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Background: Predictive biomarkers for immune checkpoint inhibitors (ICIs), e.g., programmed death
ligand-1 (PD-L1) tumor proportional score (TPS), remain limited in clinical applications. Predictive
biomarkers that require invasive tumor biopsy procedures are practically challenging especially when
longitudinal follow-up is required. Clinical utility of tissue-based PD-L1 TPS also becomes diluted when
ICI is combined with chemotherapies. Peripheral single T-cell dynamic polyfunctionality profiling offers the
opportunity to reveal rare T-cell subpopulations that are polyfunctional and responsible for the underlying
ICI treatment molecular response that bulk biological assays cannot achieve. Here, we evaluated a novel live
single-cell functional liquid biopsy cytokine profiling platform, IsoLight, as a potential predictive biomarker
to track ICI treatment response and clinical outcomes in non-small cell lung cancer (NSCLC).

Methods: Peripheral blood mononuclear cell samples of 10 healthy donors and 10 NSCLC patients
undergoing ICI-based therapies were collected longitudinally pre-/post-ICI treatment after >2 cycles under
institutional review board (IRB)-approved protocols. Cancer blood samples were collected from unresectable
advanced stage (III-IV) NSCLC patients. Clinical course and treatment response and survival outcomes
were extracted from electronic health records, with treatment response assessed by treating oncologists based
on RECIST. CD4" and CD8" T-cells were enriched magnetically and analyzed on the IsoLight platform.
Single T-cells were captured in microchambers on IsoCode chips for proteomic immune cytokines profiling.
Functional polyfunctionality data from 55,775 single cells were analyzed with IsoSpeak software, 2D- and
3D-t-distributed stochastic neighbor embedding (t-SNE) analysis, kappa coefficient, and Kaplan-Meier
survival plots. P values <0.05 is considered statistically significant.

Results: Pre-treatment baseline polyfunctionality profiles could not differentiate NSCLC patients
from healthy subjects, and could not differentiate ICI responders from non-responders. We found a
statistically significant difference between responders and non-responders in CD8" T-cells’ changes in
overall polyfunctionality (APolyFx) (P=0.01) and polyfunctional strength index (APSI) (P=0.006) in our
dynamic pre-/post-treatment single cell measurements, both performing better than PD-L1 TPS alone
(P=0.08). In the 3D-t-SNE analysis, subpopulations of post-treatment CD8" T-cells in ICI responders
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displayed distinct immune cytokine profiles from those in pre-treatment cells. CD8" T-cells APolyFx and
APSI scores performed better than PD-L1 TPS in ICI response correlation. Moreover, combined PD-L1
strong TPS and APSI >15 scores strongly correlated with early ICI response with a robust kappa coefficient
of 1.0 (P=0.003), which was previously statistically established to indicate a perfect agreement between the
prediction and actual response status. Interestingly, high CD4" T-cells APSI >5 was found to correlate with
a strong trend of improved progression-free survival (3.9-fold) (10.8 vs. 2.8 months; P=0.07) and overall
survival (3-fold) (34.5 vs. 11.5 months; P=0.09) in ICI-treated patients.

Conclusions: Our study nominates single peripheral T-cell polyfunctionality dynamics analysis to be a
promising liquid biopsy platform to determine potential ICI predictive biomarker in NSCLC. It warrants
further studies in larger prospective cohorts to validate the clinical udlities and to further optimize cancer

immunotherapy.
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Introduction

The adoption of immune checkpoint inhibitors (ICIs) has
transformed lung cancer therapy and favorably impacted
the survival outcomes (1). ICIs targeting programmed
death-1 (PD-1), e.g., pembrolizumab and nivolumab, and
programmed death ligand-1 (PD-L1), e.g., atezolizumab
and durvalumab, either alone or in combination with
chemotherapy are now standard-of-care regimen for non-
small cell lung cancer (NSCLC) (2-5). Currently available
ICI predictive biomarkers include (I) PD-L1 tumor
proportion score (TPS), (II) tumor mutational burden
(TMB) and (IIT) microsatellite instability (MSI) status (6,7).
Nonetheless, a substantial unmet need remains for more
reliable and accurate therapeutic predictive biomarkers for
optimal patient selection in the use of ICI and emerging
novel immunotherapy combinations. Many challenges
of ICI clinical use still remain. Given the potential for
pseudo-progression in cancer immunotherapy (8), tracking
the response profile of ICI therapy can be difficult. Some
patients represent late responders (Rs), and the occurrence
of immune-related adverse events (irAEs) altogether
poses even more obstacles for treatment decision making.
The precise role of ICIs in the treatment application for
oncogene-addicted NSCLC is also being debated (9-12).
Efficacy of ICI treatment of oncogene-addicted NSCLC
patients in the setting of acquired targeted kinase inhibitor-
resistant progression remains debatable (13,14).

Practical constraints and limitations, including
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procedure-related risks and limited biopsied-tissues
adequacy, hamper the development of tumor tissue-based
predictive biomarkers (15,16). These practical factors
altogether confound urgent and real-time bedside treatment
decisions for advanced NSCLC patients. The development
of plasma-based cell-free DNA (cf-DNA) liquid biopsy for
molecular profiling has shown to be a desirable alternative
to empower personalized cancer therapy (17,18). Recent
emerging studies support the potential role of circulating
T-lymphocytes as playing critical roles in peripheral
recruitment in mounting an immunotherapy treatment
response to cancer ICIs (19,20). Of interest, Osorio et al.
[2019] (20) revealed clinical evidence to support the
notion of the recruitment of peripheral T-cells being more
critical than reinvigorating exhausted intra-tumoral tumor-
infiltrating lymphocytes (TILs) within the lung tumor
microenvironment (TME) (21) in the initiation of tumor
response towards ICls. By studying the lesion-level response
dynamics to PD-1/PD-L1 ICI treatment in NSCLC, the
investigators identified that the response dynamics was
characterized by “broad spatial-temporal uniformity”,
thus favoring a systemic, peripheral recruitment of T-cell
response (20). Hence, there is a strong rationale to focus on
and characterize the peripheral circulating T-lymphocytes
to discover clinically relevant predictive biomarkers of ICI
treatment in NSCLC.

State-of-the-art single-cell analysis (22-24) offers
advanced opportunities to gain crucial functional insights
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into cancer and immune biology that traditional bulk assays
cannot match up. The fundamental model of understanding
in the human hematopoietic system and its cellular
differentiation and diversification serves as the cornerstone
to propel the scientific advances in cancer immunotherapy in
the past several decades. The immune system is recognized
to be highly heterogeneous as an incredibly complex,
dynamic, and plastic system. In both physiologic and disease
states (such as in cancer and under cancer therapies), highly
diverse immune cell types, subtypes, and cell states emerge
with distinct underlying functionalities. Traditional marker-
based analyses of the immune system in bulk-analytics
assays are not able to uncover and address the fundamental
questions of rare cells biology and functions inherently
responsible for effectuating the immune response. Most
recently, single-cell molecular technologies have emerged
as invaluable toolsets for further advancing translational

Highlight box

Key findings

* Dynamic pre-/post-2 cycles of immune checkpoint inhibitors
(ICIs) treatment peripheral single T-cell polyfunctional proteomic
cytokine profiling measurements identified a significant difference
between responders and non-responders in CD8" T-cells’ changes
in overall polyfunctionality (APolyFx) and polyfunctional strength
index (APSI).

¢ In the 3D-t-distributed stochastic neighbor embedding (t-SNE)
analysis, there were subpopulations of post-treatment CD8+ T-cells
in ICI responders that displayed distinct immune cytokine profiles
from those of the pre-treatment cells; which was not evident in the
non-responders analysis.

¢ When combined with programmed death ligand-1 (PD-L1)
strong tumor proportion score (TPS), CD8" T-cells APSI >15
scores strongly correlated with early ICI treatment response with a
robust kappa coefficient of 1.0 (P=0.003). High CD4" T-cells APSI
showed correlation with a strong trend of improved progression-
free survival (3.9-fold) and overall survival (3-fold) in ICI-treated
non-small cell lung cancer (NSCLC) patients.

What is known and what is new?

e PD-L1 TPS has relevant but limited clinical utility as predictive
biomarkers in lung cancer ICI immunotherapy.

* Quantitative peripheral live single T-cell dynamic polyfunctionality
profiling provides novel and promising methods and indices,
APolyFx and APSI, alone or in combination with PD-L1 TPS, to
broaden and improve the predictive biomarker repertoire in ICI
immunotherapy.

What is the implication, and what should change now?

¢ Single peripheral T-cell polyfunctionality dynamics analysis could
be a promising liquid biopsy profiling platform in NSCLC to

determine potential ICI predictive biomarker.
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insights and clinical applications of cancer immunobiology
and therapeutics. In various forms of cancer immunotherapy
modalities, including checkpoint inhibitors, the primary
antitumoral cytotoxic cellular agents are the T-lymphocytes,
specifically CD8" T-cells. Hence, the ideal ICI predictive
biomarkers would likely pertain to measuring the spectrum
of antitumor T-cells immune phenotypes, specifically their
persistent functionalities over time and immune exhaustion,
throughout the course of a patient’s ICI treatment regimens.
Phenotypic characterization of immune cells, especially
various T-cells subtypes have been empowered by emerging
single cell methodologies, including high-throughput
and multiplexed flow cytometry, as well as single cell
genomics and transcriptomic analyses (25). In recent years,
applications of single cell-RNA sequencing (scRNA-seq)
in the molecular interrogation of the emergence of rare
drug-tolerant persister cells under cancer targeted therapy
and their relevant cell states in the reprogramming and
evolution of precision drug resistance has gained enormous
momentum and invaluable insights in the field. However,
single cell proteomics analysis to interrogate the immune
cellular elements is only in its nascent state, partly due to
limitations in functional, protein-level measurements (26).
Nonetheless, the question of which T-cell subsets are
most relevant in driving ICI treatment response and
clinical outcome benefits can only be best deciphered
using single cell analysis, preferably with a platform that
can empower live functional characterizations. Such a
platform could provide unparalleled quantitative assessment
of not only the various heterogeneous T-cell subtypes
and their differentiation and diversification, but also their
functionalities in terms of cytokine secretion and immune
modulation and effector functional capacities. These novel
single cell methodologies can immensely help to not only
enhance deeper understanding of the molecular mechanisms
and duration of ICI response, but also mechanisms of
ICI resistance emergence as well. Such knowledge base
is indispensable to enable better design and treatment
management in cancer immunotherapy regimens, patient
selection, and treatment monitoring for superior long-term
clinical outcomes of the patients.

We hypothesized that dynamic single cell cytokine
polyfunctionality profiling of peripheral T-cells in NSCLC
patients undergoing ICI immunotherapy can be a novel tool
in predicting treatment response and clinical outcome. In
this proof-of-concept analysis, we adopted a microfluidics-
based multiplexed lab-on-chip proteomics assay platform,

IsoLight (Bruker Cellular Analysis, Branford, CT, USA;
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formerly IsoPlexis), to functionally interrogate live
peripheral T-lymphocyte subsets at the single-cell level in
a discovery study of T-lymphocytes polyfunctionality as a
potential predictive biomarker for ICI treatment response
and clinical outcomes correlation in NSCLC. This live
peripheral single T-cells functional cytokine profiling
platform could potentially empower and improve our ability
to better interrogate and enhance deep molecular insights
into the dynamic heterogeneity of immune cell states
and pathways in NSCLC under ICI immunotherapies.
We present this article in accordance with the REMARK
reporting checklist (available at https://tlcr.amegroups.com/
article/view/10.21037/tlcr-24-260/rc).

Methods
Study protocol, patient population, and study procedures

From January 2018 to April 2019, we enrolled patients
in an institutional review board (IRB)-approved
translational research biorepository study protocol to
prospectively collect on-treatment peripheral blood
samples longitudinally. The IRB approved the SPECIAL
(Serial ProspECtive blopsy for Appalachian Lung cancer
molecular profiling) study protocol IRB: WVU011117 at
West Virginia University, Morgantown, WV, USA). The
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013) and informed consent was
obtained from all individual participants. Eligible NSCLC
patients with histologically confirmed diagnosis for our
IsoLight study were selected from a biorepository with
adults who underwent PD-1/PD-L1 ICI treatments. No
previous therapy with a PD-1 or PD-L1 inhibitor was
allowed. Patients with oncogene alterations including
EGFR, KRAS mutations, MET amplification or ALK
translocation were allowed. Molecular alterations of
patients were determined under standard-of-care practice of
tumoral profiling per treating oncologists and institutional
practices. Patients were either treatment naive or at least
3 weeks out from previous lines of non-ICI systemic lung
cancer treatment. Performance status ECOG 0-3 and
life expectancy >3 months were required to be included.
Healthy donor subjects were collected as controls under
IRB-approved protocol IRB: STUDY00005272 at Penn
State Milton S. Hershey Medical Center, Hershey, PA,
USA). Demographic and clinical and molecular information,
treatment course, and response and survival outcomes
information were extracted from the electronic health
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records (EHR) EPIC, as approved by the IRB protocols.
Patients were followed by the treating oncologists under
standard clinical care, with response and survival outcomes
analyzed based on RECIST criteria and EHR chart review
by the study team.

Collection, processing, and selection of T-lymphocytes from
peripheral blood samples

Human peripheral blood samples were collected in
four ethylenediaminetetraacetic acid (EDTA) tubes at
baseline and every two cycles after treatment. Peripheral
blood mononuclear cells (PBMCs) were collected by
repeated washing in red blood cell (RBC) lysis buffer and
cryopreserved in 10% dimethyl sulfoxide (DMSO) in 90%
fetal bovine serum (FBS) (Corning, Tewksbury, MA, USA).
A portion of the PBMCs were processed for RNA extraction
using standard protocols. Cells were thawed according
to standard protocols and resuspended in fresh complete
RPMI media at 1x10°/mL and subsequently purified for
CD4" and CD8" T-lymphocytes using a magnetic bead-
based enrichment technique for both CD4" and CD8*
T-cells (Miltenyi, Gaithersburg, MD, USA). Cells were
then stimulated with anti-human-CD3 (10 pg/mL,
Cat. No. 16-0037-85, ThermoFisher, Coraopolis, PA,
USA) and soluble anti-human-CD28 antibodies (5 pg/mL,
Cat. No. 16-0289-81, ThermoFisher) at 37 °C, 5% CO, for
24 hours as previously described (27).

Live T-lympbocytes single cell proteomic cytokines profiling
using automated microfluidics lab-on-chip Isolight

platform

In our study, we profiled 20 subjects, including ten healthy
donors and ten NSCLC patients (Figure ). Patient inclusion
in this study is based on chronological protocol enrollment
and sample adequacy. Although the cohort size is relatively
small, this is a proof-of-concept study with potential
advantages of increased assay granularity and increased
depth of analysis of biological signals to partially mitigate
the aforementioned limitation. Using the IsoLight (Bruker
Cellular Analysis; formerly IsoPlexis) proteomic cytokine
immune profiling platform, we collected and analyzed
single cell data from a total of 55,775 single T-lymphocytes
enriched and purified from peripheral blood, including
28,881 CD4" and 26,894 CD8" single T-lymphocyte cells.
After stimulation for 24 hours, approximately 30,000 cells
were loaded onto each proprietary IsoCode chip (Cat. No.
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Figure 1 IsoLight single T-cell live functional immune proteomics profiling workflow.
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Figure 2 IsoCode chip single T-cell lab-on-chip capture schematic overview. GM-CSE, granulocyte macrophage-colony stimulating factor.

ISOCODE-1001-8, Bruker Cellular Analysis; formerly
IsoPlexis). The chips contain ~12,000 microchambers
pre-patterned with a 32-plex antibody array, including
effector: granzyme B, IFN-y, MIP-1a, perforin, TNF-a,
TNF-B; stimulatory: GM-CSEF, 1L-2, IL-5, IL-7, IL-8, IL-
9, IL-12, IL-15, IL-21; chemoattractive: CCL11, IP-10,
MIP-1B, RANTES, IL-4, IL-10, IL-13, IL-22, TGFp1,
sCD137, sCD40L, IL-1B; regulatory: 1L-4, IL-10, IL-
13, IL-22, TGF-p1, sCD137, sCD40L; and inflammatory:
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IL-6, IL-17A, IL-17F, MCP-1, MCP-4 (Figure 2). Each
chip captures between 200-1,500 cells. The cells were
then imaged for single cell location in microchambers and
incubated at 37 °C, 5% CO, for an additional 16 hours.
Following the incubation period, multiplexed enzyme-
linked immunosorbent assay (ELISA) detection was used
to determine which protein combinations were secreted
by each cell. Antibody-barcoded slides captured secreted
proteins from single cells; the polyfunctional profile (cells
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secreting 2 or more proteins) of single cells was evaluated
using the IsoSpeak (Bruker Cellular Analysis; formerly
IsoPlexis) bioinformatics software.

Polyfunctional strength index (PSI)

PSI measures highly functional cell subsets capable of
secreting multiple cytokines and how intensely those
cytokines are being secreted. For PSI, data from empty
chambers are used to measure the background level for
each protein. These data were used to generate protein
abundance histograms, which are fitted by normal
distributions and nonparametric methods and judged by
goodness of fit. The mean of the histogram identified by the
best fit is used as the background level. Single-cell data were
then normalized by subtracting this background to compare
different samples. Cytokines secreted by less than 2% of
the samples were considered non-significantly secreted and
excluded from the analysis.

Statistical analysis

Statistical analyses were performed using statistical software
R software (R Foundation for Statistical Computing,
Vienna, Austria; URL http://www.R-project.org/).
Descriptive statistical analyses were performed to summarize
the data and to describe the outcome variables including
summary tables, proportions, median, and means with
standard deviations, scatter-plots and boxplots. Student’s
t-test or Wilcoxon rank test was used in the data analysis
on continuous variables, while Chi-squared test was used
in categorical variables. Kaplan-Meier method was used in
survival analysis. This is hypothesis-generating research and
the sample size was not determined from statistical power
analysis. In particular, we are developing a proof-of-concept
hypothesis-generating model in this pilot study to justify
further clinical-translational work. In the bioinformatics
analysis, the clustering methods were applied to classify the
samples into statistically similar groups and the regression-
tree analysis was used to explore and distinguish the samples
by the biomarker expression patterns and their differences.
Linear model and linear mixed models were used to assess
the difference of biomarkers between different groups. The
mixed model included different model-parameters with
groups as the fixed effect and subjects as random effect. It
can handle the repeated measures from the same subjects,
taking into account the between-subjects and within-
subjects variations. With a similar setting, logistic models
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and generalized linear mixed models were used to assess
binary outcome variables such as a dichotomized biomarker.
Analyses were considered statistically significant if P<0.05.
kappa is a measurement of agreement. The kappa coefficient
result is to be interpreted as follows: values 0 as indicating
no agreement and 0.01-0.20 as none to slight, 0.21-0.40 as
fair, 0.41-0.60 as moderate, 0.61-0.80 as substantial, and
0.81-1.00 as almost perfect agreement (28). Bioinformatics
analysis of the polyfunctional profiles of single cells was
accomplished using the IsoSpeak (Bruker Cellular Analysis;
formerly IsoPlexis) bioinformatics software.

Results
Study cobort and clinical characteristics

The IRB-approved Serial ProspECtive blopsy for
Appalachian Lung cancer molecular profiling (SPECIAL)
study was designed to collect serial patient blood samples
before and during cancer treatment to empower biomarkers
discovery (Table I). Patients diagnosed with NSCLC, either
of the adenocarcinoma or squamous cell subtype, both at
advanced-stage and recurrent diseases, were included in
our study cohort. Peripheral blood samples from healthy
donors were also collected as control under IRB-approved
protocol. The median age of NSCLC patients was 67 years,
while the median age for healthy donors was 60 years.
Sixty percent were females in both NSCLC and healthy
donor cohorts. Patients were classified as Rs if their
tumor assessment showed complete or partial response to
treatment according to the RECIST criteria measured two
cycles after immunotherapy-based treatments.

Pre-treatment baseline single T-lympbocytes overall
polyfunctionality (PolyFx) and PSI: bealthy donors versus
NSCLC

We first sought to determine if there are differential
functions of peripheral circulatory CD4-positive (CD4")
and CD8-positive (CD8") T-lymphocytes of healthy donors
and baseline pre-treatment NSCLC patient samples
in our study (Figure 3). To this end, we compared their
PolyFx and PSI at the single-cell level using the IsoLight
and Single-Cell Human Adaptive Immune IsoCode chips
(Figures 1,2). PolyFx is defined as the percentage of single
cells secreting two or more cytokines in each sample. In
contrast, PSI is defined as the product of multiplying the
rate of polyfunctional cells by the average signal intensity of
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Table 1 Demographics, clinical and molecular characteristics of the study cohort subjects
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) ) TNM stage PD-L1 Tx response )
Patient ID Age  Sex Histology/genotype 8" ed) (22C3) (s/p 2 cycles) ICl regimen
0002 66 M Adenocarcinoma IIC (TAN3MO) 90% SD Durvalumab
0008 79 M Adenocarcinoma, MET-amplified IVB (T4N2M1c) 95% Excellent PR Pembrolizumab
0010 68 F Adenocarcinoma, KRAS-G12C IVA (TAN2M1a) 60% Excellent PR Carbo/Pem/Pembro
0021 71 M Squamous cell Recurrence IVA 5% SD Pembrolizumab
(T4N2M1a)
0024 49 F Adenocarcinoma, EGFR-del19 IVB (T2N2M1c) 60% CR ABCP
(E746_A750del), T790M
0025 66 F Adenocarcinoma, KRAS-G12C, Recurrence IVA <1% PD Carbo/Pem/Pembro
STK11", TMB-high (11 muts/Mb) (T1bN2M1b)
0026 57 F Adenocarcinoma, EGFR-del19 Recurrence IVA 50% PD ABCP
(p.L747_P753 delinsS); PIK3CA- (T3N1M1a)
E545K
0028 78 M Adenocarcinoma, ALK-fusion Recurrence IVA 2% n/a (alectinib n/a
(TxN2M1a) responder)
0029 60 F Adenocarcinoma IVA (T2aN1M1b) 100% PR (also w/ later Dx  Pembrolizumab
of ovarian Ca)
0030 78 F Adenocarcinoma, KRAS-G12D; IVB (TxN2M1c) <1% PD Carbo/Pem/Pembro
PTEN-R130G
500-096 70 F Healthy n/a n/a n/a n/a
500-103 53 F Healthy n/a n/a n/a n/a
500-138 53 F Healthy n/a n/a n/a n/a
500-282 61 M Healthy n/a n/a n/a n/a
500-317 61 M Healthy n/a n/a n/a n/a
500-673 62 M Healthy n/a n/a n/a n/a
500-887 61 F Healthy n/a n/a n/a n/a
500-915 58 F Healthy n/a n/a n/a n/a
500-933 61 M Healthy n/a n/a n/a n/a
500-996 56 F Healthy n/a n/a n/a n/a

M, male; F, female; TMB, tumor mutational burden; muts, mutations; TNM, tumor-node-metastasis; n/a, not available; PD-L1, programmed
death ligand-1; Tx, treatment; s/p, status post; SD, stable disease; PR, partial response; CR, complete response; PD, progressive disease;
w/, with; Dx, diagnosis; Ca, carcinoma; ICI, immune checkpoint inhibitor; Carbo/Pem/Pembro, carboplatin, pemetrexed, pembrolizumab;

ABCP, atezolizumab, bevacizumab, carboplatin, paclitaxel.

significantly secreted cytokines from individual functional
groups from each cell. We found that the PolyFx of CD4"
(P=0.23) and CD8" (P=0.49) T-lymphocytes did not
significantly differ between the healthy donor samples and
baseline pre-treatment diseased samples (Figure 34,3B).
There was also no significant difference in the PSI of
both CD4" (P=0.22) and CD8" (P=0.41) T-lymphocytes
(Figure 3C,3D). We then sought to determine how the
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healthy donor samples compare to the diseased non-
responder (NR) and R samples, respectively (Figure 3).
The PolyFx of CD4" (P=0.56) and CD8" (P=0.49)
T-lymphocytes were not significantly different between
the healthy donor and the diseased NR samples. The same
is true for PSI, where there is no significant difference
between CD4" (P=0.53) and CD8" (P=0.81) T-lymphocytes
when comparing the two sample groups. We also found no
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Figure 3 PolyFx and PSI comparison of peripheral single T-cells from healthy donors and pre-treatment baseline blood samples of NSCLC

patients. The PolyFx between the healthy donors and the pre-treatment baseline NSCLC patient group was compared for (A) CD4" T-cells
(healthy vs. NSCLC, P=0.23; healthy vs. non-responder, P=0.56; healthy vs. responder, P=0.18) and (B) CD8" T-cells (healthy vs. NSCLC,
P=0.49; healthy vs. non-responder, P=0.49; healthy vs. responder, P=0.32). The PSI between the healthy donors and the pre-treatment
baseline NSCLC patient group was compared for (C) CD4" T-cells (healthy vs. NSCLC, P=0.22; healthy vs. non-responder, P=0.53; healthy
vs. responder, P=0.18) and (D) CD8" T-cells (healthy vs. NSCLC, P=0.41; healthy vs. non-responder, P=0.81; healthy vs. responder, P=0.28).
Statistical analysis was performed with a Wilcoxon rank test. PolyFx, overall polyfunctionality; PSI, polyfunctional strength index; NSCLC,

non-small cell lung cancer; ns, not significant (P>0.05); ALK; anaplastic lymphoma kinase; ALK-i, ALK inhibitor.

significant difference in PolyFx between the healthy donor
samples and the diseased R samples for CD4" (P=0.18) and
CD8" (P=0.32) T-lymphocytes. The PSI between these two
sample groups showed no significant difference in CD4"
(P=0.18) and CD8" (P=0.28) T-lymphocytes. Our results
are consistent with high immune functional heterogeneity
among the NSCLC patients’ pre-treatment baseline
T-lymphocytes prior to ICI treatment initiation.

Next, we sought to determine, among the NSCLC
patients, the correlation between the pre-treatment baseline
PolyFx or PSI from CD4", CDS8’, and total (CD4" and
CD8") T-lymphocytes and ICI early treatment response
(Figure 3; Figure S1A). There were no statistically different
baseline PolyFx or PSI values between ICI Rs and NRs
(P>0.05). This is true for CD4", CD8" alone (Figure 3),
or combined total T-lymphocytes (Figure S1A). Here,
our data suggest that baseline pre-treatment single T-cell

© AME Publishing Company.

polyfunctionality or PSI alone at a single time point
assay from NSCLC patients under ICI treatment (with
or without chemotherapy) was inadequate to predict ICI
treatment response.

Early changes in peripberal CDS8" T-lymphocytes single
cell overall polyfunctionality (APolyFx) and PSI (APSI) as
novel predictors of ICI treatment response

Next, we sought to determine the single T-lymphocyte
early onset longitudinal changes in overall polyfunctionality
(APolyFx) between baseline pre-treatment T-lymphocytes
and those collected after two cycles of ICI treatments (post-
treatment) (Figure 4). For CD4" T-lymphocytes, there
was no significant difference in APolyFx between the ICI
NR group and the R group (Figure 44: P=0.81, Wilcoxon
rank test; Figure 4E: P=0.64, mixed model). On the other
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hand, for CD8" T-lymphocytes, we observed a statistically
significant difference in APolyFx when comparing the NR
group to the R group (Figure 4B: P=0.02, Wilcoxon rank
test; Figure 4F: P=0.01, mixed model). When examining
the changes in polyfunctionality strength index (APSI), we
observed no significant difference in CD4" APSI (Figure 4C:
P=0.91, Wilcoxon rank test; Figure 4E: P=0.61, mixed
model) between the ICI R and NR groups. For CD8" APSI,
however, we observed a statistically significant difference
of APSI between the R and NR groups (Figure 4D:
P=0.02, Wilcoxon rank test; Figure 4F: P=0.006, mixed
model). When CD4* APSI was added to CD8* APSI in
the combined total T-lymphocytes (CD4"/CD8") analysis,
the statistical difference between the R and NR groups
became diminished (P=0.19, Figure S1B). Our study results
nominate APolyFx and APSI of CD8" T-lymphocytes as a
potential predictive biomarker of ICI treatment response in
NSCLC.

CD8* APolyFx and APSI perform better than PD-L1 TPS
alone as a predictive biomarker for ICI treatment response
in NSCLC

In our study cohort, we also asked if the early changes in
polyfunctional strength could be a stronger predictor of
early ICI treatment response compared to PD-L1 TPS. The
patient’s tumoral PD-L1 TPS expression status alone failed to
correlate with statistical significance with early ICI treatment
response (P=0.08) (Figure 4G). As above, both the CD8"
APolyFx and APSI perform better than PD-L1 TPS alone as
a predictive biomarker significantly correlated with NSCLC
ICI treatment response (Figure 4F). Next, we performed a
combined analysis of the CD8" APSI and PD-L1 TPS status
as potential predictors of treatment response under ICI-based
treatment. Our results show that a combined CD8" APSI
>15 and PD-L1 strong TPS status analysis significantly and
robustly correlated with ICI treatment response with a kappa
coefficient of 1.0 (P=0.003), indicating both a sensitivity and
specificity of 100% (Figure 4H).

2D t-distributed stochastic neighbor embedding (t-SNE)
and 3D t-SNE bioinformatics analysis of R and NR
treatment response groups

To further illustrate the difference in polyfunctional
strength change between R and NR groups, as well as the
cellular heterogeneity among cells of the same sample,
we generated 2D t-SNE plots based on the intensity

© AME Publishing Company.
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of cytokines secreted per cell for both CD4" and CD8"
T-lymphocytes. The 2D t-SNE plots of both CD4" and
CD8" T-lymphocytes for a representative NR (Patient-0002)
and R (Patient-0008) were shown here (Figure 5A,5B).
The 2D t-SNE plots corroborated the observation that the
change in polyfunctional strength separating Rs from NRs
was more pronounced in CD8" T-lymphocytes. Our results
demonstrate that the increase in cytokines secreted between
pre-treatment and post-treatment samples was more
prominent in CD8" T-lymphocytes but less so in CD4*
T-lymphocytes. The plots also illustrated the heterogeneity
in the intensity of cytokines secreted between single cells
in the same sample, highlighting the importance of single
polyfunctional cells in ICI response.

Additionally, we represented the polyfunctionality data as
heat maps with the contributions of each group of cytokines
to the PolyFx or PSI listed. Patient-0002 (NR) and
Patient-0008 (R) were shown here with heat maps generated
based on CD8" (Figure 5C,5D) and CD4" (Figure SE,5F)
T-cells PSI and PolyFx as representative illustrations. The
percentage of CD8" T-cells with high average PSI increased
for the R after ICI treatment, primarily driven by single
cells secreting sCD137, granzyme B, and IFN-y (Figure 5C).
In contrast, for the NR, the increase was not observed,
reflecting what was described in the total change in PSI.
Likewise, the percentage of highly polyfunctional CD8"
T-cells in R was also induced after treatment, while being
less so for NR (Figure 5D). The changes pre- and post-
treatment were not as highly discernible for CD4" T-cells,
partly due to the low number of significantly secreted
cytokines.

Next, we performed a CD8" 3D t-SNE plot analysis of
the NR and R groups pre- and post-treatment (two cycles
of ICI) (Figure 5G,5H). Our study results showed that there
were distinct subpopulations of post-treatment CD8" T-cells
found to be segregated from the pre-treatment cells in the
ICI R (Figure SH) at the single cell level but not evident
among the ICI NR (Figure 5G), suggesting that CD8"
T-cells secreted cytokines can delineate between the R and
NR groups at the single-cell level. This further corroborates
our hypothesis to nominate functional single-cell analysis
of peripheral CD8" T-cells as a predictive biomarker of ICI
early treatment response.

APSI in predicting treatinent response of oncogene-addicted
NSCLC under targeted therapies versus ICI therapy

Oncogene-addicted lung cancers generally respond
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unfavorably to ICI treatments, especially in first-line setting
(10,29,30). The value of ICIs as further lines of salvage
treatment in the acquired tyrosine kinase inhibitor (TKI)
drug resistance setting remains controversial (9,31). Here,
we sought to determine the predictive value of APSI in the
oncogene-addicted NSCLC patients in our study cohort
under various therapeutic modalities.

Patient-0008 is a 79-year-old male, active smoker with
120 pack-years cigarette smoking history and ongoing
pipe smoking habit at time of diagnosis. He presented with
TP53 mutation and MET genomic amplification-positive
metastatic poorly differentiated lung adenocarcinoma, stage
IVB (¢TxN2Mlc), with metastasis to his brain and right
adrenal gland at time of initial diagnosis. His tumoral PD-
L1 TPS was 95% (22C3). He was initially treated with
the anti-PD-1 ICI pembrolizumab alone as his first-line
therapy, and experienced near complete response after two
cycles. His CD8" T-cell APolyFx was 10.9 and APSI 127
(Figure 4B,4D), both correlating well with his ICI treatment
response status as an R.

Patient-0024 is a 49-year-old, never-smoker woman
who had recurrent EGFR exon 19 deletion (E746_A750del)
driven lung adenocarcinoma after prior lobectomy and
subsequent chemoradiotherapy for recurrence. She was
sequentially treated with erlotinib followed later by
osimertinib both with favorable durable near complete
response profile under respective TKIs. Eventually, she was
treated with the atezolizumab, bevacizumab, carboplatin,
paclitaxel (ABCP) regimen after acquired osimertinib-
resistant progression (14,32). The tumoral PD-L1
expression was strong (TPS 60%; 22C3). She experienced
both complete tumor response and metabolic response
upon initial ABCP treatment. Her CD8" T-cell APolyFx
was 5.55 and APSI 83.2 (Figure 4B,4D), which correlated
well with her ICI treatment response status as a R. She
completed a total of four cycles of the ABCP induction
treatment regimen, with ongoing favorable tumor response
on maintenance bevacizumab-atezolizumab therapy.

Patient-0026 is a 57-year-old woman, never-smoker, who
had EGFR exon 19 deletion (1.747_P753 delinsS)-driven
metastatic lung adenocarcinoma that ultimately progressed
on erlotinib in acquired drug resistance despite initial tumor
response. She was then treated with the ABCP regimen
as second-line therapy. She had a strong tumoral PD-L1
expression level, with TPS being 50% (22C3). Restaging
imaging studies confirmed non-response status with a mixed
early response profile, with refractory progressive disease
in the right upper lobe apical nodular opacities despite

© AME Publishing Company.
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thoracic nodal adenopathy reduction in her mediastinal and
right hilar nodes. Her CD8" T-cell APolyFx and APSI was
found to be -2.47 and -37.5 respectively (Figure 4B,4D),
accurately predicting her as an ICI NR despite the strong
PD-L1 expression.

Patient-0028 is a 78-year-old male, former smoker,
who had ALK-translocation-driven recurrent advanced
NSCLC and was treated with the ALK-TKI alectinib.
He responded remarkably to alectinib as expected. Little
is known regarding any potential role of a patient’s innate
immune response in contributing to tumor response under
targeted therapy. Here, we found that Patient-0028 had his
CD4" and CD8" APSI scores correlate only weakly to his
response status (Figure 4B,4D). His tumoral PD-L1 TPS
was 2% (22C3). Taken together, our data suggests that
although APolyFx and APSI can predict early ICI treatment
response in oncogene-addicted NSCLC, it is not likely
to be applicable for treatment under molecular targeted
inhibitors.

Longitudinal monitoring of ICI treatment response using
peripheral single cell T-lympbocytes proteomic cytokines
profiling on treatment

Here, we further studied three particular patients in
our pilot study cohort, i.e., NR: Patient-0002; and Rs:
Patient-0008, and Patient-0024, to derive more insights into
their on-treatment longitudinal landscapes of T-cell PolyFx
and PSI. Our study results showed that the longitudinal
CDS8" T-cell PSI profiles in Rs displayed association with
the treatment response profile (Figure 64,6B) but less so in
the NR (Figure 6C). For the NR Patient-0002, the PolyFx
and PSI only minimally increased after two cycles of ICI.
Both the PolyFx and PSI exhibited further increase upon
seven more cycles of ICI when the patient experienced
on-treatment stable disease according to CT imaging.
The PolyFx and PSI decreased after four more cycles of
ICI when the patient remained in persistent stable disease
status.

For the Rs Patient-0008 (Figure 64) and Patient-0024
(Figure 6B), the PolyFx and PSI increased significantly after
two cycles of ICI treatment, confirming that ICI treatment
response correlated with an increase in PolyFx and PSI after
two cycles. Both patients showed correlating decline in both
PolyFx and PSI at time of disease progression as per body
imaging diagnosis. Patient-0008 further underwent MET-
targeted therapy CBT-101 (i.e., APL-101) and crizotinib
after initial ICI treatment, given his molecular findings of
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Figure 7 Kaplan-Meier clinical survival outcomes analysis of PSI changes (APSI) in ICI-treated NSCLC. CD4" T-cells analysis. (A) The
median PFS of patients with CD4" APSI >5 was 10.8 months, whereas those with APSI <5 has median PFS of 2.8 months, with a 3.9-fold
difference (P=0.07). (B) The median OS of patients with CD4" APSI >5 was 34.5 months, whereas those with APSI <5 has median PFS
of 11.5 months, with a 3-fold difference (P=0.09). PFS, progression-free survival; OS, overall survival; PSI, polyfunctional strength index;

APSI, change in PSI; ICI, immune checkpoint inhibitor; NSCLC, non-small cell lung cancer.

MET genomic amplification status. Nonetheless, his PolyFx
and PSI remained low throughout the targeted therapy time
points with best stable response on MET-TKIs. Overall, a
decline in the CD8" T-cell PSI on and during ICI treatment
beyond cycle two may predict emerging progressive disease
and resistance against ongoing ICI-based therapy.

When we analyzed the single CD8" T-cells in 3D t-SNE
plots, we observed that for the R: Patient-0008, the post-
treatment CD8" T-cells segregated meaningfully from
the baseline pre-treatment cells (Figure 6D). These results
suggest that the circulating T-cells under ICI treatment are
functionally distinct and discernible from baseline T-cells.
For Patient-0008, the progression and MET-targeted
inhibitor treatment time points were segregated further
away from the pre- and post-treatment samples, indicating
that when the tumor progressed, there were observable
differences in the functionality of the respective T-cells.
On the other hand, for the NR: Patient-0002, the pre-
treatment cells were not distinguishable from the post-
2 cycles treatment cells (Figure 6E). In Patient-0002, the
stable disease (C11) and persistent stable disease (C15) time
points appear to segregate apart from the pre-and post-
treatment samples, implying that the T-cells in these time
points may also possess differential functionality profiles.

Kaplan-Meier clinical survival outcomes analysis

Lastly, we performed Kaplan-Meier survival analysis on
our study cohort to better understand the impact of the
longitudinal single T-cells interrogation on long-term

© AME Publishing Company.

survival outcomes in addition to early ICI treatment
response. Intriguingly, our data showed that a high change
in CD4" PSI (APSI >5) after ICI treatment had a longer
median progression-free survival (PFS) of 10.8 months
compared with that of 2.8 months otherwise. The Kaplan-
Meier survival analysis showed that patients with a high
CD4" APSI >5 were correlated with a strong trend of
improved PFS, with a nearly four-fold (3.9) longer PFS than
those with a low CD4" APSI (P=0.07) (Figure 7A). Similarly,
patients with a high CD4" APSI also were correlated with a
strong trend of improved median overall survival (OS), with
a three-fold (3.0) longer OS than those with a low CD4"
APSI (34.5 vs. 11.5 months; P=0.09) (Figure 7B).

Discussion

ICI using anti-PD-1/PD-L1 antibodies alone or in
combination with chemotherapy has become standard-of-
care for not only advanced metastatic stage NSCLC but
also early resectable stage patients in the form of adjuvant
(IMpower-010) (33), neoadjuvant (CheckMate-816) (34) and
perioperative chemoimmunotherapy (Keynote-617) (35).
Nonetheless, there remains an unmet need for robust
predictive immunotherapy biomarkers to best select patients
for treatment and to guide optimal therapeutic strategies.
Currently available biomarkers for ICI treatment, e.g., PD-
L1 expression, MSI status, and TMB, often experience
limitations in predictive capability especially when an ICI
is combined with chemotherapeutics (34-38). Our study
here provided proof-of-concept evidence to support the
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development of liquid biopsy-based live peripheral single
T-cell cytokine proteomics profiling as an ICI treatment
predictive biomarker platform in lung cancer. We showed
that the longitudinal peripheral CD8" T-lymphocytes
PSI profile, as measured in APSI score under ICI
immunotherapy, performs better than PD-L1 TPS alone as
a potential predictive biomarker for ICI treatment response.
Importantly, our study showed that combining CD8"
APSI >15 and PD-L1 strong TPS status as a predictive
biomarker significantly correlated with ICI-based treatment
response with a robust kappa coefficient of 1.0 (P=0.003).
Additionally, CD4" T-lymphocytes APSI >5 correlated with
a strong trend of both improved PFS (~4-fold) and OS (3-
fold) in our current study.

Emerging blood-based predictive and prognostic
biomarkers under investigations in the form of liquid
biopsy offer considerable advantages over the reliance on
tumor-tissue-based biomarker assays (39-41). Our study
now nominates a real-time longitudinal liquid biopsy
assay to predict ICI therapeutic response and long-term
clinical survival outcomes by quantifying the intensity
profiles of different cytokines released by peripheral CD4"
and CD8" T-cells before and during treatment into a
functional score. In our patient cohort, PD-L1 TPS as a
predictive biomarker for ICI treatment tumor response was
determined to be only at 80% accuracy. On the other hand,
APSI in CD8" T-lymphocytes alone could significantly
distinguish between ICI Rs and NRs (P=0.006, mixed
model). When combining PD-L1 TPS with APSI, the
integrated APSI/PD-L1 TPS biomarker strategy predicted
tumor response with 100% accuracy (Figure 4H, P=0.003).
Notably, the immune treatment response to anti-PD-1/PD-
L1 ICI in cancer patients can be highly heterogeneous (22).
Published studies have shown that the presence of rare,
highly functional cells is important in predicting the
overall response of the population (19,27,42). Population-
based techniques such as bulk ELISA and flow cytometry
merely provide an aggregated view of all the cells that
comprise a population, which masks the contribution
of the polyfunctional super-cytokine secretory cells. On
the other hand, single-cell methods have been shown to
retain critically important cellular elements and differences
in the immune cell compartments. As such, single-cell
methods prove to be more advantageous when determining
therapeutic response driven by rare, highly polyfunctional
immune cells in the setting of ICI response, and similarly
when considering ICI treatment-acquired resistance.

Our study also promises to provide further utility in
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uncovering the dynamic changes in functionality landscapes
in longitudinal on-treatment immune cells. By analyzing
the APSI in peripheral single T-cells at set intervals during
an ICI-based treatment course, our liquid biopsy method
identified a promising trend of single T-cell functionality
changes correlating with emerging ICI treatment resistance,
which may ultimately lead to better treatment decisions.
We presented the 3D t-SNE plots of longitudinal treatment
time points in representative ICI NR Patient-0002 and R
Patient-0008. Despite expressing high PD-L1, Patient-
0002’ T-cells clustered close to each other in the pre-and
post-2 cycles of ICI samples. Intriguingly, the longitudinal
additional time-point of “stable disease” (C11) and
“persistent stable disease” (C15) samples clustered away
from the pre- and post-treatment (C03 and C04) samples,
suggesting that the tumor microenvironment may be
changing under ICI treatment pressure. Further studies
focusing on immune cellular functionality landscapes in
radiographic stable disease status are warranted. To this
end, our liquid biopsy methodology offers the opportunity
to better interrogate the functionality of the T-cells,
thereby enabling us to track with higher fidelity the
underlying metabolic and molecular responses not always
tully represented by CT radiographic measurements per se.
In contrast, Patient-0008, who had MET amplification and
was an ICI treatment R, had APolyFx and APSI profiles
that correlated significantly with his treatment response
status. Our longitudinal 3D t-SNE plot analysis illustrated
that the single T-lymphocytes clustered separately during
the longitudinal time course of ICI and non-ICI treatment
regimens, reflecting the differential treatment responses,
molecular heterogeneity, and cell states of circulatory
T-lymphocytes during cancer treatments.

Although our study is limited by a small cohort size, each
NSCLC patient has at least two time point samples, and
each sample was analyzed using novel single-cell functional
proteomics profiling methods, increasing the granularity
and biological depth of our analysis. Single-cell functional
analysis of CD8" T-cell cytokines landscapes demonstrated
the longitudinal shift of CD8" T-cell PolyFx and PSI
during real-time treatment, which is not feasible in bulk
cell studies. Similarly, single-cell functional analysis allows
deep molecular tracking of adaptive evolutionary changes
of patients’ functional immune compartments under cancer
immunotherapy longitudinally. Importantly, despite our
small pilot cohort study size, the reported robust statistical
significance and kappa coefficient of 1.0 observed in our
study’s ICI treatment response correlation implies a large

Transl Lung Cancer Res 2024;13(12):3323-3343 | https://dx.doi.org/10.21037/tlcr-24-260



Translational Lung Cancer Research, Vol 13, No 12 December 2024

magnitude of clinical effects differences observed in our
study cohort single cell polyfunctionality measurements.
A kappa coefficient of 0.8 to 1.0 has been established to
indicate a perfect agreement between the prediction and
actual response status (28). Further prospective studies in
larger patient cohorts are warranted to test the potential
of the single T-cell APolyFx and APSI measures, especially
combined with PD-L1 TPS, as real-time immune
biomarkers in longitudinal ICI-based treatment courses
to facilitate optimal treatment decision making. Since our
IsoLight study platform utilizes functional single immune
cells as the analytes in the longitudinal analysis, it can be
more applicable to any novel immunotherapy combinations
in predictive biomarkers discovery and validation, including
regimens involving anti-TIGIT (43) and anti-LAG3
antibodies (44) as examples, and ICI in combination with
cytotoxic chemotherapeutics. Furthermore, novel cancer
therapeutics involving immune-mediated antitumor
response and outcomes such as antibody-drug-conjugates
(ADC:s), bispecific antibodies or other emerging novel
targeted/immune-mediated therapeutics could be measured
and tracked using this functional real-time single-cell assay.
Our study data also nominate a potential role for
peripheral CD4" T-lymphocytes APSI in predicting long-
term clinical survival outcomes under ICI treatments.
While CD8" T-lymphocytes might be more important as
determinants of early treatment response, CD4" T-cells
could be more relevant and pivotal in sustaining a more
durable treatment biological, cellular, and molecular
response, thus translating into longer-term clinical survival
outcomes (45,46). A recent report suggested that CD4"
T-cell immunity in the peripheral blood correlates with ICI
treatment response in NSCLC (47). The study identified
that long-term ICI Rs with >500-day PFS had significantly
higher numbers of CD62L"" CD4" T-cells prior to
PD-1 blockade therapy in peripheral blood, which was
maintained in high percentages as a T-cell subset in long-
term survivors. On the other hand, the same CD4" T-cell
population was found to be decreased in those with acquired
resistance after therapy. Another recent publication of
a pan-cancer T-cells single-cell atlas highlighted the
transcriptomic diversity of tumor-infiltrating T-cells (48).
The analysis provided a sound foundation to improve our
insights into the broad roles of different T-cell subtypes
and cell states heterogeneity in ICI treatment response and
outcomes. Of interest, Chu ez /. [2023] identified six major
subtypes of T-cells: CD4*, CD8", vo T proliferative T-cells
(Tgd), natural killer T (NKT), mucosal-associated invariant
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T (MAIT), and proliferative T-cells (48). The CD4" T-cells
represented the most abundant subset with their cellular
fractions substantially varying across tissues of locations
and conditions, implying their relevance in the immune
dynamics of the tumor-host-therapeutics milieu under ICI
treatment. There were 14 clusters of CD8" T-cells and 14
transcriptional states defined in the study. Conversely, 12
different CD4" T-cell states were defined. Interestingly,
the unique stress response states in CD8" and CD4" Ty
cluster (stress response signature), characterized by highly
expressed heat shock genes and stress response signature,
were significantly upregulated in intratumoral CD4/CD8"
cells following ICI treatments, especially associated with
nonresponsive tumor (48). Furthermore, higher CD4"
central memory T (T cells were found linked to increased
OS in sarcoma. The CD4" T-cell memory compartment
is subdivided into CD62L"CCR7" Ty cells and CD62L"
CCR7 effector memory T (Tyy) cells (49). These cell
populations are well poised in effector cytokines rapid
secretion upon reactivation and engendering an enhanced
secondary immune response. T'¢y cells are functionally
characterized by their IL-2 synthetic capacity and have
less potential for rapid IFN-y or IL-4 secretion. Similar to
our investigation results, baseline pre-treatment specimens
reported in the study by Chu er 4/. also did not achieve
distinction between R and NR of single-agent ICI treatment
based on the individual T-cell states, lending support to
the values of longitudinal studies involving pre- and post-
ICI treatment in predictive biomarkers discovery (48).
Lastly, a recent preclinical study by Espinosa-Carrasco ez al.
[2024] reports that a functional triad is necessary to be
established among the CD8", and CD4" T-cells along with
the antigen-presenting dendritic cells in order to effectuate
solid tumor cells eradication under ICI (50).

While the polyfunctionality of effector T-cells at the
single cell level is shown to be an important parameter
in predicting the quality of T-cell immune response and
immunological control over malignant tumors, the fate
of the CD8" cytotoxic T-lymphocytes and the factors that
regulate the polyfunctionality of T-cells remain largely
unknown. Utilizing transgenic mouse-derived CD8" T-cells
that express a T-cell receptor (TCR) specific for a tumor-
derived neoantigen, Imai er /. [2020] (51) showed that the
tumor specific cytotoxic T-lymphocytes generated in the
presence of CD4" T-cells displayed long persistence in vivo
and induced enhanced tumor regression when adoptively
transferred into mice with progressing tumor. Our study
data on the role of CD4" APSI predicting a strong trend of
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PFS and OS in ICI-treated NSCLC patients add further
support to the notion of CD4" T-cells positively impacting
the polyfunctionality of cytotoxic CD8" T-cells in their
survival and memory formation associated with tumoral
immunological control and subsequent long-term clinical
survival outcomes (51). Lastly, peripheral circulating
CD#4" T-cell immunity such as activated CD4" Ty, clonal
expansion, may have a role in the emergence of irAEs
from ICI blockade as well (52). Importantly, a number of
literature reports in recent years provided strong support
correlating irAEs and ICI treatment response as well as OS
outcomes in human cancers, including NSCLC (53-55).
There are several limitations in our current study.
First, this study represents a proof-of-concept study with
a relatively small study cohort size. However, we do have
inclusion of both healthy subject donors as well as NSCLC
disease subjects for comparison. Given the single cell levels
of molecular cytokine analysis of each patient blood sample
and the dynamic evaluation of pre- and post-treatment
samples in our study, the limitations of small study cohort
were partially mitigated. Furthermore, the statistical
significance demonstrated in our results in the CD8" T-cells
APolyFx and APSI discriminating ICI treatment Rs vs. NRs,
better than PD-L1 TPS alone, highlights the likely strong
magnitude of treatment effects differences discerned through
single cell analysis even in a small cohort of study subjects.
Second, the need for pre- and post-treatment samples under
ICI therapy regimens as the basis of predictive biomarkers
would exclude characterizing pretreatment baseline samples
for ICI treatment patient selection. However, this is already
the current clinical paradigm in the use of ICI especially in
the setting of combination chemoimmunotherapy both in
advanced stage and in resectable stage neoadjuvant use where
PD-L1 TPS is not prerequisite of the therapies and does
not help in patient selection (34-36). Moreover, measuring
dynamically and longitudinally peripheral single T-cells
as ICI biomarkers would relieve the need for repeated
tumoral biopsies to assess tumoral PD-L1 expression to
monitor patients’ treatment course and response-resistance
profile and evolution. Third, our study does not specifically
establish the differential predictive biomarker capabilities
among different ICI treatment regimens, namely PD-1/PD-
L1 single agent treatment versus chemoimmunotherapy, and
does not differentiate among different chemotherapeutic
regimens in combination with the ICI. Lastly, the current
cost of instrumentation, materials and reagents for the
IsoLight single T-cell polyfunctionality assays is considerably
high, limiting the scalability and clinical applicability at the

© AME Publishing Company.
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present time. Nonetheless, this is invariably true for most if
not all of emergent novel technologies, as evidenced in the
recent history of the development of genome sequencing
and single cell genomics-transcriptomics platforms. Just as
there was rapid decline in the cost per genome sequencing
throughout the journey of human genome sequencing over
the past decade, novel single cell proteomics platforms and
methodologies would most likely see a rapid decline in the
underlying cost with time.

Conclusions

In summary, our proof-of-concept study in longitudinal live
single-cell cytokine profiling analysis of peripheral blood
immune T-lymphocytes nominated single CD8" T-cells
polyfunctionality measurements as a promising potential
predictive biomarker for PD-1/PD-L1 ICI treatment in
NSCLC for tumor response, whereas single CD4" T-cells
polyfunctionality measurements may have relevance in
longer-term ICI treatment survival outcomes correlation.
Our study findings warrant further investigations in larger
study cohorts and prospective ICI treatment trials to shed
more confirmatory light on the utility of the novel real-
time liquid biopsies with T-lymphocytes APSI to determine
immunotherapy predictive biomarker for optimized clinical
applications for NSCLC ICI-based therapies.
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