blood of responders to
chemoimmunotherapy, identifying this subpopulation as the ac-
tivated ETAST cell population.

2.11. ETASTs Isolated from the Blood of Non-Small Lung Cancer
Patients can Efficiently Kill Autologous Cancer Cells In Vitro

CD3*CD137* ETASTs isolated from the peripheral blood of two
lungs of patients with cancer were further evaluated for their
efficacy in killing autologous cancer cells. Lung cancer cells
were successfully isolated and expanded from these two pa-
tients with NSCLC. The specificity was verified by evaluating
the cytotoxic efficacy of ETAST isolated from the blood of pa-
tients with cancer against autologous cancer cells from tumor
tissues; CD3*CD137* ETASTs were isolated from the periph-
eral blood of two lungs of patients with cancer mTC NPs loaded
with mixed lysates of seven lung cancer cell lines. These isolated
CD137+ ETASTs were expanded in vitro for ~2 weeks, and the
CD137* ETASTs were co-incubated with autologous cancer cells
isolated from the tumor tissue of the corresponding patient with
cancer.

The CT images of the tumor tissues of these two lungs of
patients with cancer are shown in Figure 7a,b to illustrate tu-
mor tissues in these patients. ETASTs and autologous lung can-
cer cells were co-incubated for 12 h or 24 h before taking im-
ages or performing CCK8 analysis. The results demonstrated
that ETASTs isolated from the PBMCs of patients with cancer
could efficiently kill all autologous lung cancer cells in vitro
(Figure 7c—e). In contrast, ETASTs isolated from the PBMCs of
patients with cancer could only kill some allogeneic lung cancer
cells from different patients with cancer in vitro (Figure 7f=h).
These results further confirmed that TATAN-activated ETASTs
are tumor antigen-specific T cells and cytotoxic effector T
cells.

clustered to obtain a total of 25 clusters of T cells. d) Heatmap showing the expression of selected genes in each cell subpopulation, representing naive,
memory, cytotoxicity, activation type, functionally depleted, and transitional T-cell immune phenotypes. e) Percentage of each T-cell subtype in all sample
subpopulations. f) Different CD8% T cell clusters in responders and non-responders to immunotherapy. g) Different CD4* T cell clusters in responders
and non-responders to immunotherapy. h) Cytotoxicity and functional depletion scores in CD8% T cells. i) Mimetic temporal analysis of CD8" T cells.
j) KEGG enrichment analysis of C15 cell clusters for differential gene pathways. k) Diversity of T-cell receptor (TCR) of CD8" T cells (Shannon index) in
responders and non-responders to immunotherapy. Ty, naive T cells; Ty, central memory T cells; Ty, effector memory T cells; T.g, effector T cells;
Temra, terminally differentiated effector memory T cells; Ty, regulatory T cells. Pre, pre-immunotherapy; On, Ongoing-immunotherapy; R, treatment
response group; NR, treatment non-response group; NP, nanoparticles loading mixed lysates of 26 allogeneic tumor tissues.
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Figure 7. CD3*CD137* ETAST isolated from blood of lung cancer patients can efficiently kill all autologous cancer cells from tumor tissue in vitro. a) CT
images of non-small lung cancer patient 1. b) CT images of patients with non-small lung cancer 2. c) The images of isolated patients’ lung cancer cells
after co-incubating with autologous ETASTs (CD137%) isolated from the blood of corresponding patients with cancer. d) Cell viability of isolated lung
cancer cells (from patient 1) after co-incubating with autologous ETASTs (CD137%) isolated from the blood of patients (1) with cancer. e) Cell viability of
isolated lung cancer cells (from patient 2) after co-incubating with autologous ETASTs (CD137%) from the blood of patient (2) with cancer. f) The images
of isolated patient’s lung cancer cells after co-incubating with allogeneic ETASTs (CD137%) isolated from the blood of another patient with cancer g) Cell
viability of isolated lung cancer cells (from patient 1) after co-incubating with allogeneic ETASTs isolated from the blood of patient (2) with cancer. h)
Cell viability of isolated lung cancer cells (from patient 2) after co-incubating with allogeneic ETASTs from the blood of patient (1) with cancer.
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3. Discussions and Conclusions

Cancer involves competition between tumor cells and the im-
mune system; current biomarkers focus on investigating tumor
cell properties. The ability to quantify tumor-specific immune re-
sponses is lacking; this study provides a method for accurately
measuring tumor-specific immune responses in patients with
cancer. Thus, information on tumor cells and tumor-specific im-
mune responses can be provided to doctors and patients to select
a better therapeutic strategy.

PD-1 and PD-L1 inhibitors significantly improve the progno-
sis of patients with advanced NSCLC.[*!] However, a considerable
number of patients do not derive any clinical benefit, and reliable
predictive markers for treatment responses are currently lack-
ing. Tumor-specific T cells in the tumor microenvironment have
been extensively studied and directly implicated in cancer im-
mune responses, strongly correlating with the efficacy of cancer
immunotherapy.*?] However, obtaining sufficient tumor tissue
samples to detect tumor-specific T cells in the tumor microen-
vironment can be challenging. Tumor-specific T cells in tumor
tissues are derived from the infiltration of ETASTS in peripheral
blood; there is a good correlation between the immune cell pro-
files in peripheral blood and the tumor microenvironment.!**!
Given the safety and accessibility of peripheral blood testing, de-
tecting TASTs in the peripheral blood to predict immunotherapy
efficacy presents clear advantages.[**! In this study, we developed
nanoparticles loaded with whole-cell tumor antigens capable of
activating pre-existing ETASTs through APCs in the peripheral
blood. The content of these T cells can be quantitatively analyzed
using characteristic markers of activated TASTS, which offer high
specificity, minimal invasiveness, and high accessibility. By mon-
itoring the changes in ETASTS content in the peripheral blood
before and after immunotherapy in 40 patients with NSCLC, we
demonstrated the feasibility of using this NP activation assay to
predict immunotherapy efficacy, providing a highly specific, ac-
cessible, and accurate biomarker for predicting immunotherapy
efficacy in lung cancer.

The detection of predictive markers for immunotherapy re-
sponses, such as PD-L1 expression, TMB, and mIHC, typically
requires sufficient tumor tissue, which is unsuitable for pa-
tients who lack access to such tissue. Alternative strategies uti-
lizing immune cell-specific signatures in the peripheral blood
to gauge immunotherapy responses have been extensively ex-
plored. Parameters such as the neutrophil-to-lymphocyte ratio
(NLR), CD4+/CD8* T-cell ratio, C-reactive protein, and lactate
dehydrogenase levels have been correlated with immunother-
apy response; 33l however, enhancing the predictive accuracy of
these biomarkers remains a challenge. Among these, peripheral
blood ETASTs show considerable promise. For instance, CD8*
PD-1" T cells, CD8" PD-1" TIGIT* T cells, and CD137+ T cells
in the peripheral blood have effectively predicted immunother-
apy response.[**l However, these methods are insufficient, es-
pecially prospectively, for predicting the long-term prognosis of
patients with cancer.

CD8*IFNy* T cells are pivotal in the tumor immune re-
sponse, engaging in activities such as direct tumor cell elim-
ination and modulation of immune cell activation.[*’8] They
are recognized as important indicators of immunotherapy re-
sponse. However, IFNy cannot be expressed unless antigen-
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specific T cells encounter corresponding antigens, which makes
it a highly specific marker for structural recognition and cy-
totoxic function. CD137 (4-1BB) is a costimulatory receptor in
the tumor necrosis factor receptor superfamily (TNFRSF) con-
sidered a hallmark of ETAST.*! Circulating CD137" T cells in
peripheral blood serve as biomarkers for predicting early re-
currence and clinical remission in patients with metastatic re-
nal cancer; elevated CD87CD137* T cell levels correlate with
longer disease remission durations.®® However, CD8*IFN-y*
T cells and CD8"CD137* T cells are rare without encounter-
ing tumor antigens because they are activation biomarkers and
cytotoxic biomarkers. Our study detected IFN-y and CD137 as
markers of ETASTs after encountering tumor antigens, mak-
ing the detection more specific and accurate. As expected, a
significant increase in CD8"IFN-y* and CD8"CD137* T cells
in the peripheral blood of immunotherapy responders follow-
ing co-incubation with TATAN was observed. Notably, ETASTs
in responder peripheral blood were predominantly “precursor-
depleted T cells,” which regain functionality after two cycles (42
days) of chemoimmunotherapy.>1*?] They rapidly activate upon
re-exposure to tumor antigens presented by APCs. Conversely,
ETASTs in non-responder peripheral blood are more likely to be
terminally depleted T cells incapable of rejuvenation.>3 Single-
cell sequencing revealed a notably higher depletion score of
ETAST cells in non-responder peripheral blood than in respon-
ders.

This study utilized nanoparticles loaded with whole-cell tumor
antigens to identify ETASTSs in peripheral blood efficiently. In
vitro T-cell activation using antigen nanoparticles simulates the
indirect activation process via autologous APCs, resembling the
activation of pre-existing TASTs in the periphery through APCs
after the phagocytosis of in vivo antigens. Consequently, it exhib-
ited high specificity. After two cycles of PD-1 inhibitor treatment,
some dysfunctional TASTs in the peripheral blood of responders
regained their functionality and transitioned into ETASTS, which
were activated upon encountering recognizable tumor antigens
presented by APCs in vitro, as evidenced by the expression of ac-
tivation state markers. Conversely, the majority of anergic tumor
antigen-specific T cells in the peripheral blood of non-responders
failed to recover their function, resulting in a minimal increase
in pre-existing ETASTS post-treatment.>*]

A study comparing the predictive efficacy of various PD-1/PD-
L1 treatment response markers, including mIHC, PD-L1 expres-
sion, TMB, and gene expression profiling (GEP),[°! revealed
AUC values of 0.79 for mIHC, 0.65 for PD-L1 expression, 0.65 for
GEP, and 0.69 for TMB. In contrast, the AUC values for TATAN-
activated CD8*IFNy ™ T cells and TATAN-activated CD8CD137*
T cells in predicting immunotherapeutic response in our study
were 0.821 and 0.846, respectively, and the AUC values for
combining TATAN-activated CD8"IFNy* T cells with TATAN-
activated CD8"CD137* T cells is 0.90. These values surpassed
those reported in the literature for mIHC, PD-L1 expression,
TMB, and GEP,[>657] suggesting that the predictive capacity of
ETASTs for immunotherapy response exceeds that of existing as-
says, notwithstanding the requirement for tumor tissue in this
approach. One potential explanation is that most of these assays
rely solely on pre-treatment tissue samples, whereas the tumor
microenvironment dynamically changes throughout the treat-
ment process. Conversely, acquiring multiple peripheral blood

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

samples is better suited for monitoring treatment-induced alter-
ations.

This study employed single-cell sequencing to examine
changes in T cell subsets in PBMC before and after im-
munotherapy, with and without co-incubation with antigen
nanoparticles. Responders exhibited a notable increase in ac-
tivated CD8" T cells in peripheral blood after 42 days from
the beginning of treatment. In contrast, non-responders
showed elevated levels of CD4* effector T cells and y6 T
cells expressing genes like GNLY in peripheral blood, indi-
cating significant variance in the peripheral immune milieu
among patients with differing immune responses.®®! The
expanded T cell subpopulations after co-incubation with
antigen nanoparticles for responders and non-responders
were C22_CDS8"PRF1+_Tem, C15_CD8"CXCR3_Tem,
and C13_CD8'LAG3_Tem. C22_CD8'PRF1+_Tem and
C15_CD8*CXCR3_Tem tend to be functionally cytotoxic,
whereas C13_CD8'LAG3_Tem tends to be exhausted and
anergic.>*%] Cluster 13 had high expression of LAG3 and TIGIT,
whereas clusters 15 and 22 had high CXCR3/CCL5, PRF1, and
GZMB expression. A study noted that immunotherapy-induced
CD8" T cell populations exhibit active chemokine signaling
(CXCR3/CCL5), lower levels of co-suppressor receptors, higher
cytotoxic gene expression, and upregulation of CXCR3 in
neoantigen-specific T cells.®"] PRF1 and GZMB are cAs co-
suppressor receptors, along with LAG3 and TIGIT, in activated
CD4* and CD8* T cells.l®?] Disparities in gene expression
among C22_CD8*PRF1+_Tem, C15_CD8"CXCR3_Tem, and
C13_CD8*"LAG3_Tem offer insights into the distinct outcomes
observed among different responders in peripheral blood. The
stable frequency of high-abundance clones of TCR diversity is
closely associated with patients’ overall survival, and increasing
TCR diversity in the blood could be related to the efficacy of
immune checkpoint inhibitor (ICI) therapy.®! Our study also
revealed a significant increase in TCR diversity among CD8*
T cells in responders compared to non-responders, which may
account for part of the underlying immunological mechanisms
of increased ETASTs in responders. These single-cell sequenc-
ing studies confirmed that more tumor-specific T cells exist
in patients’ blood and that responders and non-responders
have different features upon re-encountering pan-clone tumor
antigens.

This detection is structurally and functionally specific by mea-
suring the number of ETASTs activated by tumor antigens. In ad-
dition, the biggest challenge in accurately detecting all ETASTs
is their high diversity and MHC (HLA) restriction, which were
addressed by the method presented in this study using whole-
tumor antigen-loaded NPs and APC-mediated indirect activa-
tion of T cells. Pan-clone ETASTs in the blood can be detected
because the tumor antigens recognized by these ETASTs are
loaded into the NPs (TATAN). Thus, the method presented in
this study can detect more accurate, diverse, and comprehensive
ETASTs in the peripheral blood of patients with cancer. Accu-
rate measurement and monitoring of pan-clone ETASTS in the
blood of patients with cancer is important with the help of whole-
ETAST activation-based detection. This study and a clinical trial
demonstrated that the change in the amount of whole ETASTs
in peripheral blood is positively correlated with therapeutic
efficacy.
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In summary, this study provides a highly accurate, highly
specific, noninvasive, and facile biomarker for predicting im-
munotherapy efficacy in patients with lung cancer and poten-
tially other cancers. Thus, more comprehensive information can
be provided to doctors and patients to select better therapeu-
tic strategies. Additionally, this method can be applied to evalu-
ate the therapeutic efficacy of other cancer treatment methods,
such as radiotherapy, photothermal therapy, oncolytic viruses,
and nanomedicine-based therapies.

4. Experimental Section

Reagents: PLGA with MW 7000-17 000 (719 897, acid terminated,
50:50), PVA (360 627, M\W: 9000—10 000 Da) were purchased from Sigma—
Aldrich; poly (I: C) (vac-pic) was purchased from InvivoGen; LLC, A549,
H1299, H1650, PC9, H226, H520, SK-MES-1 cell lines were purchased
from the Shanghai Cell Bank, Chinese Academy of Sciences; Dulbecco’s
modified eagle medium (DMEM)/High Glucose, RPMI 1640, and fetal
cell lines were purchased from Sigma-Aldrich; Poly (I: C) (vac-pic) was
purchased from InvivoGen. RPMI 1640 and fetal bovine serum (FBS)
were purchased from HyClone, and AIM V serum-free medium was pur-
chased from Thermo Fisher Scientific. MUC1, TRPAPGSTAPPAHGVT-
SAPDTRPAPGSTAP, CEA, YLSGANLNL, MAGE-A3, and FLWGPRALV were
purchased from Kingsley Bioscience, Inc. Collagenase/hyaluronidase and
bovine serum were purchased from HyClone, and AIM V serum-free
medium was purchased from Thermo Fisher Scientific. Hyaluronidase
and bovine pancreatic DNase were obtained from Stem Cell Technologies,
and PD-1 blocking antibody (BE0146, clone: RMP1-14), anti-CD8 antibody
(BE0061, clone: 2.43) and anti-CD4 antibody (Anti-CD8 antibody (BE0061,
clone: 2.43), and anti-CD4 antibody (BE0003-1, clone: GK1.5) were pur-
chased from BioXcell. Detection nanoparticles ESMDT-LLC-1and ESHDT-
HLC-1 are provided by Suzhou Ersheng Biopharmaceutical Co., Ltd. All the
antibodies used for flow cytometry were purchased from BioLegend. The
Pan T Cell Lysolation Kit and Pan B Cell Lysolation Kit were purchased from
Metheni Biotech, Germany, and the Fcioll reagent was purchased from Bei-
jing Dako Bio Co. Fcioll reagent from Beijing Dako Bio Co. The carboplasts
were purchased from Beijing Soleberg Technology Co.

Ethics of Experimental Animals:  Animal procedures were approved and
monitored by the Animal Care and Use Committee of Soochow University
(IACUC No. 202306A0667). The mice were housed in a specific pathogen-
free (SPF) animal room at the School of Pharmacy, Soochow University,
with a constant temperature of 22 + 1 °C, relative humidity of 50 + 10%,
and a 12 h artificial light cycle, and automatic ventilation, adhering to the
guidelines outlined in the Guide for the Care and Use of Laboratory Ani-
mals.

Ethics of Human Studies: This study was a prospective, non-
interventional investigation registered prospectively in February 2022 on
Clinical Trials (https://classic.clinicaltrials.gov/) with registration num-
ber NCT05789498. This study was approved by the Ethics Committee
of the First Affiliated Hospital of Soochow University (approval number
2022 181). All experiments adhered to the principles of the Declaration of
Helsinki, and all patients provided informed consent.

Preparation of antigen nanoparticles loaded with water-soluble cell
components: The methods to prepare whole cancer cell line lysates
(including both water-soluble components and 8 M urea-solubilized
water-insoluble components) and whole tumor tissues lysates (including
both water-soluble components and 8 M urea solubilized water-insoluble
components) were the same as it was previously reported. This study used
a double-emulsion method to prepare antigen nanoparticles using LLC
cell lysates, peptides, human tumor cell lysates, and tumor tissue lysates
from patients with lung cancer as antigens. The procedure was as follows:
First, 300 uL of the water-soluble fraction dissolved in endotoxin-free water
(80 mg mL™", with 2 mg mL~" Poly (I:C) added for in vivo treatment) was
added to 1 mL of dichloromethane solution (containing 100 mg mL™!
PLGA) and sonicated for 1 min. Then (2.5 mL of PVA solution at a con-
centration of 20 mg mL~" was added, followed by 45 s of sonication. The
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mixture was then dripped into a 50 mL solution containing 5 mg mL™" of
PVA and stirred at room temperature for 4 h to facilitate nanoparticle solid-
ification. Finally, the supernatant was removed by centrifugation at 13 680
X g and the precipitate was resuspended in 10 mL of 4% trehalose solu-
tion. After freeze-drying for 48 h, the nanoparticles were stored at —20 °C
for future use. Throughout the preparation process, strict endotoxin-free
procedures were performed to ensure the quality of the NP vaccine. The
antigen sources of the NPs used in this study were MUC1 NP, which are
NPs loaded with a single peptide MUC1, a common tumor-associated
antigen. MAP NP: NPs loaded with three tumor-associated antigens:
MUCT, MAGE-A3, and CEA. A549 NP: NPs loaded with whole-cell antigens
from lung cancer cells A549. mTC NP: NPsloaded with various lung cancer
cell lines antigens (A549, H1299, H1650, PC9, H226, H520, SK-MES-1).
sTT NP: NPs loaded with individual tumor tissue antigens from patients
with NSCLC. mTT NP: NPs loaded with a mixture of tumor tissue anti-
gens from multiple patients with NSCLC. These NPs were characterized
according to the methods described in the previous publications.

Preparation of Antigenic Nanoparticles Loaded with Water-Insoluble Cel-
lular Components: 80 mg mL™" of the water-insoluble component was
dissolved in 300 uL of 8 M urea, followed by adding 1 mL of 100 mg mL~"
PLGA in dichloromethane solution and sonication for 1 min. Subsequent
steps were the same as those used to prepare antigenic Np loaded with
water-soluble cellular components. These NPs were characterized accord-
ing to the methods described in the previous publications.

Preparation of Antigen NPs Samples for Mass Spectrometry Analysis:
Antigen NPs were dissolved in ultrapure water and mixed with four times
the volume of acetonitrile to disrupt their structures. Subsequently, the
mixture was left overnight at room temperature to evaporate acetonitrile,
followed by vacuum drying of the remaining solution. The dried samples
were collected for subsequent experiments related to mass spectrometry
analysis. Each sample was supplemented with an appropriate amount of
urea buffer (containing 8 M urea, 10 mM HEPES, 150 mM sodium chlo-
ride, pH = 8), transferred to EP tubes, and incubated at 37 °C for 1 h.
The samples were then sonicated for 2 min, followed by centrifugation at
16 000 g for 20 min at 4 °C. The supernatant was collected for protein quan-
tification using the BCA method. All protein samples underwent FASP di-
gestion in the following specific steps: 1 M DTT was added to each sample
to achieve a final concentration of 100 mM, followed by boiling water treat-
ment for 5 min and cooling to room temperature. Subsequently, 200 uL
UA buffer was added, mixed well, and transferred to 10 kDa ultrafiltration
centrifuge tubes. Centrifugation was performed at 12 000 X g for 15 min.
This step was repeated by adding UA buffer, centrifuging, and discarding
the filtrate. IAA solution (50 mM IAA in UA) was added and incubated
at room temperature in the dark for 30 min, followed by centrifugation
for 10 min. The process of adding the UA buffer and centrifugation was
repeated twice. NH,HCO; buffer was then added, followed by two cen-
trifugation cycles. Subsequently, Trypsin buffer (containing 6 pg Trypsin in
40 pL NH,HCO; buffer) was added, followed by shaking for 1 min and
incubation at 37 °C for 1618 h. After changing the collection tubes, the
filtrate was collected by centrifugation and supplemented with a 0.1% TFA
solution. The peptide segments were desalted using a C18 Cartridge and
freeze-dried. The freeze-dried peptide segments were resolubilized in 0.1%
TFA, and their concentrations were determined and prepared for LC-MS
analysis. Mass spectrometry proteomic data were deposited in the Pro-
teomeXchange Consortium (https://proteomecentral.proteomexchange.
org) via the iProX partner repository with the dataset identifier PXD052576.

Therapeutic Efficacy Studies on Tumor-Bearing Mice:  All mice used to
establish the tumor mouse model were 6-8 weeks old C57BL/6) mice ob-
tained from Shanghai Jihui Laboratory Animal Co. The subcutaneous tu-
mor model was established by injecting 2 x 10° LLC cells into the right
hind legs of mice of appropriate age. The day of tumor cell inoculation
was designated as day 0, and the tumor volume was measured every three
days thereafter. Tumor volume was calculated using the formula: V (tu-
mor volume) = 0.52 X a x b?, where a and b represent the long and short
diameters of the tumors measured with Vernier calipers, respectively. The
orthotopic tumor model was established by exposing the thoracic cavity of
anesthetized mice through chest skin clipping, followed by the injection of
2 X 10% LLC-luc cells mixed with Matrigel into the lung apices. In situ, the
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bioluminescence of the tumors was examined using a near-infrared small-
animal live imager to confirm successful inoculation. Tumor size was mon-
itored using a small-animal live imager based on fluorescence intensity
on days 3, 8, 13, and 18. Mouse body weights were recorded every 3 days
starting from day 0. Body weight and tumor volume were monitored, and
mice were euthanized if their body weight decreased by more than 10%
compared to the initial value or if the tumor volume exceeded 2000 mm3.

A subcutaneous LLC lung cancer model was established by inoculating
LLC cells on day 0. The TTNP group received subcutaneous injections of
200 pL LLC tumor tissue antigen nanoparticles (containing 2 mg PLGA) on
days 4, 7, 10, 13, 16, and 19, respectively. The PD-1+Cbp treatment group
was intraperitoneally injected with aPD-1 antibody (10 mg kg™") and car-
boplatin (20 mg kg™") on days 7, 10, 13, 16, and 19. The TTNP+PD-1+Cbp
group received simultaneous subcutaneous injections of LLC tumor tis-
sue antigen nanoparticles and intraperitoneal injections of aPD-1 antibody
and carboplatin. The Blank NP group received simultaneous injections of
equal amounts of blank nanoparticles and tumor cell lysate components
at different sites. The PBS control group received subcutaneous injections
of equal volumes of PBS simultaneously. The treatment protocol for the
in situ LLC lung cancer model was the same as that for the subcutaneous
model.

CD4* /CD8* T Cell Depletion Experiment: A mouse model of subcu-
taneous LLC was used in this study. Two days before tumor inoculation,
on the day of tumor inoculation, and every 4 days thereafter, mice re-
ceived anti-CD8 or anti-CD4 antibodies to induce the depletion of CD8"
and CD4™ T cells, respectively. Tumor inoculation and treatment methods
were consistent with those used in the TTNP*PD-1% carboplatin treatment
group. Each CD4* T cell depletion group and CD8* T cell depletion group
comprised eight mice.

Analysis of Tumor-Infiltrating T Cell Content: The tumors were excised
from the mice and minced into 1-2 mm? pieces in a culture medium. Af-
ter mincing, the tissue fragments were incubated in a serum-free DMEM
medium containing collagenase IV and DNase-l at 37 °C for 30 min to
digest. The undissolved tissue was filtered through a mesh sieve, and the
cell suspension was collected for centrifugation. Red blood cell lysis buffer
was then added, followed by a 5 min incubation for erythrocyte lysis. Af-
ter terminating the lysis reaction, the suspension was centrifuged again
to remove the supernatant. The cells were transferred to round-bottom
centrifuge tubes, washed with PBS containing FBS, and centrifuged to re-
move the supernatant. Before surface staining, the cells were incubated
with an Fc-blocking reagent for 5 min and then stained with antibodies
against mouse CD11c, CD49b, B220, F4/80, CD3, CD8, CD4, and CD137.
The cells were fixed, permeabilized, and then stained with IFNy for intra-
cellular antibody staining.

Patients and Samples:  This study included untreated NSCLC patients
who received a PD-1 inhibitor combined with platinum-containing
chemotherapy at the First Affiliated Hospital of Soochow University
from December 2022 to June 2023. All patients were diagnosed based
on tumor tissue pathology results. General clinical data were collected,
including patient name, age, gender, pathological classification, tumor
staging, smoking history, ECOG-PS score, metastasis status, treatment
drugs, PD-L1 expression, objective evaluation results of clinical efficacy,
and follow-up information. In addition, partial laboratory test results were
collected before the first immunotherapy session, including neutrophil
count, lymphocyte count, CD4* T cell count, CD8* T cell count, platelet
count, serum lactate dehydrogenase (LDH) level, and C-reactive protein
level. The neutrophil-to-lymphocyte ratio (NLR) was defined as the ratio
of absolute neutrophils to absolute lymphocytes. Patients were enrolled
in 21-day treatment cycles, with enhanced neck, chest, and abdomen
scans conducted every two cycles to assess efficacy. PD-L1 expression
was evaluated using the Tumor Proportion Score (TPS), calculated as
TPS = P (number of PD-L1 membrane-stained positive tumor cells/total
tumor cells) x100. TPS > 50% indicated strong expression, 1% < TPS <
49% indicated expression, and TPS < 1% indicated no expression.

Inclusion criteria: 1) Patients with pathologically confirmed non-small
cell lung cancer receiving PD-1 inhibitors combined with chemotherapy.
2) Age < 18 years and <80 years. 3) ECOG PS performance status score of
0 or 1. 4) Adequate organ and bone marrow function. 5) Expected survival
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time >12 weeks. 6) Voluntary participation and signing of informed
consent form.

Exclusion criteria: 1) Lack of assessable lesions. 2) Presence of tumor
emergencies requiring immediate treatment. 3) Poor vascular condition.
4) Abnormal coagulation function or receiving thrombolytic or anticoagu-
lant therapy. 5) Presence of blood-borne infectious diseases such as HBV.
6) Presence of mental disorders or severe psychological illnesses. 7) Diffi-
culty in communication or long-term follow-up. 8) Other conditions were
not suitable for inclusion in this study.

Evaluation of the Clinical Efficacy of Chemoimmunotherapy: The clinical
efficacy evaluation was based on the Response Evaluation Criteria in Solid
Tumors version 1.1 (RECIST 1.1). The maximum diameters of the target le-
sions were measured based on imaging examinations. The efficacy assess-
ment criteria included Complete Response (CR), the disappearance of all
target lesions; Partial Response (PR), at least a 30% reduction in the sum
of the longest diameters of target lesions compared to baseline; Progres-
sive Disease (PD), at least 20% increase in the sum of the longest diame-
ters of lesions or the appearance of new lesions; and Stable Disease (SD),
areduction in the sum of the longest diameters of baseline lesions without
reaching PR or an increase without reaching PD. Responders (R) were de-
fined as individuals with tumor disappearance, tumor volume reduction,
or stable volume for more than six months, whereas non-responders (NR)
were defined as individuals with tumor growth or clinical benefits lasting
less than six months. The Objective Response Rate (ORR) was defined as
the percentage of patients achieving CR and PR after treatment, whereas
the Disease Control Rate (DCR) was defined as the percentage of patients
achieving CR, PR, and SD among all patients.

Isolation and Culture of PBMCs: Fresh whole blood was collected
in sodium heparin anticoagulant tubes and diluted with equal PBS. Fi-
coll separation medium was added to sterile centrifuge tubes in an
equal volume to whole blood, and the diluted blood sample was care-
fully layered on top of the separation medium. Centrifugation was
conducted at room temperature at 800 g for 20 min with slow ac-
celeration. After centrifugation, the peripheral blood mononuclear cell
(PBMC) layer (white membrane layer) was aspirated and transferred to
a 15 mL centrifuge tube. The cells were washed by adding 10 mL of
PBS to the centrifuge tube, centrifuged at 3000 g for 5 min at room
temperature, and the supernatant was discarded. The washing step
was repeated 1-2 times. After cell counting, some cells were cryopre-
served, whereas the other portion was resuspended in AIM V for further
experimentation.

Detection of ETASTs by Flow Cytometry: The thawed or freshly isolated
PBMCs were resuspended and co-incubated with antigen NPs (ESHDT-
HLC-1) in a 96-well plate cultured in a cell culture incubator at 37 °C for
48 h. Four hours before the end of the incubation period, BFA was added
to each well. After 48 h of incubation, the PBMCs were collected from the
incubator; detached adherent cells were pipetted, transferred to centrifuge
tubes, and centrifuged at 1500 rpm for 5 min. The cells were resuspended
in 1 mL PBS to obtain single cells kept on ice. The live/dead cell-staining
dye was added to each tube, mixed well, and incubated on ice in the dark
for 30 min. After incubation, the cells were centrifuged at 1500 rpm for
5 min, and 5 uL of Fc block antibody and 100 uL of FACS Buffer were added
to each sample tube to resuspend the cells. The mixture was then incu-
bated on ice in the dark for 5 min. The surface antibodies were added to
each tube, mixed thoroughly, and incubated on ice for 30 min. The cells
were then fixed with paraformaldehyde for more than 40 min, and 100 uL
of permeabilization reagent was added. The mixture was then incubated
on ice for 30 min, followed by the addition of IFN-y antibody for intracel-
lular staining and incubation on ice in the dark for 30 min. The cells were
then centrifuged at 300 g for 5 min at room temperature, the supernatant
was discarded, and the cells were resuspended in 200 L of FACS buffer
for flow cytometry analysis.

Single-Cell RNA-Sequencing: Sequencing libraries were constructed
using a single-cell sequencing kit according to the manufacturer’s instruc-
tions. Briefly, PBMCs were isolated, and cell viability and density were
assessed by cell counting to ensure that samples with viability exceeding
80% proceeded to subsequent sequencing steps. Subsequently, the cell
suspension density was adjusted to 300-600 live cells/uL and loaded
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onto a 10x Chromium single-cell preparation instrument. Each single cell
was lysed and reverse transcribed, followed by cDNA generation and am-
plification. A subsequent quality assessment was conducted to construct
RNA-Seq libraries. Finally, the RNA-Seq libraries were sequenced using
an Illumina NovaSeq 6000 (lllumina, Inc., San Diego, California, USA)
sequencer, ensuring a sequencing depth of at least 1.1 million reads per
cell.

Cell Type Annotation in Single-Cell Genomics: The Find All Markers
function in Seurat was utilized to compute the differentially expressed
genes within each cell cluster, which were then considered potential
marker genes for identifying cell types. Subsequently, the cell types were
determined based on previously published studies containing marker
genes specific to each type. Cells expressing multiple marker genes for
different cell types were considered doublets and excluded from further
analysis. Specifically, CD3D, CD3E, and CD3G were used for T cell anno-
tation; CD19, MS4A1, and CD79A for B cell annotation; CD14, LYZ, and
CD68 for monocyte annotation; TRGV9 and TRGV2 for T cell annotation;
KLRB1 for NK cell annotation; CD3D, GNLY, and KLRB1 for NKT cell an-
notation; and PPBP for platelet annotation.

Definition of feature gene score: Based on literature-reported cytotox-
icity and functional exhaustion-related genes,[64] UCell V.1.1.0 was uti-
lized to compute the cytotoxicity and functional exhaustion scores. This in-
cluded six functionally impaired genes (PDCD1, CTLA-4, TIGIT, HAVCR2,
LAG3, and LAYN) and eight cytotoxicity markers (CX3CR1, PRF1, GZMA,
GZMB, GZMH, GNLY, KLRG1, and NKG7).

Isolation ETASTs from PBMC:  PBMCs were cultured in a 24-well plates
for 3—4 h, and NPs (0.8 mg mL™") were added to each well, followed by
incubating at 37 °C for 48 h. After incubation, each sample was labeled
with live/dead dye, Fc block, and membrane surface antibodies (CD3 and
CD137), and ETASTs were sorted using flow cytometry in an ultra-clean
stage.

Expanding of Isolated ETASTs or Unsorted Whole CD3* T Cells:  ETASTs
(CD137%) or unsorted whole CD3* T cells were collected, washed twice
with PBS, and centrifuged at 350 x g for 5 min. The supernatant was dis-
carded, and the T-cell precipitate was resuspended. The collected T cells
were cultured in a plate pre-coated with «CD3 antibody (5 pg mL™") in
RPMI-1640 complete culture medium, containing 5 ug mL™! «CD28 anti-
body and 10 ng mL~" IL-2. Semi-medium exchanges were performed 2-3
days.

Isolation and Expansion of Lung Cancer Cells from Tumor Tissue of Lung
Cancer Patients:  The obtained tumor tissue was rinsed with DMEM/F12
(1:7) culture medium (without FBS) to remove any blood stains and placed
in a culture dish. Tumor tissues were cut into small pieces (< 2 mm) us-
ing scissors or surgical knives, and 2-3 mL of digestive solution (contain-
ing collagenase | and Il in DMEM/F12 (1:1) culture medium) were added
and incubated at 37 °C for 35 min. The samples were then centrifuged,
and the supernatant was discarded. The precipitate was resuspended in
DMEM/F12 (1:1) culture medium and filtered through a 70 um cell strainer
to prepare a single cell suspension, followed by red blood cell lysis. The
cells were then counted and cultured in a 24-well plate with growth factors
(EGF: 20 ng mL~", FGF: 20 ng mL™", Hydrocortisone: 50 ng mL™"). The
cells were initially incubated in a low oxygen incubator (37 °C, 5% CO,,
3% 0,) for 10 days. After that, the cells were transferred and incubated
in a conventional incubator (37 °C, 5% CO,). Cancer cells were identified
using panCK and Ki67 staining. If the isolated and expanded cells were
panCK* and Ki67*, they were considered lung cancer cells.

Cytotoxicity of ETASTs Against Cancer Cells In Vitro: Isolated CD3*T
cells orisolated ETASTs (CD137%) were mixed with the corresponding can-
cer cells (autologous lung cancer cells from patients or allogeneic lung
cancer cells) at a ratio of 20:1. The mixture was incubated in cell culture
medium for 12 or 24 h. The supernatant and non-adherent cells (includ-
ing T cells and apoptotic cells) were removed. The number of live adherent
tumor cells was recorded and analyzed using a CCK8 kit. After adding the
CCK8 reagents, a plate reader was used to detect the absorbance (OD
value) at a wavelength of 450 nm. Cell survival rate = (As Ab)/(Ac Ab) x
100% (As: experimental absorbance well (effector cells + target) Cells; Ac:
Control absorbance pore (target cell); Ab: Blank absorbance well (contain-
ing only the same culture mediumy).
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Statistical Analysis: Al statistical analyses were performed using
GraphPad Prism software version 8.3.0 and R software version 4.1. Re-
ceiver operating characteristic (ROC) curves were plotted, and the area un-
der the curve (AUC) was calculated to assess the predictive performance
of the biomarkers for immunotherapy response. The optimal cutoff value
was determined based on the ROC curve and Youden’s index (Youden’s
index = sensitivity T specificity — 1), with the optimal cutoff value chosen
as the point with the maximum Youden’s index. The patients were cate-
gorized into high- and low-level groups based on the optimal cutoff value.
Kaplan-Meier curves were generated using the Kaplan-Meier method, and
differences in PFS among the different groups were assessed using the log-
rank test. Data were analyzed using non-parametric tests (Mann-Whitney
U test), t-tests, and chi-square tests based on data type and normality dis-
tribution. The error bars represent the standard error of the mean (SEM).
Statistical p-value < 0.05 was considered statistically significant: “p < 0.05,
*p < 0.01, “*p < 0.001. Unless otherwise stated, asterisks indicate sta-
tistical comparisons with the control group.
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