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Abstract: This pilot study sought to evaluate the circulating levels of immune cells, particularly
regulatory T-cell (Treg) subsets, before and after lung resection for non-small cell lung cancer.
Twenty-five patients consented and had specimens collected. Initially, peripheral blood of 21 patients
was collected for circulating immune cell studies. Two of these patients were excluded due to tech-
nical issues, leaving 19 patients for the analyses of circulating immune cells. Standard gating and
high-dimensional unsupervised clustering flow cytometry analyses were performed. The blood,
tumors and lymph nodes were analyzed via single-cell RNA and TCR sequencing for Treg analyses
in a total of five patients (including four additional patients from the initial 21 patients). Standard
gating flow cytometry revealed a transient increase in neutrophils immediately following surgery,
with a variable neutrophil-lymphocyte ratio and a stable CD4-CD8 ratio. Unexpectedly, the total
Treg and Treg subsets did not change with surgery with standard gating in short- or long-term
follow-up. Similarly, unsupervised clustering of Tregs revealed a dominant cluster that was stable
perioperatively and long-term. Two small FoxP3M clusters slightly increased following surgery. In
the longer-term follow-up, these small FoxP3hi Treg clusters were not identified, indicating that they
were likely a response to surgery. Single-cell sequencing demonstrated six CD4+FoxP3+ clusters
among the blood, tumors and lymph nodes. These clusters had a variable expression of FoxP3, and
several were mainly, or only, present in tumor and lymph node tissue. As such, serial monitoring of
circulating Tregs may be informative, but not completely reflective of the Tregs present in the tumor

microenvironment.

Keywords: non-small cell lung cancer; lung resection; regulatory T cells; circulating immune cells;
Treg subsets; single-cell sequencing

1. Introduction

Lung cancer remains the leading cause of cancer-related mortality worldwide [1].
Improving the immune system’s ability to fight cancer continues to be an area of intense
research, particularly with the success of immunotherapies in melanoma and non-small
cell lung cancer (NSCLC) [2,3]. The characterization of host immune cell parameters prior
to treatment may identify the biomarkers predictive of clinical outcomes and response to
immunotherapy [4]. For example, a pretreatment circulating neutrophil-to-lymphocyte ra-
tio (NLR) > 2.5 has been associated with worse survival in NSCLC [5,6]. Regulatory T cells
(Treg) are CD4+CD25+Forkhead box P3 (FoxP3)+ lymphocytes that maintain self-tolerance
and immune homeostasis, and are known to infiltrate the tumor microenvironment (TME)
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and suppress cancer-associated inflammation [7]. An increased Treg infiltration in tumors
is associated with recurrence and worse survival in NSCLC [4,8]. Moreover, circulating
Treg in the peripheral blood have been shown to be increased in NSCLC patients compared
to healthy controls [9-13].

Tregs can be induced centrally in the thymus or generated in the periphery through
the conversion of naive CD4+ T cells to Tregs [14-16]. Peripheral Tregs are thought to
be the main type of Tregs in the TME of most cancers [17]. Circulating Tregs in the
blood may be reflective of the TME. Blood Tregs with an increased expression of immune
checkpoint molecules, such as PD-1, have been found in cancer patients in contrast to
healthy controls [18]. However, the highest density of Tregs with increased immune
checkpoint molecules is found in the TME, indicating that these cells exist in heterogeneous
populations across tissue compartments. The engagement of the PD-1-PD-L1 axis is one of
the mechanisms through which Tregs suppress effector T cells, and treatments that reduce
the suppression of cancer-associated inflammation by inhibiting Tregs would potentially
limit tumorigenesis and /or enhance immunotherapy responses [14,19].

While most studies of peripheral blood evaluate the circulating levels of total Tregs,
subpopulations with functional and phenotypic delineations have been demonstrated in
inflammatory diseases, colon cancer and lung cancer [10,11,20-22]. There are numerous
ways to categorize the heterogeneity of Treg subsets by their developmental stage and phe-
notypic markers [20,23], which can make comparisons between studies and nomenclature
challenging. Nevertheless, from a clinical perspective, higher levels of circulating Treg
subsets have been associated with worse overall survival in lung cancer patients and may
represent a potential prognostic factor or biomarker for treatment response [11,24].

While there is some evidence of the clinical importance of Treg subsets in NSCLC, the
immediate and longer-term effects of surgery on their circulating levels are less studied.
This pilot study of 25 patients sought to evaluate the changes in circulating immune
cells, particularly Treg subsets, during the perioperative period (n = 21). As the TME
is thought to be the stimulus for increased circulating Tregs in cancer, we hypothesized
that Tregs would be elevated prior to surgery and decreased in the post-operative period.
We evaluated changes in circulating immune cells during the perioperative period and
focused on Tregs at longer time points in a subset of these patients with available data
(n = 10), using standard gating and unsupervised clustering flow cytometry analyses. To
investigate the composition of Tregs across tissue compartments, we performed single-cell
RNA sequencing (scRNA-seq) and single-cell T-cell receptor sequencing (scTCR-seq) of the
tumors, lymph nodes and peripheral blood of five patients.

2. Materials and Methods
2.1. Patients

Patients with known or suspected NSCLC undergoing surgical resection for a planned
standard of care treatment were eligible for study inclusion. Exclusion criteria included
history of another malignancy, prior systemic therapy or radiation, history of autoimmune
disease, or actively receiving immunosuppressive drugs, such as steroids. Lung malignan-
cies were staged according to the AJCC TNM classification 8th edition. All patients signed
an informed consent form for the study. The study was approved by the Committee for the
Protection of Human Subjects of Dartmouth-Hitchcock Medical Center.

2.2. Peripheral Blood Samples and Flow Cytometry

The peripheral blood samples from patients were collected in heparinized vacu-
tainers (n = 25), with 21 patients consenting for the circulating immune cell studies
(Supplemental Figure S1). Due to technical issues (n = 2), 19 patients had analyzable
samples immediately prior to surgery (pre-resection) and ~1 h after surgery in the post-
anesthesia care unit (post-resection). Eighteen patients had matched samples from their
pre-resection, post-resection and 2-week post-operative follow-up visit. Samples were also
collected at 6, 12 and 18 months after surgery, though only in a subset of 10 patients owing
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to disruptions in clinical surveillance related to the COVID-19 pandemic. Four additional
patients had blood samples matched with the tumor and lymph node tissues collected for
single-cell scRNA-seq and scTCR-seq, as described below. Sample processing occurred
as soon as possible after collection, typically within 1-2 h. Peripheral blood samples uti-
lized whole blood and were stained with two separate panels: 1) leukocyte panel: CD45,
CD3, CD4, CD8, CD19, CD56, CD14 and CD16; and 2) Treg panel: CD45, CD3, CD4,
CD45RA, CD25, CD146, FoxP3, RORyt, CTLA-4 (CD152), PD-1 (CD279), IL-17 and IL-10.
(Supplemental Table S1). The panels were pre-optimized for antibody titer and staining
conditions, and fluorescence-minus-one (FMO) controls were used to assess the fluorescence
spread. Flow cytometry analyses were carried out in DartLab, the Immune Monitoring
and Flow Cytometry Shared Resource at the Dartmouth Cancer Center. Aliquots of whole
blood were stained immediately after blood draw with the leukocyte panel for 30 min
at room temperature, followed by red blood cell lysis with the BD FACS Lysing solution
(BD Biosciences), and washing. Flow cytometry was performed on a 5-laser, 27-color
ZE5 flow cytometer (Bio-Rad). The CD-Chex cells (Streck) were stained in parallel to
control for inter-day variability. Standard flow cytometry manual gating strategies for
the leukocyte panel were performed using the Flow]Jo v10.8.2 software (BD Biosciences)
(Supplemental Figure S2).

Additional aliquots of whole blood were unstimulated or stimulated for 4 h with
PMA (100 ng/mL) and Ionomycin (2 pg/mL) with monensin (3 uM) added after 1 h,
and stained with the cell surface Treg panel markers in the presence of the Brilliant Stain
Buffer (BD Biosciences). After red blood cell lysis and overnight permeabilization with the
FoxP3 Fix/Perm buffer (BioLegend) at 4 °C, the cells were stained with intracellular Treg
panel markers for 45 min at room temperature, then washed. Cryopreserved peripheral
blood mononuclear cells from a healthy donor were stained in parallel to control for
inter-day variability.

Standard flow cytometry manual gating strategies for CD4+ Treg subgroups were
performed, as reported by Miyara et al. [20]: Fr I (resting Treg): CD45RA+FoxP3+CD25+,
Fr II (activated Treg): CD45RA-FoxP3++CD25+, Fr III (mixture of Treg and non-Treg):
CD45RA-FoxP3+CD25+ (Supplemental Figure S3). Unsupervised clustering was carried
out using the software package R, time-of-flight mass cytometry (CyTOF) workflow [25],
Flow Self-Organizing Map (FlowSOM) [26], ConsensusClusterPlus [27,28] and UMAP
packages [29]. Single-cell CD45+ cell populations from the manual analysis were used to
determine CD3+ clusters, that were then re-clustered to evaluate CD4+ cell populations
to identify FoxP3+ clusters in an unbiased manner, as previously described [25]. Initial
clustering was performed using patient samples with pre-resection, post-surgical and
2-week time point data (57 samples from 19 individual patients). Long-term clustering was
performed using patient samples at the 6-, 12- and 18-month time points (18 samples from
10 individual patients).

2.3. Tissue Processing for scRNA-Seq and scTCR-Seq

All tissues for scRNA-seq and scTCR-seq were collected and processed the same
day (n = 5). The tumor and lung samples were minced into small pieces using surgical
scissors, and suspended in 5 mL of HBSS with Ca?* and Mg?* containing 1450 units/mL
of collagenase type IV (Worthington Biochemical, Lakewood, NJ, USA) and 0.2 mg/mL
DNase I (Sigma, St. Louis, MO, USA) in a 15 mL vial. These tissues were then incubated
at 37 °C on a rotating rack for 30 min. The lymph nodes were processed similarly, with
a collagenase concentration diluted to 725 mg/mL in 3 mL and an incubation time of
15 min. After incubation, the samples were diluted in a cold flow buffer (PBS containing
2% heat inactivated FBS) and strained through a 70 pm cell strainer. The samples were
then centrifuged at 1800 rpm for 8 min and resuspended in a cold flow buffer for staining.
PBMCs were isolated from whole blood using the Ficoll-Paque™ PLUS Media (Cytiva,
Marlborough, MA, USA) density gradient.
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2.4. Staining and FACS Sorting for Single-Cell Analysis

Single-cell suspensions were Fc-blocked using Human TruStain FcX (Biolegend,
1:20 dilution) for 15 min on ice. The cells were then stained at 1:100 with anti-CD45
BV711 (Biolegend, San Diego, CA, USA), anti-CD8 APC (Biolegend) and anti-CD4 FITC
(Biolegend) antibodies for 30 min in the dark on ice. Each individual tissue was stained
with a unique hashtag antibody (Biolegend) to allow for the samples to be multiplexed
on a scRNA-seq lane. After staining, the cells were washed with 2 mL of cold flow buffer
twice to remove any unbound antibodies and resuspended in flow buffer containing DAPI
(Biolegend), to stain the dead cells. FACS was performed on a Sony SH800 cell sorter. The
cells were sorted until 5000 CD4 cells were acquired from each tissue and blood sample.

2.5. scRNA-Seq and scTCR-Seq Profiling

Following sorting, the cells were submitted for scRNA and scTCR sequencing follow-
ing the 10x Genomics guidelines, as previously described [30]. The cells were submitted
via 10x Chromium Chip G lane. Following the RNA and TCR V(D)] library construc-
tion using the Chromium Single Cell 5’ Library and Gel Bead Kit (10x Genomics), and
INlumina sequencing, raw sequencing data were run through the Cell Ranger v6 pipeline
(10x genomics) using the human reference genome GRCh38, to produce the gene expres-
sion matrices for scRNA-seq and CSVs-containing TRA /TRB T cell receptor sequences for
each cell.

2.6. scRNA-Seq and scRCR-Seq Data Processing

The gene expression matrices from the Cell Ranger output were processed using the
R package Seurat (v4). Low-quality cells were excluded by removing cells with less than
500 genes or more than 12.5 percent mitochondrial genes. To accumulate T cells, the cells
expressing CD79A or CD68 were removed. Data from each 10x Genomics sample were
individually normalized and scaled using the ‘SCTransform’ function. All samples were
then integrated together following the Satija Lab’s Seurat integration vignette. To focus
on Tregs, the cells not expressing FOXP3 were removed at this point. For both integration
and the following principal component (PC) analysis, TCR genes were removed from the
variable gene list to prevent clustering based on these transcripts. The remaining cells were
clustered using the Seurat functions ‘FindNeighbors” and ‘FindClusters’, using the first
12 PCs. These 12 PCs were also used to generate the UMAP plots of the clusters.

2.7. Statistical Analysis

Statistical analysis was performed using the Prism software package (version 9.4.0,
GraphPad Software Inc, San Diego, CA, USA). The differences between time points
were assessed using paired Student’s t-tests. Two-sided p-values < 0.05 were considered
statistically significant.

3. Results
3.1. Patient Characteristics

Twenty-five patients with diagnosed or suspected NSCLC consented for the study
and had their samples collected (Supplemental Figure S1); all were treatment-naive. For the
circulating immune cell studies, 21 patients had their blood drawn. Due to technical issues,
19 patients had at least one pre-resection and post-resection sample and were analyzed.
Eighteen patients had a matched pre-resection, post-resection and 2-week sample for the
circulating leukocyte analysis. Of these 18 patients, 1 also had a matched tumor and lymph
node for scRNA-seq and scTCR-seq studies. Four additional patients were included for
the scRNA-seq and scTCR-seq studies only. The baseline clinical characteristics of the
25 consenting patients are presented in Table 1. Twenty-four patients with malignancy
(including one carcinosarcoma) and one patient with a benign granuloma were consented.
As this was a pilot study with somewhat small numbers, we included all patients with
analyzable data.
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Table 1. Clinical characteristics of consenting patients.

Variable N=25
Age, Mean (SD) 69.1 (6.6)
Male, (%) 14 (56.0)
Smoking History, (%)

Never 1 (4.0)

Current 6(24.0)

Former 18 (72.0)
Pack Years, Mean (SD) 40.2 (28.2)
Pulmonary Function, Mean (SD)

FEV1 (L) 2.2(0.5)

FEV1 % 81.0 (13.8)

DLCO % 78.0 (13.1)
Comorbidities, %

Hypertension 12 (48.0)

COPD 8 (32.0)

Diabetes 2 (8.0)

Oral Steroids 0
Resection Type, (%)

Wedge 3(12.0)

Segment 1 (4.0)

Lobe 21 (8.0)
Surgical Approach, (%)

Minimally Invasive 21 (84.0)

Open 4 (16.0)
Tumor Histology, (%)

Adenocarcinoma 16 (64.0)

Squamous Cell 5 (20.0)

Carcinoid 2 (8.0)

Carcinosarcoma 1 (4.0)

Granuloma 1(4.0)
Tumor Size, cm, Mean (SD) 2.6 (1.0)
Pathologic Stage, (%)

Benign (Granuloma) 1(4.0)

I 14 (56.0)

11 5(20.0)

11 5 (20.0)
Lymph Node Status, (%)

Negative 16 (64.0)

Positive 9 (36.0)

3.2. Circulating Leukocytes via Standard Flow Cytometry Gating

For the circulating immune cells, patients exhibited a wide variability in the percent-
age of neutrophils at the pre-resection time point. (Figure 1) As expected, the surgical
resection was related to an immediate and transient increase in the percentage of peripheral
blood neutrophils. Interestingly, neutrophils returned to pre-resection levels 2 weeks after
surgery. The observed increase in neutrophils was related with significant decreases in
the percentages of CD4 and CD8 T cells, B cells, monocytes and NK cells at the immediate
post-resection time point. However, when compared to pre-resection, these populations
showed no statistically significant difference at the 2-week time point, with the exception
of NK cells, which remained slightly decreased in a majority of the patients.
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Figure 1. Lung resection results in the transient increase in neutrophils, but a stable CD4-CDS ratio.
Matched dot plots of each cell type, the neutrophil-to-lymphocyte ratio (NLR) and CD4-to-CDS8 ratio
at three time points, from prior to surgery (Pre, n = 19), immediately following surgery (Post, n = 19)
and 2 weeks after surgery (2 weeks, n = 18). Dots connected by lines indicate individual patients.
There is a statistically significant increase in the percentage of neutrophils immediately following
surgery and a corresponding decrease in all other cells types. These frequencies return to baseline
for all cell types 2 weeks after surgery, except for a slight continued decrease in NK cells (mean
5.4% vs. 4.4%, p < 0.05). There is a transient, variable increase in the NLR in patients immediately
after surgery, with no significant change by 2 weeks. The CD4-CD8 T cell ratio remained relatively
stable in patients across the three time points. Significance determined via paired Student’s f tests.
ns: non-significant, * p < 0.05, *** p < 0.001, *** p < 0.0001.

Because the pretreatment neutrophil-lymphocyte ratio (NLR) has been associated
with survival in NSCLC [5,6], we evaluated this in our patient cohort. We observed a large,
variable increase in the NLR at the immediate post-resection time point compared to pre-
resection. The NLR was not significantly different compared to baseline levels by the
2-week time point. Interestingly, the CD4-to-CD8 ratio remained relatively stable across the
three perioperative time points, indicating that the total CD4 T cells did not significantly
change relative to the other lymphocytes in our patient cohort.

3.3. Circulating Tregs via Standard Flow Cytometry Gating

Having demonstrated stable levels of total CD4 T cells between the preoperative and
2-week time points, we sought to investigate the changes in circulating levels of CD4 Tregs
and Treg subsets, as described by Miyara et al. [20]. These Treg fractions are subdivided
by their expression of CD45RA and FoxP3: Fr I (resting Treg) CD45RA+FoxP3+CD25+,
Fr II (activated Treg) CD45RA-FoxP3++CD25+ and Fr III (mixture of Treg and non-Treg)
CD45RA-FoxP3+CD25+ (Figure 2A and Supplemental Figure S3). Contrary to our hypoth-
esis, we found no statistically significant difference in the proportion of total Tregs at the
post-resection or 2-week time points using standard flow cytometry gating (Figure 2B).
Furthermore, we saw no significant change in the proportions of Fr I, Fr II or Fr III Tregs at
these perioperative time points (Figure 2C). Interestingly, there appeared to be a variable
response among individual patients. We hypothesized that this could relate to the tumor
size or lymph node involvement. However, we found no difference in total Tregs or Frl,
FrlI or FrlIl Treg subsets when patients were stratified by tumor size (Figure 2D) or lymph
node involvement (Figure 2E). Circulating Tregs have been reported to be increased in
smokers and patients with COPD [31]. In our cohort, we did not observe a difference in
total Tregs or the Treg subsets prior to resection when patients were stratified by smoking
status (former vs. current) or COPD (Supplemental Figure S4). No significant change
was observed for smoking status at the 2-week time point. Interestingly, patients without
COPD had a small increase in total Tregs at the 2-week time point, which was not driven
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by a statistically significant change in Fr I, Fr II or Fr IIL. This seemed to be increased in
a single patient, who was a current smoker without COPD, and a skewed result is possible,
given the small size of our cohort.
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Figure 2. Circulating Treg proportions are stable within 2 weeks of lung tumor resection.
(A). Representative manual gating strategy for peripheral blood CD45+CD3+CD4+ cells with the
Treg panel to identify the Treg subsets, as described by Miyara et al., 2009 [20]. (B). Matched dot
plots demonstrating no significant difference immediately post-surgery (n = 18) or at 2 weeks (n = 17)
for total Tregs. (C). Matched dot plots demonstrating no significant difference in the Treg subsets
post-operatively or 2 weeks after surgery. (D). Matched dot plots demonstrating no significant
difference in total Tregs or the Treg subsets 2 weeks after surgery when stratified by tumor <2 cm
(n=7) vs. >2 cm (n = 10). (E). Matched dot plots demonstrating no significant difference in total
Tregs or the Treg subgroups 2 weeks after surgery when stratified by LN-negative (n = 12) and
LN-positive (n = 5) tumors. Dots connected by lines indicate individual patients. Fr I (resting
Treg): CD45RA+FoxP3+CD25+, Fr II (activated Treg): CD45RA-FoxP3++CD25+, Fr III (mixture of
Treg and non-Treg): CD45RA-FoxP3+CD25+. Significance determined via paired Student’s ¢ tests.
ns: non-significant.

Given that we did not find significant changes in total Tregs or Treg subsets within
the perioperative period, we hypothesized that 2 weeks may not be sufficient time to
observe a meaningful change. Thus, we evaluated patients with available later follow-up
data to assess potential differences in circulating Treg levels at longer-term time points.
Unfortunately, due to the COVID-19 pandemic, routine surveillance visits and research
specimen collection were sporadic. In the small number of patients with available data
(n = 10), we found no significant difference in total Tregs or the Treg subsets in patients
at 6 (n =6), 12 (n = 7) or 18 months (n = 4) (Figure 3). Two patients in our cohort had
a recurrence, both at 18 months. While data related to recurrence would be extremely
informative, unfortunately, we were unable to capture a sample at this time point for these
patients due to COVID-19 pandemic issues.

3.4. Circulating Tregs via Unsupervised Clustering

The standard flow cytometry gating of Treg fractions can be labor- and time-intensive
and subjective, and these subsets may be made of further subpopulations of cells [32]. Re-
cently, advances in high-dimensional flow cytometry analyses using computer algorithms
allow more sophisticated unsupervised gating strategies that cluster cells in an unbiased,
objective manner, based on the expression of multiple markers rather than a sequential
expression of single markers [25,33,34]. To evaluate the changes in circulating Tregs in
a potentially more objective manner, we applied this strategy to data from our patient cohort.
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Figure 3. Circulating Treg proportions do not significantly change long-term following surgery.
Matched dot plots demonstrating no significant differences in total Tregs or the three Treg fractions at
6 months (n = 6), 12 months (n = 7) or 18 months (n = 4) in patients with available data. Dots connected
by lines indicate individual patients. Fr I (resting Treg): CD45RA+FoxP3+CD25+, Fr II (activated Treg):
CD45RA-FoxP3++CD25+, Fr III (mixture of Treg and non-Treg): CD45RA-FoxP3+CD25+. Significance
determined via paired Student’s ¢ tests. ns: non-significant. Data are from 10 individual patients.

Unsupervised clustering analysis of CD45+CD3+CD4+ cells revealed three FoxP3+ Treg
clusters with one predominant cluster (C2_FoxP3i"t) and two smaller clusters (C3_FoxP3M
and C4_FoxP3h) (Figure 4A—C). C2_FoxP3™, which comprised 4.36% of the total CD4
population, was intermediate in the expression of FoxP3, CD45RA-negative and intermedi-
ate in the expression of CD25, CTLA-4 and RORYt, indicating that cells in this cluster are
similar to Fr III from standard gating, and likely a mix of Tregs and non-Tregs [10,20]. On
matched-patient analysis, cells in C2_FoxP3!™ did not change significantly within 2 weeks
of surgery or vary by tumor size or lymph node status. (Figure 4D-F).

C3_FoxP3M, which comprised 0.34% of the CD4 population, was high in the expression
of FoxP3, CD45RA-negative, high in the expression of CD25, CTLA-4 and PD-1, and low
in the expression of CD146. The cells in C3_FoxP3M are similar to Fr II from the standard
gating strategy and likely activated Tregs. Interestingly, the cells in C3_FoxP3" were
present in very small proportions prior to resection and significantly increased 2 weeks
following surgery. This change did not seem to be related to the tumor size or lymph
node status.

The cells in C4_FoxP3" were also present at a low frequency prior to surgery and
significantly increased 2 weeks after resection. These cells were high in the expression
of FoxP3, CD45RA-positive, with a high expression of CD25, CTLA-4 and PD-1, and
a low expression of CD146. These cells may be in a transitional state from resting Treg
to activated Treg. As a small CD45RA+Foxp3" population, they would potentially be
missed in standard gating analysis. C4_FoxP3" did not seem to be affected by the tumor
size or lymph node status in our cohort. Ultimately, unsupervised clustering revealed
similar results to standard gating, demonstrating three FoxP3+ populations. The majority
of these cells clustered in a FoxP3 intermediate population that did not decrease with
surgery. Interestingly, we found two small clusters with a high expression of FoxP3, which,
contrary to our hypothesis, increased following surgery.
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Figure 4. Unsupervised clustering of unstimulated cells reveals three CD4+ Foxp3-expressing clus-
ters. (A). UMAPs of the unsupervised clustering of patients of concatenated files of unstimulated
CD4+ cells at the pre-resection, post-resection and 2-week time points, n = 19 individual patients.
In the upper UMAP, each cluster has a corresponding number and color. The lower UMAP demon-
strates the relative expression of FoxP3. Green circles highlight the three Treg clusters (2, 3 and 4).
(B). Heatmap demonstrating the relative scaled median marker expression, cell number and per-
centage of the total sample of each of the fifteen CD45+CD4+ clusters. Clusters 2, 3 and 4 have
expression of FoxP3, CD25 and CTLA-4, indicating that they are Tregs. Green bars highlight the
three Treg clusters. The black bar highlights the relative expression of FoxP3. (C). UMAPs demon-
strating the scaled, relative expression of additional markers used to generate the fifteen CD4+
clusters. Black arrows highlight the Treg clusters with the expression of the separate markers used.
(D). Matched dot plots (n = 16 patients) demonstrating no significant change in the predominant
cluster, C2_FoxP3™, with a significant increase in the two small FoxP3hi clusters (C3_FOXP3hi and
C4_FoxP3M), two weeks after surgery. (E). Matched dot plots demonstrating no significant change
in the three unsupervised Treg clusters when stratified by tumor size at two weeks after surgery
(tumor <2 cm, n = §; tumor > 2 cm, n = 8). (F). Matched dot plots demonstrating no significant
change in the three unsupervised Treg clusters when stratified by lymph node status at two weeks
after surgery (LN negative, n = 12; LN positive, n = 4). Dots connected by lines indicate individual
patients, each color is an individual patient. Significance determined via paired Student’s ¢ tests.
ns: non-significant, * p < 0.05. LN: lymph node.
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3.5. Circulating Tregs via Unsupervised Clustering with In Vitro Stimulation

Having found phenotypically similar populations to standard gating with unsuper-
vised clustering, we investigated the potential changes in the functional state of Tregs
after surgery. We performed analyses and the unsupervised clustering of cells that had
undergone stimulation in vitro with PMA and ionomycin, which activates cytokine pro-
duction. Thirteen patients had matched pre-resection- and 2-week time-point stimulated
data for analysis. As expected, the clustering of the stimulated cells also revealed three
distinct FoxP3+ populations, with a predominant cluster presenting an intermediate ex-
pression of FoxP3 (stimC10_FoxP3'™) and two small clusters with a high FoxP3 expression
(stimC5_FoxP3M and stimC20_FoxP3") (Figure 5A-C). The cells in stimC10_FoxP3™t were
CD45RA-negative, with a relatively low expression of CD25, RORyt and IL-17. These cells
are likely the stimulated version of C2_FoxP3™" from the unstimulated clustering, and
a mix of Treg and cytokine-producing non-Treg cells [10,20]. The cells in stimC10_FoxP3"*
did not change significantly within 2 weeks of surgery or vary by tumor size or lymph
node status (Figure 5D-F).
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Figure 5. Unsupervised clustering of stimulated cells reveals three CD4+ Foxp3-expressing clusters.
(A). UMAPs of unsupervised clustering of patients of concatenated files of CD4+-stimulated cells
with PMA /Ionomycin at the pre-resection, post-resection and 2-week time points, n = 19 individual
patients. In the upper UMAP, each cluster has a corresponding number and color. The lower UMAP
demonstrates the relative expression of FoxP3. Green circles highlight the three Treg clusters (5, 10
and 20). (B). Heatmap demonstrating the relative scaled median marker expression, cell numbers
and percentage of the total concatenated sample of each of the 20 CD4+ clusters of stimulated
cells. Clusters 5, 10 and 20 have expression of FoxP3, CD25 and CTLA-4 indicating that they are
Tregs. Green bars highlight the three Treg clusters. The black bar highlights the relative expression
of FoxP3. (C). UMAPs demonstrating the scaled, relative expression of markers used to generate
the 20 clusters. (D). Matched dot plots (n = 13) demonstrating a significant increase in clusters
stimC5_FoxP3M and stimC20_FoxP3M, with no significant change in stimC10_FoxP3™™ at 2 weeks
after surgery. (E). Matched dot plots demonstrating no significant change in clusters stimC5_FoxP3M
and stimC10_FoxP3"t, but an increase in larger tumors in stimC20_FoxP3M when stratified by tumor
size at 2 weeks after surgery (tumor < 2 cm, n = 6; tumor > 2 cm, n = 7). (F) Matched dot plots
demonstrating no significant change in the three stimulated Treg clusters when stratified by lymph
node status at 2 weeks after surgery (LN-negative, n = 9; LN-positive, n = 4). Dots connected by lines
indicate individual patients, each color is an individual patient. Significance determined via paired
Student’s ¢ tests. ns: non-significant, * p < 0.05. LN: lymph node.

The cells in stimC5_FoxP3" were CD45RA-negative, with a high expression of CD25,
CTLA-4, PD-1 and IL-10. These cells are likely the stimulated version of C3_FoxP3"
from the unstimulated clustering, and produce IL-10, consistent with activated Tregs [20].
Consistent with the unstimulated clustering, the cells in stimC5_FoxP3" were significantly
increased 2 weeks after surgery, particularly in a subset of patients, but did not vary with
tumor size or lymph node status.

The cells in stimC20_FoxP3" were CD45RA-negative, with a low expression of CD25,
CTLA-4, IL-17, RORyt and CD146. These cells may be a small subset of cells transitioning
between Fr IIl and Fr Il in standard gating. In a notable subset of patients, the population of
cells in stimC20_FoxP3" was also present at low levels prior to resection, and significantly
increased 2 weeks following surgery. Interestingly, the 2-week increase in stimC20_FoxP3M
was noted in patients with larger tumors, but was not different when stratified by lymph
node status.

Based on the unsupervised clustering of unstimulated and in-vitro stimulated cells, we
hypothesized that the increases observed in the two small clusters of FoxP3M cells (C3_FoxP3M
and C4_FoxP3" for unstimulated cells and simC5_FoxP3" and stimC20_FoxP3" for stimu-
lated cells) identified 2 weeks after the resection may be related to the general inflammatory
response to surgery, rather than a reflection of the changes from tumor excision.

3.6. Circulating Tregs via Unsupervised Clustering of Long-Term Patients

To evaluate if similar unsupervised clustering populations existed beyond the im-
mediate perioperative period, cells from patients with longer-term samples (>6 months
from surgery, n = 10 individual patients with 18 time points) were clustered. Similar to the
perioperative clustering of unstimulated cells, this revealed a predominant cluster with
an intermediate expression of FoxP3, CD45RA-negative, a high expression of CD25 and
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a low/intermediate expression of CTLA-4 (longC1_FoxP3™) (Figure 6). This clustering,
however, identified three small FoxP3h clusters: longCIO_FoxPBhi, longC1 1_FoxP3hi and
longC15_FoxP3M. These small populations seemed to cluster by their variable expres-
sion of CD45RA, CTLA-4 and RORyt. Unlike within the perioperative period, none of
the four clusters demonstrated a significant expression of PD-1 or CD146. Similar to the
perioperative samples, the cells in the predominant cluster, longC1_FoxP3'", seemed to
remain relatively stable across time points, and there was noted variability of the fre-
quencies of the three small FoxP3" clusters (longC10_FoxP3", longC11_FoxP3" and
longC15_FoxP3M) among the patients. These data, similar to our findings from stan-
dard gating, suggest that the majority of circulating Tregs at the later time points after
surgery remain in a predominant, stable cluster with intermediate FoxP3 expression, while
small proportions of Tregs with a high expression of FoxP3 are more varied. Unfortunately,
the small number of samples at each of the longer-term timepoints prevents meaningful
statistical analysis.

007%)  scaled median CD45RA cD25 PD1 scaled

0.21%(13) expression expression
oo | ] 3 e
0.25%(15) 08 ¥ ' . o 07
039%(11) 0.6 3 050
oomsia 04  §

463%(1) lOZ L
0.54%(14) 0 . p ¢

11.84%8)

1961%0)

175%(5)

17.33%0)

41.07%8) 3

027%(6) ] ("4 B b #4

longC1_FoxP3™  _ longC10_FoxP3"

cluster_id

longC11_FoxP3" longC15_FoxP3"

1.5

— i \, \
(a: ° :—‘<: k& - 0.5
s ]

[X . .
6mo  12mo  18mo 6mo  12mo  18mo 6mo  12mo  18mo 6mo  12mo  18mo

1.0

Figure 6. Unsupervised clustering of unstimulated cells from long-term time points reveals a pre-
dominant CD4+ FoxP3i“t—expressing cluster and three small FoxP3" clusters. (A). UMAPs of the un-
supervised clustering of the concatenated files of CD45+CD3+CD4+ cells at the 6-, 12- and 18-month
time points following surgery in 10 individual patients. In the upper UMAP, each cluster has
a corresponding number and color. The lower UMAP demonstrates the relative expression of FoxP3.
Green circles highlight the four Treg clusters (longC1_FoxP3™, longC10_FoxP3M, longC11_FoxP3M
and longC15_F0xP3hi). (B). Heatmap demonstrating the relative scaled median marker expression,
cell numbers and percentages of the total sample of each of the fifteen CD45+CD3+CD4+ clusters.
Clusters longCl_FoxP3i“t, longClO_FoxP?)hi, 10ngC11_FoxP3hi, and longClS_FoxPB]ni have the ex-
pression of FoxP3, CD25 and CTLA-4, indicating that they are Tregs. Green bars highlight the four
Treg clusters. The black bar highlights the relative expression of FoxP3. (C). UMAPs demonstrating
the scaled, relative expression of markers used to generate the 15 clusters. (D). Matched dot plots of
the four Treg clusters at the long-term timepoints (6 months n = 6, 12 months n = 6, 18 months n = 4),
demonstrating variability of the clusters among patients. Dots connected by lines indicate individual
patients, each color is an individual patient. The small number of patients at each time point limits
statistical analysis.

3.7. Tregs via Unsupervised Clustering of Single-Cell Sequencing from Tumors, Lymph Nodes
and Blood

Because we did not observe a decrease in the circulating Tregs following surgery,
we questioned how similar peripheral blood Tregs were to those found in the TME and
regional lymph nodes. To investigate whether circulating Tregs were reflective of the TME,
we collected the blood, regional lymph node tissue and tumor tissue of one patient with
circulating data and four additional patients (n = 5), and performed scRNA-seq and scTCR-
seq enriched with T cells to compare Treg populations across these tissue compartments.
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Analysis of CD4+FoxP3+ cells revealed six clusters with varying expression of FoxP3
(Figure 7A,B). The largest cluster was predominantly found in the tumor and lymph node,
and only minimally in the blood (seqC0_FoxP3M). The cells in seqC0_FoxP3" were high
in the expression of FOXP3, IL2RA (CD25), CTLA4, HLA-DR and IL-10, and low in IL7R
(CD127), PDCD1 (PD-1), IKZF2 (Helios) and CCR4, indicating that these cells are likely
activated Tregs. Three clusters with substantial numbers of cells across the blood, tumors
and lymph nodes were identified (seqC1_FoxP3™, seqC2_FoxP3!°" and seqC3_FoxP3i).
seqC1_FoxP3"t was the second-largest cluster, present with the highest proportion within
lymph nodes, then tumors, and only minimally in the blood. The cells in sequ_FoxP?)int
had a relatively low expression of FoxP3, CD25, CTLA-4, HLA-DR, PD-1 and IL-10, and
a high expression of IL-17, indicating that these may be pro-inflammatory Tregs induced
in an inflammatory microenvironment in these tumor and lymph node tissues [35,36].
seqC2_FoxP3!°% was predominantly found in lymph nodes, with similar proportions in
tumors and the blood. The cells in seqC2_FoxP3low had the lowest expression of FoxP3,
CD25, CTLA-4, HLA-DR and Helios, and a moderate expression of IL-17, IL-10 and RORyt
(RORCQ), indicating that they may be similar to the Fr III subpopulation identified in
standard gating, and may be a mix of Treg and non-Treg cytokine-producing effector cells.
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Figure 7. Paired single-cell RNA/TCR sequence clustering reveals six CD4+ Foxp3-expressing
clusters within the blood, tumors and lymph nodes. (A). UMAPs of unsupervised clustering of
patients (n = 5) from single-cell RNA sequencing analysis from combined peripheral blood (PBMCs),
tumors and lymph nodes (LNs) of CD4+FoxP3+ cells. The left UMAP demonstrates the six clusters,
with each cluster having a corresponding number and color. The right UMAP highlights the tissues
that make up each cluster. (B). Dot plots showing the relative gene expression of the six CD4+FoxP3+
clusters, the cell number in each cluster and the proportion of cells isolated from lymph nodes
(LNs), peripheral blood (PBMC) and tumors comprising each cluster. Circle size corresponds to the
percentage of cells in each cluster and the color indicates the relative gene expression (high = red,
low = blue). (C). UMAP highlighting the numbers of matched clones in each cluster by single-cell
TCR sequencing. Colored dots indicate a clonal match corresponding to the associated key, and grey
dots indicate the clones that are not matched across tissue types. The table denotes the exact number
of matched clones by tissue in each cluster.

Interestingly, seqC3_FoxP3™ was present at the largest proportion in blood and only
in small numbers in tumors and lymph nodes, but with a relatively small total number
of cells across the three tissue compartments. The cells in seqC3_FoxP3" had a relatively
intermediate expression of Foxp3, CD25 and Helios, low expression of CTLA-4 and PD-1,
and a high expression of HLA-DR and CCR4 relative to the other clusters. This suggests that
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this population may be recently activated and trafficking to the tissue sites of tumor-related
inflammation [11,36].

The two remaining clusters (seqC4_FoxP3!°" and seqC5_FoxP3"') were predominantly
identified in tumors and lymph nodes. seqC4_FoxP3!°% was not found in the blood, and
the cells exhibited a low expression of Foxp3, CD25, CD127, Helios and HLA-DR, but
high expression of CTLA-4, PD-1 and melanocyte cell adhesion molecule (MCAM or
CD146), indicating that they were likely exhausted. seqC5_FoxP3" was found at equal
proportions in the lymph nodes and tumors, with only a few cells in the blood, and was
overall the smallest cluster identified. The cells in seqC5_FoxP3" had a high expression of
FoxP3, CD25, CD127, CTLA-4, HLA-DR, PD-1, CCR4, CD146, RORyt and IL-10, indicating
that they are likely recently activated effector Tregs that are trafficking or have trafficked
to tissues.

Using scTCR-seq, we evaluated clonal matching across the three tissue compartments
(Figure 7C). We found very few clonal matches between the tumor, LN tissues and blood.
The highest number of matches was identified in seqC0_FoxP3". This cluster was com-
posed mostly of cells from tumors and lymph nodes, with only a small number of cells
found in the blood. seqC3_FoxP3™, which was the predominant blood cluster, had only
two clonal matches to cells from the tumor microenvironment. seqCZ_FoxP?)lOW, which
was the most evenly divided across all three tissue compartments, had three PBMC clonal
matches to cells from tumors, and two cells from tumors clonally matched to PBMCs.
Clusters 4 and 5 had no clonal matches from PBMCs to tumors or lymph nodes. Thus,
our scRNA-seq and scTCR-seq data add further evidence to the heterogeneity of Tregs
across tissue compartments, and suggest that the serial monitoring of circulating Tregs
may be informative, but not completely reflective of the tumor and regional lymph node
microenvironments in NSCLC patients.

4. Discussion

To evaluate changes in circulating immune cell populations, particularly Treg subsets,
in patients undergoing surgical resection for NSCLC, this study used the powerful analytic
platform of multi-color flow cytometry, with both standard gating and high-dimensional
unsupervised clustering strategies. Our data add to the limited literature related to the
changes in circulating immune cells in the perioperative period and beyond, in lung cancer
patients. In addition, we used scRNA-seq and scTCR-seq to further characterize Tregs
within the tumor, lymph node and peripheral blood compartments.

Our whole-blood leukocyte data demonstrated an immediate and transient increase
in the percentage of circulating neutrophils that returned to preoperative levels by 2 weeks
following surgical resection. Transient, increased neutrophils corresponded to a significant
transient increase in the NLR, but a stable CD4-CD8 ratio in our cohort of patients, indicat-
ing the relative stability of total CD4 and CD8 lymphocytes. Increased neutrophil counts
and NLRs have been previously reported in the blood of NSCLC patients at the time of
surgery compared to age-matched controls [4]. Furthermore, a pre-treatment NLR > 2.5
has been associated with worse survival in NSCLC [5,6]. The clinical significance of an
NLR that rises immediately in the post-operative period and returns to preoperative levels
requires additional investigation.

Tregs are known to suppress anti-tumor immunity and are thought to have a neg-
ative impact on the prognosis of NSCLC. However, the specific role they play in the
growth and dissemination of NSCLC remains unclear, as they exist in heterogeneous
populations [14,37,38]. Multiple studies have identified circulating Tregs that increase in
the blood of NSCLC patients prior to treatment compared to healthy controls [9-13]. In
our cohort, flow cytometry standard gating demonstrated the total Tregs and three Treg
subsets of NSCLC patients to be within the range reported in the literature [20,32]. We
did not find statistically significant changes in total Tregs or the three subsets at 2 weeks,
6 months, 12 months or 18 months following lung resection by standard gating in our
cohort of patients. Of note, Kotsakis et al. did not find a significant difference in effector
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Treg levels between patients with lung cancer and healthy donors [12]. Zhang et al. re-
ported a decrease in circulating Tregs in 98 stage I NSCLC patients at 1, 3, 7, 30 and 90 days
following lung resection [39]. However, this study classified CD4+CD25+CD1271low cells
as Tregs, and did not stain for FoxP3. Similarly, a small decrease was noted by Chen et al. in
CD4+CD25+FoxP3+ cells in 36 NSCLC patients 1 to 3 months after surgery [40]. However,
it is difficult to determine if the small decrease in these studies is clinically significant,
despite being statistically significant. Additionally, it is possible that the relatively small
number of patients in our study may have limited our ability to detect a meaningful change
in Tregs following surgery.

Standard gating strategies that fractionate Tregs can be subjective and these Treg sub-
sets are likely made of further subpopulations of cells [32]. Advances in high-dimensional
flow cytometry analyses allow for more sophisticated techniques that can replace tradi-
tional manual, labor-intensive, operator-dependent, subjective techniques, where cells
are gated by evaluating two markers at a time [25,33,34]. In our cohort, unsupervised
clustering revealed similar Treg subpopulations to standard gating that clustered by the
relative expression of FoxP3 and CD45RA, but at somewhat different proportions. Similarly
to a recent study [11], the majority of Tregs identified in our study were CD45RA-negative,
consistent with memory /effector Tregs in both standard gating and unsupervised clus-
tering. Unsupervised clustering revealed a significant increase in two small Treg FoxP3M
populations 2 weeks following surgery, that were minimally present prior to resection.
Both clusters had a high expression of FoxP3, CD25, CTLA-4 and PD-1. The longer-term
data also demonstrated small FoxP3M Treg clusters, but with a lower relative expression of
CD25, CTLA-4 and PD-1. This likely indicates a non-specific response to surgery within
the perioperative period, rather than a reflection of a tumor-specific response or a response
to tumor excision.

Our scRNA-seq analysis identified six subpopulations of Tregs, with varying expres-
sion of FoxP3 across the cells isolated from tumor, lymph node and blood compartments.
While the peripheral blood contained most of these cell clusters, several of them were found
predominantly, or only, in tumors and adjacent lymph nodes. The largest cluster was identi-
fied predominantly in tumors and lymph nodes, with only a small component in the blood,
and was consistent with previous reports from NSCLC tumors with a high expression of
FoxP3, CD25, CTLA-4, HLA-DR and IL-10, and low expression of Helios [4,38,41,42]. In
addition, FoxP3+Helios- Tregs have been reported to be expanded in NSCLC tumors, and
are associated with an increased expression of inflammatory cytokines such as IL-17, and
with poor survival [43]. The cells from two clusters that were mostly found in tumors and
lymph nodes, seqC1_FoxP3™" and seqC2_FoxP3!°%, had a lower expression of FoxP3 and
Helios, and demonstrated IL-17 expression. The selective deletion of Helios in the TME can
contribute to the unstable phenotype of Tregs and their conversion to effector T cells [43].
Thus, the cells in these two clusters may be transitioning to a more effector T cell phenotype,
which is further evidence of their plasticity based on their surrounding microenvironment.

Our scRNA-seq analysis also revealed two clusters not found or minimally found
in blood, seqC4_FoxP3!°" and seqC5_FoxP3M, with high expression of MCAM (CD146).
MCAM is thought to increase endothelial adherence of T cells to traffic to sites of inflamma-
tion and a higher percentage of CD146+ Treg in the blood of lung cancer patients compared
to healthy controls has been reported [44,45]. seqC2_FoxP3!°" and seqC5_FoxP3" were
also noted to have an increased expression of IL7R (CD127). While Tregs are thought to
be CD127'°" relative to other T cells, CD127+ Tregs have been identified and shown to
mature into more traditional CD127'°"CD25M8" Tregs, indicating that CD127 expression is
a marker of recent activation in a subset of Tregs [46,47]. As such, our data are consistent
with previous reports demonstrating that Tregs exist in heterogenous populations across
tissue compartments in patients with NSCLC [14,37,38]. Interestingly, we found very few
clonal matches by scTCRseq between tumor and LN tissues and blood. Thus, our scRNA-
seq and scTCR-seq suggest that serial monitoring of the peripheral blood for changes in
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Treg populations can be informative, but may not be completely reflective of the Tregs
present in the tumor and local lymph node microenvironments.

The findings of our study should be interpreted in the setting of several limitations.
First, there is a relatively small number of patients and it may not have been powered to
detect a statistically significant difference in circulating Tregs with surgery. Second, while
all patients were suspected to have early-stage NSCLC, some patients had more advanced
disease and two patients did not have NSCLC (one carcinosarcoma and one granuloma).
This variability in NSCLC stage and pathology may have created variation that limited
our ability to detect a difference with lung resection in our cohort. In addition, patients
may have had an undiagnosed pathology, affecting their circulating Tregs that could have
influenced our results. Finally, the limited long-term follow-up time points due to the
COVID-19 pandemic significantly limit the ability to generate meaningful conclusions from
the longer-term data. Nevertheless, we feel that the rigor of our analyses and the addition of
unbiased, unsupervised clustering and single-cell sequencing data add significant validity
to our findings.

While we did not find a significant decrease in circulating Tregs after lung resection,
this pilot study adds to the limited literature regarding the effects of lung surgery on
circulating immune cells, particularly Tregs, and their significant variability among patients
with NSCLC. Our scRNA-seq and scTCR-seq data add further evidence to the heterogeneity
of Tregs across tissue compartments, and suggest that serial monitoring of circulating Tregs
may be informative, but not completely reflective of the local lymph node and tumor
microenvironments in NSCLC patients. These findings require further validation with
a larger cohort of patients.

5. Conclusions

This pilot study demonstrates significant variability in the circulating levels of immune
cells, particularly Tregs and Treg subsets, within the perioperative lung resection period. We
noted a transient increase in the percentage of neutrophils and the neutrophil-lymphocyte
ratio immediately following surgery, which returned to preoperative levels by 2 weeks.
Contrary to our hypothesis, we did not detect a significant change in circulating total Tregs
or Treg subsets by standard gating in our small cohort of patients. High-dimensional unsu-
pervised clustering identified similar populations of circulating Tregs, with no significant
change in the predominant population following surgery and variability of small FoxP3M
cell populations. Single-cell RNA and TCR sequencing analysis of tumors, lymph nodes
and the blood revealed heterogenous Treg populations across tissue compartments, and
indicated that Tregs in the peripheral blood only partially reflect populations found in the
tumor microenvironment.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/curroncol30050387 /s1, Supplementary Table S1: Flow cytometry staining
panels; Figure S1: Schematic of patients consenting, enrolled and analyzed; Figure S2: Leukocyte
manual gating strategy; Figure S3: Treg subset manual gating strategy; Figure S4: Circulating treg
proportions stratified by smoking and COPD.

Author Contributions: Conceptualization: All authors; methodology: J.D.P,, A].B., PZ.,, D.W.M.,,
AM.C, T.GS., B.C.C,, M].T. and ]J.Y.C.; software: ].D.P, P.Z., T.G.S. and J.Y.C.; validation: J.D.P,,
AJB., DWM, TGS, M].T. and ].Y.C,; formal analysis: ].D.P, PZ., TG.S., B.C.C.,, M.].T. and ].Y.C;
investigation: All authors.; resources: ].D.P., D.J.E, M.].T; data curation: ].D.P, K. AF, T.G.S. and
J.Y.C; writing—original draft preparation: All authors; writing—review and editing: All authors;
visualization: All authors; supervision: J.D.P,, D.J.F, M.].T. and ].Y.C.; project administration: J.D.P,,
D.J.E, M].T. and ].Y.C; funding acquisition: ].D.P., D.J.E, M.].T. and J.Y.C. All authors have read and
agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/curroncol30050387/s1
https://www.mdpi.com/article/10.3390/curroncol30050387/s1

Curr. Oncol. 2023, 30 5132

Funding: This research was funded by The American Association for Thoracic Surgery Founda-
tion Surgical Investigator Award, The Hitchcock Foundation Pilot Grant, The American Cancer
Society #IRG-16-191-33, The Dartmouth Cancer Center and The Department of Surgery at Dartmouth-
Hitchcock Medical Center. JDP is supported by the Dartmouth-Hitchcock Cancer Research Fellows
Program and by the NCI Cancer Center Support Grant 5P30CA023108 to the Dartmouth Cancer
Center, as well as the Dartmouth Clinical and Translational Science Institute, under award number
UL1TR001086 from the National Center for Advancing Translational Sciences (NCATS) of the Na-
tional Institutes of Health (NIH). BCC is supported by awards from The National Cancer Institute
RO1CA216265 and RO1CA253967. MJT is supported by awards from the NIH R01CA225028 and
RO1CA254042, a research fund from The Knights of the York Cross of Honour and The O. Ross
McIntyre, MD Endowment.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Dartmouth-Hitchcock Medical Center
(protocol code STUDY00030103, approved 4 April 2017, with a continuing yearly review).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data and coding strategies presented in this study are available on
request from the corresponding author. The data are not publicly available due to the Dartmouth-
Hitchcock policy.

Conflicts of Interest: The authors declare no conflict of interest that may be perceived as inappropri-
ately influencing the representation or interpretation of the reported research results. The funders
had no role in the design of the study; in the collection, analyses, or interpretation of data; in the
writing of the manuscript; or in the decision to publish the results. JDP receives research support
from KSQ Therapeutics, Inc. that is not related to the published work.

References

1. World Health Organisation. Cancer. Available online: https:/ /www.who.int/news-room/fact-sheets/detail /cancer (accessed on
18 May 2021).

2. Doroshow, D.B.; Sanmamed, M.E; Hastings, K.; Politi, K.; Rimm, D.L.; Chen, L.; Melero, I.; Schalper, K.A.; Herbst, R.S.
Immunotherapy in Non-Small Cell Lung Cancer: Facts and Hopes. Clin. Cancer Res. 2019, 25, 4592-4602. [CrossRef] [PubMed]

3. Pelster, M.S.; Amaria, R.N. Combined targeted therapy and immunotherapy in melanoma: A review of the impact on the tumor
microenvironment and outcomes of early clinical trials. Ther. Adv. Med. Oncol. 2019, 11, 1758835919830826. [CrossRef] [PubMed]

4. Riemann, D.; Cwikowski, M.; Turzer, S.; Giese, T.; Grallert, M.; Schiitte, W.; Seliger, B. Blood immune cell biomarkers in lung
cancer. Clin. Exp. Immunol. 2019, 195, 179-189. [CrossRef] [PubMed]

5. Gu, X.-B,; Tian, T.; Tian, X.-J.; Zhang, X.-]. Prognostic significance of neutrophil-to-lymphocyte ratio in non-small cell lung cancer:
A meta-analysis. Sci. Rep. 2015, 5, 12493. [CrossRef] [PubMed]

6. Shimizu, K.; Okita, R.; Saisho, S.; Maeda, A.; Nojima, Y.; Nakata, M. Preoperative neutrophil /lymphocyte ratio and prognostic
nutritional index predict survival in patients with non-small cell lung cancer. World J. Surg. Oncol. 2015, 13, 291. [CrossRef]

7.  Sakaguchi, S.; Miyara, M.; Costantino, C.M.; Hafler, D.A. FOXP3+ regulatory T cells in the human immune system.
Nat. Rev. Immunol. 2010, 10, 490-500. [CrossRef]

8. Mony, ].T.; Schuchert, M.]. Prognostic Implications of Heterogeneity in Intra-tumoral Immune Composition for Recurrence in
Early Stage Lung Cancer. Front. Immunol. 2018, 9, 2298. [CrossRef]

9. Hu, X;Gu,Y,; Zhao, S.; Hua, S.; Jiang, Y. Elevated Circulating CD4"CD25~ Foxp3*Regulatory T Cells in Patients with Nonsmall
Cell Lung Cancer. Cancer Biother. Radiopharm. 2019, 34, 325-333. [CrossRef]

10. Phillips, J.D.; Knab, L.M.; Blatner, N.R.; Haghi, L.; DeCamp, M.M.; Meyerson, S.L.; Heiferman, M.].; Heiferman, J.R,;
Gounari, F; Bentrem, D.J.; et al. Preferential expansion of pro-inflammatory Tregs in human non-small cell lung cancer.
Cancer Immunol. Immunother. 2015, 64, 1185-1191. [CrossRef]

11.  Amarillo, D.; Brugnini, A.; Trias, N.; Sande, V.R.; Salisbury, S.; Cuello, M.; Lens, D. Circulating T regulatory cell subsets in patients
with untreated lung cancer. Clin. Transl. Oncol. 2022, 24, 1755-1763. [CrossRef]

12.  Kotsakis, A.; Koinis, F.; Katsarou, A.; Gioulbasani, M.; Aggouraki, D.; Kentepozidis, N.; Georgoulias, V.; Vetsika, E.-K. Prognostic
value of circulating regulatory T cell subsets in untreated non-small cell lung cancer patients. Sci. Rep. 2016, 6, 39247. [CrossRef]
[PubMed]

13. Qiu, J; Che, G,; Liu, F; Sha, X;; Ju, S.; Ma, H.; Feng, L. The detection and clinical significance of peripheral regulatory
CD4+CD25hiCD127low T cells in patients with non-small cell lung cancer. Clin. Transl. Oncol. 2019, 21, 1343-1347. [CrossRef]
[PubMed]

14. Principe, D.R.; Chiec, L.; Mohindra, N.A.; Munshi, H.G. Regulatory T-Cells as an Emerging Barrier to Immune Checkpoint

Inhibition in Lung Cancer. Front. Oncol. 2021, 11, 684098. [CrossRef] [PubMed]


https://www.who.int/news-room/fact-sheets/detail/cancer
https://doi.org/10.1158/1078-0432.CCR-18-1538
https://www.ncbi.nlm.nih.gov/pubmed/30824587
https://doi.org/10.1177/1758835919830826
https://www.ncbi.nlm.nih.gov/pubmed/30815041
https://doi.org/10.1111/cei.13219
https://www.ncbi.nlm.nih.gov/pubmed/30246868
https://doi.org/10.1038/srep12493
https://www.ncbi.nlm.nih.gov/pubmed/26205001
https://doi.org/10.1186/s12957-015-0710-7
https://doi.org/10.1038/nri2785
https://doi.org/10.3389/fimmu.2018.02298
https://doi.org/10.1089/cbr.2018.2672
https://doi.org/10.1007/s00262-015-1725-1
https://doi.org/10.1007/s12094-022-02827-6
https://doi.org/10.1038/srep39247
https://www.ncbi.nlm.nih.gov/pubmed/27976733
https://doi.org/10.1007/s12094-019-02063-5
https://www.ncbi.nlm.nih.gov/pubmed/30788838
https://doi.org/10.3389/fonc.2021.684098
https://www.ncbi.nlm.nih.gov/pubmed/34141625

Curr. Oncol. 2023, 30 5133

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Yadav, M.; Stephan, S.; Bluestone, J.A. Peripherally Induced Tregs—Role in Immune Homeostasis and Autoimmunity.
Front. Immunol. 2013, 4, 232. [CrossRef]

Hsieh, C.-S.; Lee, H.-M.; Lio, J. Selection of regulatory T cells in the thymus. Nat. Rev. Immunol. 2012, 12, 157-167. [CrossRef]
Liu, V.C;; Wong, L.Y,; Jang, T.; Shah, A.H.; Park, I; Yang, X.; Zhang, Q.; Lonning, S.; Teicher, B.A.; Lee, C. Tumor Evasion of
the Immune System by Converting CD4+CD25— T Cells into CD4+CD25+ T Regulatory Cells: Role of Tumor-Derived TGFE-f3.
J. Immunol. 2007, 178, 2883-2892. [CrossRef]

Kim, H.R.; Park, H]J.; Son, J.; Lee, ].G.; Chung, K.Y,; Cho, N.H.; Shim, H.S.; Park, S.; Kim, G.; Yoon, H.I; et al. Tumor
microenvironment dictates regulatory T cell phenotype: Upregulated immune checkpoints reinforce suppressive function.
J. Immunother. Cancer 2019, 7, 339. [CrossRef]

Polverino, E; Mirra, D.; Yang, C.X.; Esposito, R.; Spaziano, G.; Rojas-Quintero, J.; Sgambato, M.; Piegari, E.; Cozzolino, A;
Cione, E.; et al. Similar programmed death ligand 1 (PD-L1) expression profile in patients with mild COPD and lung cancer.
Sci. Rep. 2022, 12, 22402. [CrossRef]

Miyara, M.; Yoshioka, Y.; Kitoh, A.; Shima, T.; Wing, K.; Niwa, A.; Parizot, C.; Taflin, C.; Heike, T.; Valeyre, D.; et al. Functional
Delineation and Differentiation Dynamics of Human CD4+ T Cells Expressing the FoxP3 Transcription Factor. Immunity 2009, 30,
899-911. [CrossRef]

Batner, N.R.; Mulcahy, M.F,; Dennis, K.L.; Scholtens, D.; Bentrem, D.].; Phillips, ].D.; Ham, S.; Sandall, B.P.; Khan, M.W,;
Mahvi, D.M; et al. Expression of RORyt Marks a Pathogenic Regulatory T Cell Subset in Human Colon Cancer. Sci. Transl. Med.
2012, 4, 164ral159. [CrossRef]

Pourreza, E.; Shahbazi, M.; Mirzakhani, M.; Yousefghahari, B.; Akbari, R.; Oliaei, F.; Mohammadnia-Afrouzi, M. Increased
frequency of activated regulatory T cells in patients with lupus nephritis. Hum. Immunol. 2022, 83, 574-579. [CrossRef] [PubMed]
Mohr, A.; Malhotra, R.; Mayer, G.; Gorochov, G.; Miyara, M. Human FOXP3*T regulatory cell heterogeneity. Clin. Transl. Immunol.
2018, 7, €1005. [CrossRef] [PubMed]

Kang, D.H.; Chung, C.; Sun, P; Lee, D.H; Lee, S.-I; Park, D.; Koh, ].S.; Kim, Y.; Yi, H.-S.; Lee, ].E. Circulating regulatory T cells
predict efficacy and atypical responses in lung cancer patients treated with PD-1/PD-L1 inhibitors. Cancer Immunol. Immunother.
2021, 71, 579-588. [CrossRef] [PubMed]

Nowicka, M.; Krieg, C.; Crowell, H.L.; Weber, L.M.; Hartmann, FJ.; Guglietta, S.; Becher, B.; Levesque, M.P.; Robinson, M.D.
CyTOF workflow: Differential discovery in high-throughput high-dimensional cytometry datasets. F1000Research 2019, 6, 748.
[CrossRef]

Van Gassen, S.; Callebaut, B.; Van Helden, M.].; Lambrecht, B.N.; Demeester, P.; Dhaene, T.; Saeys, Y. FlowSOM: Using self-
organizing maps for visualization and interpretation of cytometry data. Cytom. Part A 2015, 87, 636—645. [CrossRef]

Seiler, M.; Huang, C.C.; Szalma, S.; Bhanot, G. ConsensusCluster: A Software Tool for Unsupervised Cluster Discovery in
Numerical Data. OMICS 2010, 14, 109-113. [CrossRef]

Wilkerson, M.D.; Hayes, D.N. ConsensusClusterPlus: A class discovery tool with confidence assessments and item tracking.
Bioinformatics 2010, 26, 1572-1573. [CrossRef]

Mcinnes, L.; Healy, J.; Melville, ]. UMAP: Uniform Manifold Approximation and Projection for Dimension Reduction. arXiv 2020,
arXiv:1802.03426. [CrossRef]

Han, J.; Zhao, Y.; Shirai, K.; Molodtsov, A.; Kolling, EW.; Fisher, ].L.; Zhang, P; Yan, S.; Searles, T.G.; Bader, ].M.; et al. Resident
and circulating memory T cells persist for years in melanoma patients with durable responses to immunotherapy. Nat. Cancer
2021, 2, 300-311. [CrossRef]

Hou, J.; Sun, Y. Role of Regulatory T Cells in Disturbed Immune Homeostasis in Patients With Chronic Obstructive Pulmonary
Disease. Front. Immunol. 2020, 11, 723. [CrossRef]

Saito, T.; Nishikawa, H.; Wada, H.; Nagano, Y.; Sugiyama, D.; Atarashi, K.; Maeda, Y.; Hamaguchi, M.; Ohkura, N.; Sato, E.; et al.
Two FOXP3+CD4+ T cell subpopulations distinctly control the prognosis of colorectal cancers. Nat. Med. 2016, 22, 679-684.
[CrossRef] [PubMed]

Quintelier, K.; Couckuyt, A.; Emmaneel, A.; Aerts, ].; Saeys, Y.; Van Gassen, S. Analyzing high-dimensional cytometry data using
FlowSOM. Nat. Protoc. 2021, 16, 3775-3801. [CrossRef] [PubMed]

Weber, L.M.; Robinson, M.D. Comparison of clustering methods for high-dimensional single-cell flow and mass cytometry data.
Cytom. Part A 2016, 89, 1084-1096. [CrossRef] [PubMed]

Beriou, G.; Costantino, C.M.; Ashley, C.W.; Yang, L.; Kuchroo, V.K.; Baecher-Allan, C.; Hafler, D.A. IL-17-producing human
peripheral regulatory T cells retain suppressive function. Blood 2009, 113, 4240-4249. [CrossRef]

Ketcham, ].M.; Marshall, L.A.; Talay, O. CCR4 Antagonists Inhibit Treg Trafficking into the Tumor Microenvironment. ACS Med.
Chem. Lett. 2018, 9, 953-955. [CrossRef]

Yu, X.; Zhang, L.; Chaudhry, A.; Rapaport, A.S.; Ouyang, W. Unravelling the heterogeneity and dynamic relationships of
tumor-infiltrating T cells by single-cell RNA sequencing analysis. J. Leukoc. Biol. 2020, 107, 917-932. [CrossRef]

Guo, X.; Zhang, Y.; Zheng, L.; Zheng, C.; Song, |.; Zhang, Q.; Kang, B.; Liu, Z; Jin, L.; Xing, R.; et al. Global characterization of T
cells in non-small-cell lung cancer by single-cell sequencing. Nat. Med. 2018, 24, 978-985. [CrossRef]

Zhang, S.; Pan, S.-B.; Lyu, Q.-H.; Wu, P; Qin, G.-M.; Wang, Q.; He, Z.-L.; He, X.-M.; Wu, M.; Chen, G. Postoperative Regulatory
T-Cells and Natural Killer Cells in Stage I Nonsmall Cell Lung Cancer Underwent Video-assisted Thoracoscopic Lobectomy or
Thoracotomy. Chin. Med. J. 2015, 128, 1502-1509. [CrossRef]


https://doi.org/10.3389/fimmu.2013.00232
https://doi.org/10.1038/nri3155
https://doi.org/10.4049/jimmunol.178.5.2883
https://doi.org/10.1186/s40425-019-0785-8
https://doi.org/10.1038/s41598-022-26650-9
https://doi.org/10.1016/j.immuni.2009.03.019
https://doi.org/10.1126/SCITRANSLMED.3004566
https://doi.org/10.1016/j.humimm.2022.05.001
https://www.ncbi.nlm.nih.gov/pubmed/35568620
https://doi.org/10.1002/cti2.1005
https://www.ncbi.nlm.nih.gov/pubmed/29484183
https://doi.org/10.1007/s00262-021-03018-y
https://www.ncbi.nlm.nih.gov/pubmed/34278517
https://doi.org/10.12688/f1000research.11622.3
https://doi.org/10.1002/cyto.a.22625
https://doi.org/10.1089/omi.2009.0083
https://doi.org/10.1093/bioinformatics/btq170
https://doi.org/10.48550/arXiv.1802.03426
https://doi.org/10.1038/s43018-021-00180-1
https://doi.org/10.3389/fimmu.2020.00723
https://doi.org/10.1038/nm.4086
https://www.ncbi.nlm.nih.gov/pubmed/27111280
https://doi.org/10.1038/s41596-021-00550-0
https://www.ncbi.nlm.nih.gov/pubmed/34172973
https://doi.org/10.1002/cyto.a.23030
https://www.ncbi.nlm.nih.gov/pubmed/27992111
https://doi.org/10.1182/blood-2008-10-183251
https://doi.org/10.1021/acsmedchemlett.8b00351
https://doi.org/10.1002/JLB.6MR0320-234R
https://doi.org/10.1038/s41591-018-0045-3
https://doi.org/10.4103/0366-6999.157672

Curr. Oncol. 2023, 30 5134

40.

41.

42.

43.

44.

45.

46.

47.

Chen, C; Chen, D.; Zhang, Y.; Chen, Z.; Zhu, W.; Zhang, B.; Wang, Z.; Le, H. Changes of CD4+CD25+FOXP3+ and CD8+CD28—
regulatory T cells in non-small cell lung cancer patients undergoing surgery. Int. Immunopharmacol. 2013, 18, 255-261. [CrossRef]
Lavin, Y.; Kobayashi, S.; Leader, A.; Amir, E.D.; Elefant, N.; Bigenwald, C.; Remark, R.; Sweeney, R.; Becker, C.D.; Levine, ].H.; et al.
Innate Immune Landscape in Early Lung Adenocarcinoma by Paired Single-Cell Analyses. Cell 2017, 169, 750-765.e17. [CrossRef]
Muto, S.; Owada, Y.; Inoue, T.; Watanabe, Y.; Yamaura, T.; Fukuhara, M.; Okabe, N.; Matsumura, Y.; Hasegawa, T.; Osugi, ] ; et al.
Clinical significance of expanded Foxp3+ Helios— regulatory T cells in patients with non-small cell lung cancer. Int. J. Oncol.
2015, 47, 2082-2090. [CrossRef] [PubMed]

Yu, W-Q.; Ji, N.-E; Gu, C.-].; Wang, Y.-L.; Huang, M.; Zhang, M.-S. Coexpression of Helios in Foxp3+ Regulatory T Cells and Its
Role in Human Disease. Dis. Markers 2021, 2021, 5574472. [CrossRef] [PubMed]

ElShal, M.; Khan, S.S.; Raghavachari, N.; Takahashi, Y.; Barb, J.; Bailey, ].J.; Munson, PJ.; Solomon, M.; Danner, R.L.; McCoy, J.P.
A unique population of effector memory lymphocytes identified by CD146 having a distinct immunophenotypic and genomic
profile. BMC Immunol. 2007, 8, 29. [CrossRef] [PubMed]

Olajuyin, A.M.; Olajuyin, A.K.; Wang, Z.; Zhao, X.; Zhang, X. CD146 T cells in lung cancer: Its function, detection, and clinical
implications as a biomarker and therapeutic target. Cancer Cell Int. 2019, 19, 247. [CrossRef]

Simonetta, F,; Chiali, A.; Cordier, C.; Urrutia, A.; Girault, I.; Bloquet, S.; Tanchot, C.; Bourgeois, C. Increased CD127 expression on
activated FOXP3+CD4+ regulatory T cells. Eur. J. Immunol. 2010, 40, 2528-2538. [CrossRef]

Di Caro, V,; D’Anneo, A.; Phillips, B.; Engman, C.; Harnaha, J.; Lakomy, R.; Styche, A.; Trucco, M.; Giannoukakis, N.
Interleukin-7 matures suppressive CD127+ forkhead box P3 (FoxP3)+ T cells into CD127- CD25high FoxP3+ regulatory T
cells. Clin. Exp. Immunol. 2011, 165, 60-76. [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/10.1016/j.intimp.2013.12.004
https://doi.org/10.1016/j.cell.2017.04.014
https://doi.org/10.3892/ijo.2015.3196
https://www.ncbi.nlm.nih.gov/pubmed/26460798
https://doi.org/10.1155/2021/5574472
https://www.ncbi.nlm.nih.gov/pubmed/34257746
https://doi.org/10.1186/1471-2172-8-29
https://www.ncbi.nlm.nih.gov/pubmed/17999761
https://doi.org/10.1186/s12935-019-0969-9
https://doi.org/10.1002/eji.201040531
https://doi.org/10.1111/j.1365-2249.2011.04334.x

	Introduction 
	Materials and Methods 
	Patients 
	Peripheral Blood Samples and Flow Cytometry 
	Tissue Processing for scRNA-Seq and scTCR-Seq 
	Staining and FACS Sorting for Single-Cell Analysis 
	scRNA-Seq and scTCR-Seq Profiling 
	scRNA-Seq and scRCR-Seq Data Processing 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Circulating Leukocytes via Standard Flow Cytometry Gating 
	Circulating Tregs via Standard Flow Cytometry Gating 
	Circulating Tregs via Unsupervised Clustering 
	Circulating Tregs via Unsupervised Clustering with In Vitro Stimulation 
	Circulating Tregs via Unsupervised Clustering of Long-Term Patients 
	Tregs via Unsupervised Clustering of Single-Cell Sequencing from Tumors, Lymph Nodes and Blood 

	Discussion 
	Conclusions 
	References

