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Simple Summary: Cancer may be recognized by the immune system. For patients with non-small-
cell lung cancer (NSCLC), immune checkpoint inhibitors (ICI) are a first-line treatment in most
patients. However, most of these patients do not respond to ICI, implying that the treatment is
ineffective, where it may have relevant side effects. Currently, there is no solid biomarker to predict
response to ICI. Thus, there is an urgent need for a new biomarker to predict this response, preferably
via minimally invasive techniques. We tested the potency of T cells to be activated ex vivo in the
peripheral blood of patients with advanced NSCLC. We found an increased ability to activate CD8*
T cells and produce intracellular IL-2 in peripheral CD8* T cells in patients that respond to ICI
compared to non-responders and healthy controls before the start of ICI. The potency of peripheral T
cells to be activated before treatment seems a promising biomarker.

Abstract: Background: Tumor-infiltrating immune cells have been correlated with prognosis for
patients treated with immune checkpoint inhibitor (ICI) treatment of various cancers. However,
no robust biomarker has been described to predict treatment response yet. We hypothesized that
the activation potency of circulating T cells may predict response to ICI treatment. Methods: An
exploratory analysis was conducted to investigate the association between the response to immune
checkpoint inhibition (ICI) combined with stereotactic radiotherapy (SBRT) and the potency of
circulating T cells to be activated. Blood-derived lymphocytes from 14 patients were stimulated ex
vivo with, among others, Staphylococcal enterotoxin B (SEB) and compared to healthy controls (HCs).
Patients were grouped into responders (>median progression free survival (PFS)) and non-responders
(<median PFS). The expression of the T cell activation marker CD69 and intracellular cytokines (IL-2,
IFNYy, TNF«) in both CD4* and CD8* T cells in response to stimulation was measured using flow
cytometry. In addition, serum levels of BAFF, IFNy, and IL-2 receptor (sIL-2R) were measured
by Luminex. Results: At baseline, a higher percentage of activated CD8" T cells (15.8% vs. 3.5%
(p = <0.01)) and IL-2"CD69*CD8* T cells (8.8% vs. 2.9% (p = 0.02)) was observed in responders
compared to non-responders upon ex vivo stimulation with SEB. The concurrently measured serum
cytokine levels were not different between responders and non-responders. Conclusion: Baseline
blood CD8" T cell activation potency, measured by intracellular cytokine production after ex vivo
stimulation, is a potential biomarker to discriminate responders from non-responders to SBRT
combined with ICL
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1. Introduction

Cancers can be recognized by the immune system, and immune checkpoint inhibi-
tion (ICI) presents an important treatment option, particularly for Non-Small-Cell Lung
Cancer (NSCLQ) [1-4]. However, not all tumors exhibit a favorable outcome to ICI. “Hot”
tumors, characterized by a heightened T cell inflammatory profile, demonstrate a markedly
superior response to ICI compared to “cold” tumors, which are defined by a low or
absent T cell inflammatory profile. Resected tumors from individuals who respond to
neoadjuvant ICI show a dense presence of immune activation, including infiltrating lym-
phocytes, macrophages, and tertiary lymphoid structures (TLS) [5-7]. The abundance of
tumor-infiltrating CD8* T cells in both the TLS and the tumor microenvironment has been
correlated with a more favorable prognosis in various cancers, including lung cancer [8-10].

To this date, the only biomarker in clinical practice used to predict the responsiveness
of NSCLC to ICI is the expression of PD-L1 on tumor cells. In advanced lung cancer, tissue
biopsy is essential for diagnosis and treatment decisions [11,12]. However, tissue availabil-
ity is usually limited owing to small biopsies or cytological specimens. Consequently, there
is ongoing exploration of less invasive techniques to obtain biomarkers, particularly those
from peripheral blood sampling, to predict tumor response. In patients with NSCLC who
received second-line nivolumab, a pre-treatment neutrophil-to-lymphocyte ratio (NLR)
below 5 was associated with an extended progression free survival (PFS) and overall sur-
vival (OS) compared to a higher NLR (>5) [13,14]. Furthermore, elevated baseline levels
of serum Interleukin 6 (IL-6) levels were associated with a shortened PFS and OS [15].
Flow cytometric analysis of peripheral blood lymphocytes of NSCLC patients receiving ICI
treatment revealed that response to treatment was associated with a higher percentage of
CD62lowCD4* T cells, whereas non-responders were characterized by a higher percentage
of CD25*FOXP3*CD4* T cells prior to treatment [16]. Additionally, higher levels of CD4*
T cells, CD4* /CD8*cell ratios, and absolute numbers of natural killer cells (NK cells) were
associated with response to ICI [17].

Beyond the conventional assessment of immune status through flow cytometry, var-
ious aspects of T cell function, such as cytokine production following mitogenic ex vivo
stimulation of T cells, can be assessed. Cytokines, such as tumor necrosis factor alpha
(TNF«), interferon gamma (IFNvy), and interleukin 2 (IL-2) play an important role in modu-
lating the immune response. Both IFNy and IL-2 are known to promote the cytotoxicity of
CD8* cells and NK cells and to stimulate the differentiation of CD4* T cells into Th1 helper
cells [10,18]. In patients with NSCLC, the IFNYy signature is associated with prolonged
survival [19].

We hypothesized that peripheral blood lymphocytes from NSCLC patients at baseline
who respond to ICI exhibit increased sensitivity to mitogenic stimulation, leading to an
augmented production of intracellular cytokines. If substantiated, this could potentially
serve as a viable biomarker for selecting patients for ICI treatment. In this study we
evaluated the baseline expression of the T cell activation marker CD69 and intracellular
cytokines (IL-2, IFNy, TNFw) in both CD4* and CD8* T cells after ex vivo stimulation and
their association with response to combined ICI and SBRT treatment.

2. Materials and Methods

This exploratory analysis was part of a phase 1 study on safety and tolerability in
patients with stage IIIB/IV NSCLC treated with stereotactic radiotherapy (SBRT) on a part
of the primary tumor, combined with ICI treatment. ICI was administered in three different
regimes in sequential cohorts as >2nd line treatment after platinum-based chemotherapy.
The 1st cohort (n = 3) received durvalumab (PD-L1 inhibitor), while the 2nd and 3rd cohorts
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(both 11 = 6) received a combination of durvalumab and tremelimumab (CTLA-4 inhibitor)
followed by durvalumab monotherapy. All patients were irradiated on the primary tumor
(1 x 20 Gy on 9 cc) one week after the 1st dose of ICI. For further details regarding inclusion
and exclusion criteria, patient characteristics, and full trial design of this phase 1 study,
the SICI (stereotactic radiotherapy and immune checkpoint inhibition) trial, we refer to
Kievit et al. [20]. Patients were grouped into responders (>median progression free survival
(PFS)) and non-responders (<median PFS).

Exploratory endpoints in this study were the correlation of response and survival with
lymphocyte count, T cell activation potency, and the correlation between intracellular and
serum cytokines at baseline just before the start of the combined ICI and SBRT treatment.
PFS was defined from date of start of the treatment to the date of the first documented date
of progression or death by any cause. OS was defined from date of start of the treatment to
date of death. If a patient had not died, the OS was censored at the date of last follow-up.
Cutoff date was 1 July 2024.

2.1. Lymphocyte Count

Blood lymphocyte counts were differentiated into CD45"CD3* T cells, CD45*CD3*CD4"*
T helper cells, CD45"CD3*CD8* cytotoxic T cells, CD45"CD19" B cells and CD45"CD16"CD56*
NK cells. The NLR was calculated by dividing the absolute neutrophil count by absolute
lymphocyte count and marked as low (<5) or high (>5).

2.2. T Cell Activation Analysis

Potency of T cell activation was assessed using flow cytometric analysis of peripheral
blood T cellT cells and compared to simultaneously included healthy controls, a standard
assay that is used for the diagnosis of immune deficiencies as described by Stam et al. [21].
In short, whole blood was activated ex vivo using one of the following mitogens or antigens:
5 ug/mL Staphylococcal enterotoxin B (SEB; Sigma, Deisenhofen, Germany), anti-CD3
(aCD3; 10% v/v WT32 hybridoma culture supernatant), 5 ug/mL Phyto haemaglutine
(PHA; Remel, Lenexa, KS, USA), a cocktail of 15 Lf/mL tetanus toxoid and diphtheria toxoid
(cocktail; Netherlands Vaccine Institute; NVI, Bilthoven, The Netherlands), and 0.5 TE/mL
purified protein derivative Tuberculosis (PPD; NVI, Bilthoven, The Netherlands). To block
cytokine release from cells, 10 pug/mL brefeldin A (BFA; Sigma-Aldrich, St. Louis, MI,
USA) was added to each sample. Next, samples were incubated for 24 h at 37 °C with 5%
CO;. Post-incubation, samples were treated with 10 puL of 40 mM EDTA in PBS for 10 min
to inhibit activated cell adhesion. Following this, red blood cells were lysed, and white
blood cells were fixed by adding 2 mL of FACS lysing solution (Becton Dickinson, Franklin
Lakes, NJ, USA) for 10 min at room temperature, followed by a PBS wash with 1% bovine
serum albumin (BSA). Next, each sample was permeabilized with 500 pL of Perm II (Becton
Dickinson) containing varying concentrations and/or combinations of Pacific Blue (PB)
and/or Pacific Orange (PO) dyes (Invitrogen, Carlsbad, CA, USA) to facilitate fluorescent
cell barcoding (FCB) as depicted in Figure S1. Unstimulated samples were stained with
1.25 pug PB and 10 pg PO, while samples stimulated with PPD, SEB, aCD3 (WT32), cocktail,
and PHA were stained with 0 ug PB and 0 pg PO, 1,25 ug PB and 0 ug PO, 10 ug PB and
0 ug PO, 0 ug PB and 10 pg PO, and 10 ug PB and 10 ug PO, respectively. After 10 min of
incubation at room temperature in the dark, samples were washed and resuspended in
PBS with 20% fetal calf serum (FCS). T cell activation potency was assessed by evaluating
the expression of CD69 and intracellular cytokines (IL-2, IFNy, TNF«). Alongside each
patient’s sample, we included a healthy control sample in our test. Flow cytometric analysis
was done on 50,000 recorded events per analysis using a FACSCanto-II flow cytometer
(Beckton Dickinson Biosciences, San Jose, CA, USA). Diva v9.3.1 (Beckton Dickinson) and
Kaluza v2.2 (Beckman Coulter, Brea, CA, USA) software was used for gating and flow
cytometry data analysis. The gating strategy is shown in Figure S1. Patients were divided
into above median PFS (responders; 0 R) and below median PFS (non-responders; NR). We
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compared intracellular cytokine production in both CD4" and CD8* T cells between both
groups and with healthy controls (HC) using the Mann-Whitney U test.

2.3. Serum Cytokines

The intracellular cytokine production of IL-2, IFNy and TNF« was correlated to serum
concentrations of BAFF/BLyS/TNFSF13B, CD25/IL-2R alpha and IFNy measured by
multiplex Luminex as described by the protocol of the manufacturer (R&D, Austin, TX,
USA). For an overall indication of T cell and B cell activation, the Luminex panel was
expanded with CCL17/TARC, IL-6 and CXCL13/BLC/BCA-1.

2.4. Statistics

Relationships between lymphocyte count and response, as well as the relationship
between serum cytokines and response were analyzed with the Mann-Whitney U test. The
same test was used to compare differences in T cell activation assay between responders,
non-responders, and healthy controls. Spearman’s correlations were calculated between
survival and NLR and the lymphocyte count and to assess relations between intracellular
and serum cytokines.

2.5. Ethical and Regulatory Requirements

This study was performed in accordance with ethical principles that have their origin
in the Declaration of Helsinki and are consistent with ICH-Good Clinical Practice, and
applicable regulatory requirements concerning subject data protection. The study protocol
was approved by the local medical ethic committee (ICTRP: NL-OMON44296; EudraCT:
2017-002797-39). All patients gave their written informed consent prior to the start of any
study related procedures.

3. Results

Fifteen patients were included in the phase 1 SICI trial. In one patient, blood storage
failed due to technical issues. Therefore, the data of 14 patients (8 non-responders and
6 responders) were available for the exploratory analysis at baseline. Patients categorized as
responder by the mean PFS had either stable disease or partial response as best response to
treatment and all non-responders had progressive disease as best response. As an internal
control of the T cell activation assay, 14 healthy controls served as reference. Healthy
controls were younger compared to the NSCLC patients (median age 48 years vs. 64 years,
p < 0.001) and were more often female (71% vs. 14%, p = 0.002). None of the patients used
corticosteroids at the start of treatment. Overall survival (OS) was 12 months (range 1—not

reached) and superior for responders compared to non-responders (Figure S2 and phase 1
SICI trial [20]).

3.1. Lymphocyte Count

There was no significant difference in blood lymphocytes at baseline between respon-
ders and non-responders (Figure 1, Table S1). For all patients, OS showed a significant
negative correlation with the neutrophil-to-lymphocyte ratio NLR (spearman’s rho -0.55,
p = 0.04). Furthermore, OS was positively correlated with all lymphocytes (0.71, p = 0.005),
CD3* T cells (0.73, p = 0.003) and CD8* T cells (0.63, p = 0.016) (Table S2). All other
correlations between the lymphocyte count and PFS or OS were not significantly different.

3.2. T Cell Activation Assay at Baseline

Before the start of treatment, responders had significantly higher percentages of ac-
tivated (CD697)CD8" T cells, especially those producing IL-2 in response to SEB stim-
ulation, compared to both non-responders (CD69*CD8* 15.8% vs. 3.5% (p = 0.008);
IL-27CD69*CD8* 8.8% vs. 2.9% (p = 0.02)) and healthy controls (5.6% (p = 0.009) and
4.7%, respectively (p = 0.001)). No difference in the expression of IL-2 was observed be-
tween T cells of non-responders and healthy controls. In addition, significantly higher
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expression of TNFo and IFNy was observed in activated CD8" T cells of responders when
compared to healthy controls (resp 19.8% vs. 10.4%; p = 0.01 and 21.4% vs. 9.3%; p = 0.03).
The expression of TNFa and IFNy by T cells was not different between responders and
non-responders (TNFx and IFNy of non-responders resp. 8.0% and 5.5%) (Figure 2). No
difference was observed in the percentage of activated CD8" T cells after stimulation with
anti-CD3 between responders, non-responders, and healthy controls. Stimulation with the
strong mitogen PHA resulted in strong T cell activation, evident from significant CD69
upregulation without observable differences between responders, non-responders, and
healthy controls in activated T cells and intracellular cytokine production. Stimulation with
the weak antigenic cocktail or PPD resulted in almost no stimulation of both CD8" and
CD4" T cells with no differences between groups (Table S3).

NLR — —i « Non-responder
(1079/L) L e 0 = Responder
(109/L) ™
(109/L)-T
(1079/L)

(10M9/L)- ™,
(10M9/L) 4
10rL)H T
T T 1 T

012 3 441016

Figure 1. Blood lymphocytes between responders and non-responders at baseline. Data are presented
as median with its range. No significant differences were observed, p > 0.14. NK cells: natural killer
cells. NLR: neutrophile-to-lymphocyte ratio.

In contrast to CD8* T cells, in activated (CD69%) CD4" T cells, no significant dif-
ferences were observed between responders and non-responders after stimulation with
SEB (CD69*CD4* 18% vs. 12.6% (p = 0.23), IL-2*CD69*CD4* 17.1% vs. 12.5% (p = 0.41),
TNFx*CD69*CD4" 22.5% vs. 15.4% (p = 0.49) and IFNy*CD69*CD4" resp 9.8% and
6.3% (p = 0.10). Compared to healthy controls, only responders had significant higher
percentages of activated (CD69*) CD4* T cells when stimulated with SEB, including higher
expression of IL-2 and TNF« (CD69*CD4* 18% vs. 7.3% (p = 0.03), IL-2*CD69*CD4* 17.1%
vs. 7.4% (p = 0.009), and TNFa*CD69*CD4* 22.5% vs. 9.6% (p = 0.02)). No significant
difference was observed in IFNy expression between responders and healthy controls
(IFNy*CD69*CD4" 9.8% vs. 3.1% (p = 0.72)). TNF«x expression only, was significantly
different between non-responders and healthy controls (TNFx*CD69"CD4+%15.4% vs. 9.4%
(p = 0.03), Figure 3). For CD4" T cells stimulated with anti-CD3, a similar cytokine response
as with SEB was observed (Table S3).

3.3. Luminex Assay

At baseline, serum cytokines (IFNvy, IL-2 (CD25/IL-2R alpha), TNFo (BAFF/BLyS/
TNFSF13B), CCL17 (CCL17/TARC), IL-6, and CXCL13 (CXCL13/BLC/BCA-1)), which
were selected based on complementarity, appearance, and function in immune activation,
were not different between responders and non-responders (Table S4). In addition, there
was no correlation between intracellular IL-2, IFNy and TNFo expression by T cells and
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serum levels of three selected cytokines (BAFF/BLyS/TNFSF13B, CD25/IL-2R alpha, IFNYy)

(Figure 4).
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Figure 2. Activation of intracellular cytokine expression in CD8* T cells after stimulation with SEB.
(A) Representative flow cytometry plots of SEB-stimulated CD8" T cells showing CD69 expression
alone (histograms) or CD69 expression in combination with expression of intracellular cytokines IL-2,
TNFa, IFNYy (dot-plots) in a non-responder (NR; upper plots), a responder (R; middle plots), and an
age- and sex-matched healthy control (HC; lower plots). Values in each gate represent the percentage
of positive cells; (B) frequencies of CD69, IL-2, TNFe, and IFNy expression within responding CD8*
T cells from NR (n = 8), R (n = 6) and HC (n = 14) after in vitro stimulation with SEB. Horizontal lines
represent the median percentage. p-values were calculated using the Mann-Whitney U test. *: p <0.05.
**: p <0.001. ns: non-significant.
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Figure 3. Activation and intracellular cytokine expression in CD4* T cells after stimulation with
SEB. (A) Representative flow cytometry plots from SEB-stimulated CD4* T cells showing CD69
expression alone (histograms) or in CD69 expression combination with expression of intracellular
cytokines IL-2, TNF«, and IFNYy (dot-plots) in a non-responder (NR; upper plots), a responder (R;
middle plots), and an age- and sex-matched healthy control (HC; lower plots). Values in each gate
represent the percentage of positive cells. (B) Frequencies of CD69, IL-2, TNF«, and IFNYy expression
within responding CD4* T cells from NR (n = 8), R (n = 6), and HC (n = 14) after in vitro stimulation
with SEB. Horizontal lines represent the median percentage. p-values were calculated using the
Mann-Whitney U test. *: p <0.05. **: p <0.001. ns: non-significant.
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Figure 4. Correlation between baseline intracellular and serum cytokine expression after stimulation
with SEB and anti-CD3. A red circle indicates a positive correlation, a blue circle a negative correlation.
aCD3: anti CD3. BAFF: B-cell-activating factor belonging to the TNF family. IFNy: interferon gamma.
IL-2: interleukin 2. SEB: Staphylococcal enterotoxin B. TNF«x: tumor necrosis factor alpha.

4. Discussion

In this study, we provide evidence that the potency of T cell activation at baseline, as
assessed through stimulated intracellular cytokine production, may serve as a non-invasive
biomarker to discriminate responders from non-responders to ICI. Specifically, our findings
indicate increased expression of cytokines, particularly IL-2 expression by CD8" T cells
following ex vivo stimulation at baseline in patients who turned out to respond to ICI (in
combination with SBRT to the primary tumor).

To the best of our knowledge, this is the first study in NSCLC exploring peripheral
T cell activation potency as a predictor of response to ICL T cell activation was assessed
by measurement of intracellular cytokines (IL-2, IFNy, TNF«) following stimulation of
peripheral blood T cells with PHA, a tetanus and diphtheria cocktail, PPD, anti-CD3, or
SEB. Stimulation of T cells using PHA involves several cell surface receptors, most notably
CD3 and CD2 and is, as such, an unselective and strong mitogenic activator of T cells that
partly bypasses co-stimulation [22,23]. The strong nature of stimulation using PHA masks
possible subtle differences in the activation potency of T cells between groups. In line with
this, we did not observe any differences between responders, non-responders, and healthy
controls in the expression of cytokines by T cells upon stimulation with PHA. In contrast,
the cocktail and PPD are weak antigenic recall stimuli, only activating a subpopulation
of T cells, i.e., those that were previously exposed to these stimuli. Using these weak
recall stimuli, no differences were noted between the three groups analyzed here, possibly
reflecting a too-weak or not-sensitive-enough readout. Using a more intermediate stimulus,
such as SEB (or anti-CD3), functional differences in the activation potency of T cells derived
from the different groups might be revealed. Both SEB and anti-CD3 stimulate T cells
specifically via the T cell receptor (TcR)/CD3 complex, where anti-CD3 does so with
higher affinity compared to SEB. As such, SEB potentially represents the most optimal
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mode of T cell activation to reveal intrinsic differences in the T cell activation potency
between the different groups studied here. Indeed, most notable and significant differences
in the responses were observed upon SEB stimulation, especially in the CD3*CD8* T
cell compartment.

CD8* T cells play an important role in the immune response to cancer and the number
of CD8" T cells, and their capability of infiltration into the tumor (environment) is associated
with prolonged survival. Activated CD8* T cells are capable of killing cancer cells, which
is associated with the release of cytokines [24]. Effective activation of (cytotoxic) CD8*
T cells requires signaling via the TcR/CD3 complex in combination with one or more
costimulatory signals. Using ICI, both anti-CTLA4 and anti-PD(L)1 enhance the activation
of the T cell by blocking an inhibitory signal (the interaction between CTLA-4 and CD80
and PD-1 with PD-L1, respectively) allowing unrestrained T cell (co)stimulation [25,26].

In our study, the CD8" T cells of responders were significantly more prone to acti-
vation at baseline compared to non-responders and healthy controls and expressed more
intracellular cytokines, especially IL-2, after ex vivo stimulation with SEB. This suggests
that the CD8* T cells of responders have an increased potential to become activated via
the TcR/CD3 complex even before starting ICI treatment than non-responders. This in-
creased potential to be activated might reflect the observed response to ICI treatment
and as such, may represent a potential baseline biomarker for ICI response. A similar
difference, although non-significant, was seen in the activation potency of CD4* T cells
of responders and non-responders. Alternatively, the poorer responsiveness of T cells to
ex vivo stimulation in non-responders may be an indication of an increased presence or
activity of regulatory T cells, which has been described as a resistance mechanism to ICI
treatment [16]. Alternatively, it may be an indication of exhausted CD8* T cells, another
resistance mechanism for immunotherapy to fail [27].

Absolute lymphocyte count, including different subtypes, was not significantly dif-
ferent between responders and non-responders. We compared the intracellular cytokine
production of IL-2, IFNy, and TNFax with the serum values of these cytokines. There
was no correlation between the serum cytokines and T cell activation potency, nor with
intracellular cytokine production upon stimulation of T cells at baseline. This is in line with
the melanoma data and ICI of the research by Pedersen et al., where baseline serum derived
cytokines including TNF«, IFNy and IL-6 were not associated with PFS [28]. Cytokines
released by T cells after stimulation in vivo are likely either directly used or bound by
surrounding cells. Therefore, circulating serum cytokines levels may not be representative
for T cell activation potency at baseline. Apparently, T cells prone to activation by ICI
are thus not reflected in serum cytokines or lymphocyte subsets, and this specific charac-
teristic needs to be measured with ex vivo stimulation in combination with intracellular
cytokine expression.

Our study included patients with an indication for >second-line ICI. Unfortunately,
we were not able to include more patients in this study. Due to advancements in knowledge,
ICI became standard first-line treatment in patients with advanced NSCLC without a driver
mutation during the period of our study. We realize that because of this, our sample size
is limited. Nevertheless, this is an exploratory parameter and for the generalizability of
our result, this should be repeated in an independent and larger cohort. We think that the
use of SBRT in our patient cohort had little influence on the result because of the small
treatment volumes. Radiation-induced lymphopenia is associated with multiple courses,
multiple irradiated sites, and higher dose (>50 Gy) and is mainly seen when large vessels
and the heart are part of the irradiated field [29,30]. Therefore, we suggest studying T cell
activation in patients receiving immune checkpoint inhibition in a first-line setting. Our
healthy controls were laboratory employees working on the day of blood withdrawal of
the participating patients and were not age- and sex-matched with the patients. As such,
we cannot rule out that differences between patients and healthy controls observed are due
to differences in sex and or age between the groups included.
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5. Conclusions

The potency to activate CD8* T cells at baseline, as determined through ex vivo
activation and intra-cellular cytokine production, discriminates responders from non-
responders to immune checkpoint inhibition combined with stereotactic radiotherapy in
our patient cohort with non-small-cell lung cancer. Further research—for instance, in
first-line ICI treatment in a larger cohort—is needed to confirm this potential biomarker.
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between lymphocyte count and survival; Table S3: Median percentages of responding (CD69*) CD4*
and CD8* T—cells and cytokine production after stimulation; Table S4: Median percentages of
responding (CD69") CD4* and CD8* T—ells and cytokine production after stimulation.

Author Contributions: HK., M.B.M.-W,, WH.A., B.-]. K. and T.J.N.H. wrote the manuscript. WH.A,,
B.-J.K. and T.J.N.H. designed the study protocol. HK., M.BM.-W,, LBM.H.-K,, B1L.H.,, RW, JEU,,
HJM.G,, AJ.v.d.W. and T.J.N.H. were responsible for data collection. HK., M.B.M.-W,, WH.A,,
M.J.v.d.L. and ].B. performed the analyses. H.K., M.B.M.-W. and W.H.A. made the figures and tables.
HK, M.BM.-W,, WH.A,, AR, HAMK, B.-].K. and TJ.N.H. interpreted the data. T.J.N.H. was
responsible for funding acquisition. All authors contributed to the article and approved the submitted
version. All authors have read and agreed to the published version of the manuscript.

Funding: This study was sponsored by a research grant from AstraZeneca, ESR 16-12461/D4191C00075.
AstraZeneca had no role in the design of the study, data collection, data analysis, data interpretation,
or the writing of the manuscript.

Institutional Review Board Statement: This study was performed in accordance with ethical princi-
ples that have their origin in the Declaration of Helsinki and are consistent with ICH-Good Clinical
Practice, and applicable regulatory requirements concerning subject data protection. The study
protocol was approved by the local medical ethic committee on 16 November 2017 (ICTRP: NL-
OMON44296; EudraCT: 2017-002797-39).

Informed Consent Statement: All patients gave their written informed consent prior to the start of
any study related procedures.

Data Availability Statement: The data generated in this study are available upon reasonable request
from the corresponding author.

Acknowledgments: We would like to thank our patients and healthy controls for their contribution
and Klaas Bakker for his help in making the funds for the translational research available.

Conflicts of Interest: This study received funding from AstraZeneca. The funder was not involved in
the study design, collection, analysis, interpretation of data, the writing of this article, or the decision
to submit it for publication. All authors declare no other competing interests.

References

1.

Reck, M.; Rodriguez-Abreu, D.; Robinson, A.G.; Hui, R.; Cs6szi, T.; Fiilop, A.; Gottfried, M.; Peled, N.; Tafreshi, A.; Cuffe, S.; et al.
Pembrolizumab versus Chemotherapy for PD-L1-Positive Non-Small-Cell Lung Cancer. N. Engl. ]. Med. 2016, 375, 1823-1833.
[CrossRef] [PubMed]

Langer, C.J.; Gadgeel, S.M.; Borghaei, H.; Papadimitrakopoulou, V.A; Patnaik, A.; Powell, S.E; Gentzler, R.D.; Martins, R.G;
Stevenson, J.P.; Jalal, S.I; et al. Carboplatin and pemetrexed with or without pembrolizumab for advanced, non-squamous
non-small-cell lung cancer: A randomised, phase 2 cohort of the open-label KEYNOTE-021 study. Lancet Oncol. 2016,
17,1497-1508. [CrossRef] [PubMed]

Gandhi, L.; Rodriguez-Abreu, D.; Gadgeel, S.; Esteban, E.; Felip, E.; De Angelis, E; Domine, M.; Clingan, P.; Hochmair, M.J.;
Powell, S.F; et al. Pembrolizumab plus Chemotherapy in Metastatic Non—-Small-Cell Lung Cancer. N. Engl. ]. Med. 2018,
378, 2078-2092. [CrossRef] [PubMed]

Mok, T.S.K.; Wu, Y.L.; Kudaba, I.; Kowalski, D.M.; Cho, B.C.; Turna, H.Z.; Castro, G., Jr.; Srimuninnimit, V.; Laktionov, K.K.;
Bondarenko, I.; et al. Pembrolizumab versus chemotherapy for previously untreated, PD-L1-expressing, locally advanced
or metastatic non-small-cell lung cancer (KEYNOTE-042): A randomised, open-label, controlled, phase 3 trial. Lancet 2019,
393, 1819-1830. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/cancers16142592/s1
https://www.mdpi.com/article/10.3390/cancers16142592/s1
https://doi.org/10.1056/NEJMoa1606774
https://www.ncbi.nlm.nih.gov/pubmed/27718847
https://doi.org/10.1016/S1470-2045(16)30498-3
https://www.ncbi.nlm.nih.gov/pubmed/27745820
https://doi.org/10.1056/NEJMoa1801005
https://www.ncbi.nlm.nih.gov/pubmed/29658856
https://doi.org/10.1016/S0140-6736(18)32409-7
https://www.ncbi.nlm.nih.gov/pubmed/30955977

Cancers 2024, 16, 2592 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

Cottrell, T.R.; Thompson, E.D.; Forde, PM.; Stein, J.E.; Duffield, A.S.; Anagnostou, V.; Rekhtman, N.; Anders, R.A.; Cuda, ].D,;
Illei, P.B.; et al. Pathologic features of response to neoadjuvant anti-PD-1 in resected non-small-cell lung carcinoma: A proposal
for quantitative immune-related pathologic response criteria (irPRC). Ann. Oncol. 2018, 29, 1853-1860. [CrossRef] [PubMed]
Trujillo, J.A.; Sweis, R.F; Bao, R.; Luke, ].J. Combination Therapy Selection. Cancer Immunol. Res. 2019, 6, 990-1000. [CrossRef]
[PubMed]

Galon, J.; Bruni, D. Approaches to treat immune hot, altered and cold tumours with combination immunotherapies. Nat. Rev.
Drug Discov. 2019, 18, 197-218. [CrossRef] [PubMed]

Gocg, J.; Fridman, W.H.; Sautes-Fridman, C.; Dieu-Nosjean, M.C. Characteristics of tertiary lymphoid structures in primary cancers.
Oncoimmunology 2013, 2, €26836. [CrossRef] [PubMed]

Tamminga, M.; Hiltermann, T.J.N.; Schuuring, E.; Timens, W.; Fehrmann, R.S.N.; Groen, H.].M. Immune microenvironment
composition in non-small cell lung cancer and its association with survival. Clin. Transl. Immunol. 2020, 9, e1142. [CrossRef]
Petitprez, F.; Meylan, M.; de Reyniés, A.; Sautés-Fridman, C.; Fridman, W.H. The Tumor Microenvironment in the Response to
Immune Checkpoint Blockade Therapies. Front. Immunol. 2020, 11, 784. [CrossRef]

Prelaj, A.; Tay, R.; Ferrara, R.; Chaput, N.; Besse, B.; Califano, R. Predictive biomarkers of response for immune checkpoint
inhibitors in non-small-cell lung cancer. Eur. J. Cancer 2019, 106, 144-159. [CrossRef] [PubMed]

Zhang, B,; Liu, Y.; Zhou, S.; Jiang, H.; Zhu, K.; Wang, R. Predictive effect of PD-L1 expression for immune checkpoint inhibitor
(PD-1/PD-L1 inhibitors) treatment for non-small cell lung cancer: A meta-analysis. Int. Immunopharmacol. 2020, 80, 106214.
[CrossRef]

Russo, A.; Russano, M.; Franchina, T.; Migliorino, M.R.; Aprile, G.; Mansueto, G.; Berruti, A.; Falcone, A.; Aieta, M.; Gelibter, A;
et al. Neutrophil-to-Lymphocyte Ratio (NLR), Platelet-to-Lymphocyte Ratio (PLR), and Outcomes with Nivolumab in Pretreated
Non-Small Cell Lung Cancer (NSCLC): A Large Retrospective Multicenter Study. Adv. Ther. 2020, 37, 1145-1155. [CrossRef]
[PubMed]

Diem, S.; Schmid, S.; Krapf, M.; Flatz, L.; Born, D.; Jochum, W.; Templeton, A.].; Frith, M. Neutrophil-to-Lymphocyte ratio (NLR)
and Platelet-to-Lymphocyte ratio (PLR) as prognostic markers in patients with non-small cell lung cancer (NSCLC) treated with
nivolumab. Lung Cancer 2017, 111, 176-181. [CrossRef]

Kang, D.H.; Park, C.K,; Chung, C.; Oh, L]; Kim, Y.C; Park, D.; Kim, J.; Kwon, G.C.; Kwon, L; Sun, P; et al. Baseline serum
interleukin-6 levels predict the response of patients with advanced non-small cell lung cancer to pd-1/pd-11 inhibitors. Immune
Netw. 2020, 20, e27. [CrossRef]

Kagamu, H.; Kitano, S.; Yamaguchi, O.; Yoshimura, K.; Horimoto, K.; Kitazawa, M.; Fukui, K.; Shiono, A.; Mouri, A.; Nishihara,
F; et al. CD4+ T-cell immunity in the peripheral blood correlates with response to Anti-PD-1 therapy. Cancer Immunol. Res. 2020,
8, 334-344. [CrossRef]

Li, P; Qin, P; Fu, X,; Zhang, G.; Yan, X.; Zhang, M.; Zhang, X.; Yang, ].; Wang, H.; Ma, Z. Associations between peripheral blood
lymphocyte subsets and clinical outcomes in patients with lung cancer treated with immune checkpoint inhibitor. Ann. Palliat.
Med. 2021, 10, 3039-3049. [CrossRef] [PubMed]

Jiang, T.; Zhou, C.; Ren, S. Role of IL-2 in cancer immunotherapy. Oncoimmunology 2016, 5, e1163462. [CrossRef]

Higgs, B.W.; Morehouse, C.A.; Streicher, K.; Brohawn, P.Z,; Pilataxi, F.; Gupta, A.; Ranade, K. Interferon gamma messenger RNA
Signature in tumor biopsies predicts outcomes in patients with non-small cell lung carcinoma or urothelial cancer treated with
durvalumab. Clin. Cancer Res. 2018, 24, 3857-3866. [CrossRef]

Kievit, H.; Muntinghe-Wagenaar, M.B.; Hijmering-Kappelle, L.B.M.; Hiddinga, B.I.; Ubbels, ].E; Wijsman, R.; Slingers, G.; de
Vries, R.; Groen, H.J.M.; Kerstjens, H.A.M.; et al. Safety and tolerability of stereotactic radiotherapy combined with durvalumab
with or without tremelimumab in advanced non-small cell lung cancer, the phase I SICI trial. Lung Cancer 2023, 178, 96-102.
[CrossRef]

Stam, J.; Abdulahad, W.; Huitema, M.G.; Roozendaal, C.; Limburg, P.C.; van Stuijvenberg, M.; Scholvinck, E.H. Fluorescent cell
barcoding as a tool to assess the age-related development of intracellular cytokine production in small amounts of blood from
infants. PLoS ONE 2011, 6, €25690. [CrossRef]

Elshari, Z.S.; Nepesov, S.; Tahrali, I.; Kiykim, A.; Camcioglu, Y.; Deniz, G.; Kucuksezer, U.C. Comparison of mitogen-induced
proliferation in child and adult healthy groups by flow cytometry revealed similarities. Immunol. Res. 2023, 71, 51-59. [CrossRef]
[PubMed]

Kashef, S.; Moghtaderi, M.; Hatami, H.R.; Kalani, M.; Alyasin, S.; Nabavizadeh, H.; Farjadian, S. Evaluation of T Cell Proliferation
Using CFSE Dilution Assay: A Comparison between Stimulation with PHA and Anti-CD3/Anti-CD28 Coated Beads. Iran. J.
Allergy Asthma Immunol. 2022, 21, 458-466. [CrossRef] [PubMed]

Durgeau, A.; Virk, Y.; Corgnac, S.; Mami-Chouaib, F. Recent advances in targeting CD8 T-cell immunity for more effective cancer
immunotherapy. Front. Immunol. 2018, 9, 14. [CrossRef]

Martinez-Lostao, L.; Anel, A.; Pardo, J. How Do Cytotoxic Lymphocytes Kill Cancer Cells? Clin. Cancer Res. 2015, 21, 5047-5056.
[CrossRef] [PubMed]

de Mello, R.A.; Veloso, A.F; Catarina, PE.; Nadine, S.; Antoniou, G. Potential role of immunotherapy in advanced non-small-cell
lung cancer. Onco Targets Ther. 2017, 10, 21-30. [CrossRef] [PubMed]

Chow, A.; Perica, K.; Klebanoff, C.A.; Wolchok, J.D. Clinical implications of T cell exhaustion for cancer immunotherapy. Nat. Rev.
Clin. Oncol. 2022, 19, 775-790. [CrossRef] [PubMed]


https://doi.org/10.1093/annonc/mdy218
https://www.ncbi.nlm.nih.gov/pubmed/29982279
https://doi.org/10.1158/2326-6066.CIR-18-0277
https://www.ncbi.nlm.nih.gov/pubmed/30181337
https://doi.org/10.1038/s41573-018-0007-y
https://www.ncbi.nlm.nih.gov/pubmed/30610226
https://doi.org/10.4161/onci.26836
https://www.ncbi.nlm.nih.gov/pubmed/24498556
https://doi.org/10.1002/cti2.1142
https://doi.org/10.3389/fimmu.2020.00784
https://doi.org/10.1016/j.ejca.2018.11.002
https://www.ncbi.nlm.nih.gov/pubmed/30528799
https://doi.org/10.1016/j.intimp.2020.106214
https://doi.org/10.1007/s12325-020-01229-w
https://www.ncbi.nlm.nih.gov/pubmed/32002809
https://doi.org/10.1016/j.lungcan.2017.07.024
https://doi.org/10.4110/in.2020.20.e27
https://doi.org/10.1158/2326-6066.CIR-19-0574
https://doi.org/10.21037/apm-21-163
https://www.ncbi.nlm.nih.gov/pubmed/33849094
https://doi.org/10.1080/2162402X.2016.1163462
https://doi.org/10.1158/1078-0432.CCR-17-3451
https://doi.org/10.1016/j.lungcan.2023.02.004
https://doi.org/10.1371/journal.pone.0025690
https://doi.org/10.1007/s12026-022-09328-2
https://www.ncbi.nlm.nih.gov/pubmed/36261686
https://doi.org/10.18502/ijaai.v21i4.10293
https://www.ncbi.nlm.nih.gov/pubmed/36243934
https://doi.org/10.3389/fimmu.2018.00014
https://doi.org/10.1158/1078-0432.CCR-15-0685
https://www.ncbi.nlm.nih.gov/pubmed/26567364
https://doi.org/10.2147/OTT.S90459
https://www.ncbi.nlm.nih.gov/pubmed/28031719
https://doi.org/10.1038/s41571-022-00689-z
https://www.ncbi.nlm.nih.gov/pubmed/36216928

Cancers 2024, 16, 2592 12 of 12

28. Pedersen, ].G.; Sokac, M.; Serensen, B.S.; Luczak, A.A.; Aggerholm-Pedersen, N.; Birkbak, N.J.; Ollegaard, T.H.; Jakobsen, M.R.
Increased Soluble PD-1 Predicts Response to Nivolumab plus Ipilimumab in Melanoma. Cancers 2022, 14, 3342. [CrossRef]

29. Upadhyay, R.; Venkatesulu, B.P; Giridhar, P.; Kim, B.K.; Sharma, A.; Elghazawy, H.; Dhanireddy, B.; Elumalai, T.; Mallick, S.;
Harkenrider, M. Risk and impact of radiation related lymphopenia in lung cancer: A systematic review and meta-analysis.
Radiother. Oncol. 2021, 157, 225-233. [CrossRef]

30. Cho, Y,; Park, S.; Byun, HK.; Lee, C.G.; Cho, ].; Hong, M.H.; Kim, H.R.; Cho, B.C.; Kim, S.; Park, J.; et al. Impact of Treatment-
Related Lymphopenia on Immunotherapy for Advanced Non-Small Cell Lung Cancer. Int. J. Radiat. Oncol. Biol. Phys. 2019,
105, 1065-1073. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/cancers14143342
https://doi.org/10.1016/j.radonc.2021.01.034
https://doi.org/10.1016/j.ijrobp.2019.08.047

	Introduction 
	Materials and Methods 
	Lymphocyte Count 
	T Cell Activation Analysis 
	Serum Cytokines 
	Statistics 
	Ethical and Regulatory Requirements 

	Results 
	Lymphocyte Count 
	T Cell Activation Assay at Baseline 
	Luminex Assay 

	Discussion 
	Conclusions 
	References

