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a b s t r a c t 

Non-small cell lung cancer (NSCLC) has a poor prognosis. Targeted therapy and immunotherapy in recent years 

has significantly improved NSCLC patient outcome. In this study, we employed cell-by-cell immune and cancer 

marker profiling of the primary tumor cells to investigate possible signatures that might predict the presence 

or absence of circulating tumor cells (CTCs). We performed a comprehensive study on 10 NSCLC patient tissue 

samples with paired blood samples. The solid tissue biopsy samples were dissociated into single cells by non- 

enzymatic tissue homogenization and stained with a total 25 immune, cancer markers and DNA content dye and 

analyzed with high-parameter flow cytometry. CTCs were isolated and analyzed from the paired peripheral blood. 

We investigated a total of 74 biomarkers for their correlation with CTC number. Strong correlations were observed 

between CTC number and the frequency of immune checkpoint marker expressing lymphocytes (CTLA-4, LAG3, 

TIM3, PD-1), within the CD103 + CD4 + T lymphocyte subset. CTC number is also correlated with the frequency of 

PD-L1 expressing cancer cells and cancer cell DNA content. In contrast, CTC number inversely correlated to the 

frequency of CD44 + E-cadherin − cancer cells. Unsupervised clustering analysis based on the biomarker analysis 

separated the CTC negative patients from the CTC positive patients. Profiling multiple immune and cancer markers 

on cancer samples with multi-parametric flow cytometry allowed us to obtain protein expression information at 

the single cell level. Clustering analysis of the proteomic data revealed a signature driven by checkpoint marker 

expression on CD103 + CD4 + T cells that could potentially be predictive of CTCs and targets of therapy. 
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Lung cancer is the number one cause of cancer death in both men

nd women in the U.S. and worldwide. NSCLC is the most common type,

ccounting for about 80–85% of the lung cancers. Most NSCLC has a

oor prognosis since the patients are normally at the advanced stage of

he cancer development at diagnosis. 

The traditional treatments with surgical removal, radiation therapy,

nd chemotherapy have made slow progress and provided limited im-

rovement in the 5-year survival rate [ 1 –2 ]. On the other hand, the re-

ent advancement in targeted therapy and immunotherapy has demon-
Abbreviations: PD-1, programmed death-1; PD-L1, programmed death-ligand 1; 

ene-3; CTLA-4, cytotoxic T-lymphocyte antigen-4; CCR5, CC chemokine receptor 5; E

umor infiltrating lymphocyte; TME, tumor microenvironment. 
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trated the restoration of immunity against the tumor cells and control

f tumor spread [3] . 

Immunotherapy has emerged as a new treatment option for lung

ancer although only 20% of NSCLC have long-lasting response [4] .

mmunotherapy, more specifically checkpoint inhibitors, act to boost

he body’s natural defenses to fight the cancer by way of the PD-1/PD-

1 pathway. Antibodies against PD-1, Nivolumab (Opdivo) and pem-

rolizumab (Keytruda), against PD-L1, Atezolizumab (Tecentriq) have

een successfully developed to block the PD-1 and PD-L1 ligation and

ave been approved by the FDA for NSCLC treatment [5] . 

Some of these other checkpoint markers, such as CTLA-4, LAG-3

nd TIM-3, are also emerging targets for NSCLC treatment. Antibod-
TIM-3, mucin domain-3-containing molecule-3; LAG-3, lymphocyte-activation 

GFR, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase; TIL, 
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Table 1 

Clinical characteristics of study patients. 

Sample ID Histology Gender Age Stage Metastasis 

1 SCC M 67 Stage III Y 

2 AC M 76 Stage II Y 

3 AC F 68 Stage II N 

4 AC F 81 Stage III N 

5 SCC M 63 Stage II N 

6 AC M 71 Stage III Y 

7 AS F 77 Stage IV Y 

8 SCC M 83 Stage III Y 

9 SCC F 74 Stage III Y 

10 AC M 61 Stage III Y 

SCC-squamous cell carcinoma, AC-adenocarcinoma, AS- 

adenosquamous carcinoma. 
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es against CTLA-4 have been approved for treating some cancer types

hile the co-inhibitory effect of CTLA-4 and PD-1 blockade may make

t a good candidate in combination with anti-PD-1 to treat NSCLC [6] .

nti-LAG-3 is in clinical trials to treat NSCLC [7] and evidence also sug-

ests that TIM-3 will be a good target for immunotherapy for several

ancer types including NSCLC [8] . 

Nearly 40% of newly diagnosed lung cancer patients have tumors

hat have already metastasized. During cancer development, tumor ep-

thelial cells transit into mesenchymal cells [EMT] followed by entrance

nto the blood circulation to become circulating tumor cells [CTCs].

TCs are considered to be the precursors of tumor dissemination and

etastasis and the CTC number is directly associated with cancer metas-

asis and poor prognosis [9] . 

As such, CTCs have also been used extensively as early markers of

esponse to checkpoint inhibitors [9] . 

Since the checkpoint inhibitors only produce long term survival in

0% of individuals, other biomarkers to predict response to checkpoint

nhibitors would be desirable [4] .Here, we present a pilot study to ask

hether immune cell subsets can predict the presence of CTC in NSCLC

nd further aid in patient management. 

In this study, we applied advanced flow cytometry technology,

tudying 25 cancer and immune markers with DNA content in the same

amples. Combining cancer and immune markers with DNA content is

nique as DNA content is an idependent factor that is associated with

oor prognosis and can be directly measured by abnormal DNA quan-

ity (aneuploidy) [ 10 , 11 ]. Out of the 26 unique cell marker studied, we

nvestigated the expression of a total of 72 biomarkers that result from

sing combinations of cellular markers in our algorithm to predict CTCs.

aterial and methods 

amples 

Fresh tissues were obtained from 10 NSCLC cases by Folio Bio-

ciences [Powell, OH] with paired peripheral blood sample following

nformed consent. Date of collection, age, sex, ethnicity, diagnosis, pri-

ary tumor size and American Joint Committee on Cancer [AJCC] clas-

ification were recorded ( Table 1 ). Samples were collected at the time of

iagnosis. Tissues were excised and then stored in Roswell Park Memo-

ial Institute [RPMI] 1640 medium at 2–8°C prior to overnight shipment

o IncellDx Inc. [San Carlos, CA] on cold packs. The blood samples from

he same patients were shipped to and processed at Celsee Inc. [Ann

rbor, MI] 

issue dissociation using incellPREP 

Tissue dissociation into single cell suspension were performed as pre-

iously described [ 12 , 13 ]. Briefly, tumor tissue was first made into 4-

m punches, and placed in 2-mL Eppendorf tubes containing 800 𝜇L
ulbecco’s phosphate-buffered saline [DPBS]. Incell PREP tissue homog-

nizers [IncellDx, Inc.] were inserted into each tube and tissue was ho-

ogenized until cloudy (5–10 min). After tissue homogenization, the

upernatants were collected and centrifuged. Following centrifugation,

he cell pellet was resuspended in incell MAX [IncellDx, Inc] reagent at

 concentration of 1 ×10 6 cells/mL and incubated at room temperature

or 1 hour prior to staining. 

mmune and cancer marker panel staining of single cell suspensions 

The cancer markers or immune markers were used for staining all

amples. The staining was performed in DPBS + 2 % bovine serum al-

umin (BSA) buffer and incubated for 30 min at room temperature in

he dark. Then the samples were washed twice in 1 mL of DPBS + 2 %

SA. After the final wash, the cell pellets were reconstituted in 300 𝜇L

f DPBS for the immune marker panel before being acquired on a flow

ytometer. For cancer marker tubes, an additional step of staining with

00 𝜇L of cell cycle dye (IncellDx, Inc) at 1 𝜇g/mL concentration in

PBS was performed. 100,000 to 500,000 cells were stained for each

ube. The cancer and immune markers used for staining are listed in the

upplemental Table 1. 

low cytometry 

The cells stained with the immune marker panel were analyzed on

 Cytek Aurora TM cytometer equipped with three lasers (Cytek Bio-

ciences Inc). The cells stained with the cancer marker panels were ana-

yzed on a 3-laser CytoFLEX 

TM cytometer (Beckman Coulter). DNA index

as calculated as cell cycle dye staining MFI (median fluorescent inten-

ity) of cancer cells divided by diploid cell (lymphocytes in this study)

FI. 

TC isolation and enumeration 

Patient peripheral blood samples were received in a Streck cfDNA

CT® (Streck Inc.) and kept at ambient temperature. 4mL of the blood

amples was prefixed using incellMAX® reagent (IncellDx, Inc) for

0 min (Supplemental Fig. 1). Following pre-fixation, the sample was

hen diluted three-fold with 1x HBSS. Each sample was then processed

tilizing the Celsee CellSelect TM Preparation chip, Genesis automated

latform, and enumeration protocol. Upon completion, the chips were

canned on the Celsee Analyzer TM where a final report was generated.

ach individual cell was assessed for detection of CD45, CK, PD-L1 and

NA content (cell cycle dye) [ 14 , 15 ]. Cells were captured in the 50,000

icrowells and stained for CD45, CK, PD-L1, and cell cycle as a cocktail

isualization of single cell lymphocyte data 

In order to visualize the high dimension single cell data, Uniform

anifold Approximation and Projection (UMAP) [16] was applied to the

ata using Ryvett [ www.qognit.com/products ] software package from

ognit Inc. UMAP is a dimensionality reduction technique, similar to

-SNE [17] , which aims to preserve the relative local distances between

oints [cells] from the original high-dimensional space in the lower

projection] dimensional space. UMAP was applied to enable the vi-

ualization of high-dimensional data to discovery patterns. Unlike tech-

iques like principal component analysis [PCA] which focus on preserv-

ng the global distance structure, UMAP focusses on preserving the local

istances [neighborhood] of each point more accurately in the projec-

ion space. 

esults 

TC isolation and analysis 

To determine the analytical performance of our CTC method prior to

nalysis of patient samples, we performed PD-L1 + tumor cell spiking ex-

http://www.qognit.com/products


X. Wang, M. Jaimes, H. Gu et al. Translational Oncology 14 (2021) 100953 

Fig. 1. CTC enumeration and analysis. (A). Spiking analysis for CTC recovery. NCI-441 cells [PD-L1 positive lung cancer cell line] were spiked into normal blood 

sample. Five cells can be detected in 4 mL normal blood with greater than 80% recovery. (B). Representative images showing CD45 negative, CK + , and PD-L1 positive 

cells captured in the CelSelect microfluidic chip microwells as determined by DAPI staining. 
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eriments in normal blood to determine the lower limits of reproducible

etection and the linearity across target cell concentrations. As shown

n Fig. 1 (A), we were able to reproducibly detect 5 PD-L1 + tumor cells

OncoTect iO control cells, IncellDx, Inc) spiked in 4 mL of whole blood

ith a linear range from 5 PD-L1 target cells to 50 target cells per 4

L of whole blood as captured on the CelSelect chip in the Genesis An-

lyzer. This approach has been previously shown to be more sensitive

han the established CellSearch method [15] . Seven of the 10 samples

ad detectable CTC counts ranging from 81 CTCs to 0 per 4 mL of whole

lood. A representative image from Patient 1 is shown in Fig. 1 (B) and

emonstrates the optimized staining of the individual markers (CD45,

ytokeratin, PD-L1, and DAPI) as well as the overlay of the images. Cells

hat are CD45-, CK + are considered epithelial and enumerated. 

redictive markers of CTCs: cancer marker expression 

To determine the expression profile of tumor cells in NSCLC samples

hat might contribute to tumor growth and dissemination, we generated

ingle cell suspensions from the tumor tissue as described in Materials

nd Methods and using a workflow described by the College of Amer-

can Pathologist [CAP] for lymphoma samples [18] . We gated single

ucleated cells using light scatter and cell cycle dye staining [see Fig. 2 ]

nd we also used cell cycle dye staining also to separate tumor cells

ith high DNA content [aneuploid cells] from cells with normal DNA

ontent [diploid cells]. The “Aneuploid ” gate includes cells with higher
NA content, a consequence of either chromosomal level mutation re-

ulting in increased chromosome number [reflecting tumor mutation

urden, TMB] or due to increased cell proliferation or both. Simultane-

us DNA staining also provided the MFI values for DNA index calcula-

ions. Representative plots are shown in Fig. 2 and the correlation with

TCs is summarized in Table 2 . The presence of CD44 + , Ecad- cells neg-

tively correlated with CTCs and PD-L1 expression on aneuploid tumor

ells positively correlated with CTCs. Both were statistically significant.

able 3 . 

Among the other cancer markers studied, EGFR expression was ob-

erved in all the cancer samples investigated and was observed in both

iploid and aneuploid cells. ALK fusion was observed in one cancer sam-

le, which is consistent with the previous observation that 3–7% of the

SCSC samples harbor the ALK fusion. Interestingly, the ALK mutated

ells also highly expressed EGFR and had higher DNA content [Fig. 2] .

s expected in NSCLC, the majority of the cancer cells are epithelial cells

CK 

+ ) admixed with a smaller portion of cells of mesenchymal/stromal

rigin (vimentin + ) . We found some cells that were pan CK and vimentin

ouble positive suggesting a possible link to the epithelial/mesenchymal

ell transition [EMT] [8] . Of note, the true mesenchymal cells were

iploid yet the double positive EMT cells were aneuploid when the pri-

ary cancer cells were aneuploidy consistent with the tumor phenotype.

In addition to tumor, mesenchymal, and immune cells, we identified

ells in all samples expressing the CD44 positive, E-cadherin (E-cad)

egative phenotype. CD44 is a cancer stem cell marker and E-cad plays
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Fig. 2. Flow analysis of cancer marker expression. 

(A). Single nucleated cells were gated using forward, side scatters and cell cycle dye staining. CD45 negative cancer cells were separated into diploid and aneuploidy 

cells based on cell cycle dye DNA content staining. 

(B). Cancer markers were interrogated on diploid and aneuploidy cancer cells separately. Data presented is from Sample 1 

Table 2 

Spearman R statistical data analysis results for cancer cells with P values. The 

percentages of cells used for the statistical analysis were taken as a fraction of 

total CD45 − cancer tissue cells except All Tumor cells is taken as a fracture 

of all cells from the tumor tissue. Data with a Spearman R absolute value 

greater than 0.5 are highlighted in yellow. R: Spearman R. 

Marker Parent Population R P 

Tumor DNA Index Tumor 0.52 0.13 

cCaspase 3 + Tumor -0.22 0.54 

pH2AX + Tumor 0.14 0.70 

Tumor Cells All cells 0.07 0.85 

CD44 + Ecad- Tumor -0.70 0.02 

CK + VIM + Tumor -0.30 0.39 

CK-low VIM + Tumor -0.09 0.80 

EGFR + Tumor 0.20 0.58 

PD-L1 Tumor 0.55 0.10 

Aneuploid Tumor Tumor Cells Tumor 0.24 0.51 

CD44 + Ecad- Tumor -0.03 0.93 

CK + VIM + Tumor 0.04 0.91 

CK-low VIM + Tumor -0.14 0.70 

EGFR + Tumor 0.49 0.15 

PD-L1 Tumor 0.57 0.05 

Diploid Tumor Tumor Cells Tumor -0.24 0.51 

CD44 + Ecad- Tumor -0.69 0.03 

CK + VIM + Tumor -0.37 0.29 

CK-low VIM + Tumor 0.02 0.96 

EGFR + Tumor -0.22 0.54 

PD-L1 Tumor 0.08 0.89 
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n important role in epithelial cell adhesion and the loss of its function

s considered to be a major contributor to epithelial mesenchymal tran-

ition (EMT) [8] . We found that the distribution of CD44 + E-cad − cells

ere present at various levels in different tumors. 

Using this cancer marker panel (Supplemental Table 2), lymphocytes

id not exhibit DNA damage [histone pH2A.x (ser 139) staining nega-

ive], however, a significant percentage of the lymphocytes were un-

ergoing apoptosis as shown by the cleaved caspase 3 staining. Fewer
ancer cells were apoptotic compared to lymphocytes yet the cancer

ells exhibited higher levels of DNA damage compared to lymphocytes,

s evidenced by positive pH2A.x staining. DNA damage and apoptosis,

owever, did not correlate with the presence or absence of CTCs in pe-

ipheral blood. 

mmune check point marker expression in the tumor microenvironment 

To determine the immune profile in the tumor microenvironment

nd to investigate the possible role in loss of immune control and CTCs,

e used the same single cell suspension used for the cancer marker ex-

ression to interrogate a total of 19 markers simultaneously on every

ell in a single tube. The single cell suspension samples were stained

ith markers for gating to separate cancer immune cell subsets and im-

une check point markers, along with HLA-DR, an immune activation

arker, and CD103, a marker indicating the engagement of immune

ells with cancer cells [ 19 , 20 ]. 

The cells were separated into immune cell subsets by gating markers,

mmune check point markers, and immune function markers ( Fig. 3 (A)).

D4 + and CD8 + T cells were variable across samples while a low per-

entage of NK cells was observed in the ten NSCLC samples. PD-1, CTLA-

, LAG-3, TIM-3, HLA-DR, and CD103 showed differential expression on

hese cell subpopulations as presented in Supplemental Table 3. 

In order to visualize the high dimension single cell data, we applied

MAP on the 19-color panel data as described in Materials and Meth-

ds. The representative data is shown in Fig. 3 (B). The UMAP separated

D4 + , CD8 + T cells, NK cells, and B cells in very distinctive populations.

n addition, in some samples CD4 + and CD8 + cells were further divided

nto subpopulations. We interrogated each marker on these cells. It ap-

eared that CD103 is a driver for the segregation of these CD4 + and

D8 + cells into subpopulations. More importantly, overlaying the UMAP

lots with positivity for checkpoints suggested that the positivity, when

resent, was often concentrated among the CD103 + cells. 
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Table 3 

Spearman R statistical data analysis results for TILs with P values. The percentages of cells used in the statistical analysis were either taken as a fraction of total TILs 

[lymph], or as a fraction of a TIL subpopulation [CD4 + T, CD8 + T, or NK]. Data with a Spearman R greater than 0.5 are highlighted in yellow. The irrelevant cells 

are shaded in grey. R: Spearman R. 

Marker Parent Population 

Lymph CD4 + T CD8 + T NK 

R P R P R P R P 

Marker 

Detection 

Population 

Lymph PD1 + 0.756 0.011 

TIM3 + 0.634 0.049 

CTLA4 + 0.530 0.115 

LAG3 + 0.451 0.191 

CD103 + HLADR 0.677 0.032 

CD4 + 
T 

PD1 + 0.787 0.007 0.689 0.028 

TIM3 + 0.756 0.011 0.689 0.028 

CTLA4 + 0.384 0.273 0.384 0.273 

LAG3 + 0.732 0.016 0.518 0.125 

CD103 + PD1 + 0.713 0.021 0.738 0.015 

CD103 + TIM3 + 0.579 0.079 0.732 0.016 

CD103 + CTLA4 + 0.774 0.009 0.738 0.015 

CD103 + LAG3 + 0.669 0.049 0.686 0.041 

CD8 + 
T 

PD1 + 0.353 0.316 0.226 0.531 

TIM3 + 0.549 0.100 0.561 0.092 

CTLA4 + 0.470 0.170 0.305 0.392 

LAG3 + 0.409 0.241 0.396 0.257 

CD103 + PD1 + 0.354 0.316 0.372 0.290 

CD103 + TIM3 + 0.573 0.083 0.537 0.110 

CD103 + CTLA4 + 0.488 0.153 0.317 0.372 

CD103 + LAG3 + 0.445 0.197 0.463 0.177 

NK PD1 + 0.126 0.748 0.435 0.242 

TIM3 + 0.677 0.032 0.762 0.010 

CTLA4 + 0.232 0.519 0.427 0.219 

LAG3 + –0.018 0.969 0.541 0.210 

CD103 + PD1 + 0.072 0.878 0.270 0.558 

CD103 + TIM3 + 0.728 0.026 0.703 0.035 

CD103 + CTLA4 + –0.025 0.949 0.536 0.137 

CD103 + LAG3 + 0.029 0.956 0.319 0.538 
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mmune check point marker expressing CD103 + , CD4 + T cells strongly 

orrelate with CTC number 

To investigate the role of the tumor and immune cell biomarkers in

redicting CTCs, the relationship between tumor and immune marker

xpression with CTCs was further investigated. We used Spearman rank

orrelation analysis to rank correlation between variables rather than

he absolute values. The percentage of each of the cancer and immune

arker expressing cells were compared against CTC numbers. The per-

entage was taken either as a fraction of the total TILs or the CD4 + , CD8 + 

 cell, or NK cell populations. Dual marker expressing cell populations

ere also compared against CTCs [ Fig. 4 ]. 

This statistical analysis revealed a strong correlation of CTC with

IM-3, PD-1, CTLA-4, and LAG-3 expressing lymphocytes, especially

ithin the CD103 + , CD4 + T cell phenotype [ Table 2 and Fig. 4 ]. In par-

icular, CD4 + , CD103 + T-cells expressing PD-1, LAG3, and especially

TLA4 had strong, statistically significant correlations with the pres-

nce of CTCs. Correlations with CTCs were also observed with CD103

nd HLA-DR double positive lymphocytes [Table 2] . 

To further characterize this cell type, we stained the same sample

reparation with CD4, CD25, CD127, and CCR5 [ Fig. 5 ]. All lung can-

er samples with CTCs demonstrated that the CD4 + , CD103 + cells ex-

ressed FoxP3 and these cells also expressed CCR5, a chemokine recep-

or involved in chemotaxis of immune cells in response to CCL5. 

iscussion 

Metastasis accounts for 90% of all cancer death. The complete mech-

nism causing metastasis is still largely unknown [21] . Due to the limita-

ions of established technologies, investigations were either performed

ith IHC to study limited number cancer markers or immune markers,

r with bulk lysed cancer tissue samples for RNA expression [22] , and
NA content. High-parametric multiplexed biomarker expression inves-

igation at the single cell level has proven to be difficult especially as it

elates to utility in a clinical laboratory setting. 

In this study, we dissociated NSCLC solid cancer tissues into single

ells using previously published methods [ 12 , 13 ] and following CAP

pproved guidelines [18] . The cells were stained with cancer and im-

une markers as well as a marker for cell cycle showing DNA content.

igh-parametric flow cytometry allowed us to study the contributions

f cancer markers, immune markers and DNA content in cancer metas-

asis. Our study was designed to study both the cancer and the immune

esponse in the tumor microenvironment [TME]. In parallel, peripheral

lood samples from the same patients were also collected to isolate, enu-

erate and analyze the CTCs as potential surrogate indicator for cancer

etastasis. 

Consistent with the high level of PD-1 expression on lymphocytes in

ur cohort, our data showed increased aneuploid, PD-L1 + cancer cells

o be part of the predictive algorithm correlating with CTC and presum-

bly cancer metastasis. In contrast, the cancer stem cells (CD44 + E-cad − )

ignificantly inversely correlated with CTCs suggesting the presence of

 high number of quiescent cancer stem cells in the same tissue mass. 

We also showed that DNA instability (as indicated by elevated DNA

ndex) was a highly weighted parameter in our algorithm that signifi-

antly correlated with CTCs. This is consistent with a recent study on

ata collected from 5255 samples from 12 cancer types that revealed

he correlation of aneuploidy and cancer “hallmarks ”. The investigators

emonstrated the correlation of aneuploidy with markers of cell prolifer-

tion, immune evasion and reduced response to immunotherapy [11] .

ur results on the correlation of aneuploidy and immune suppression

ith cancer metastasis are consistent with this study. 

We also addressed the role of tumor cell markers in predicting the

resence of CTCs. EGFR was expressed in both diploid and aneuploid

ells suggesting either genetic amplification of EGFR gene or other sig-
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Fig. 3. Flow analysis of immune marker expressions. 

(A). CD45 + immune cells were gated into CD4 + , CD8 + T cells and NK cells. The expression of immune checkpoint markers and CD103, HLA-DR were interrogated 

on each of these immune cell subsets. 

(B). UMAP analysis. Tumor infiltrated lymphocytes [TILs] were separated into distinct CD8 + , CD4 + T cells, B cells and NK cells. The cells expressing CD103, HLA-DR, 

PD-1, TIM-3, CTLA-4 and LAG-3 are shown in separate plots. Data presented is from Sample 1. 
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n  
aling pathway activation might have contributed to the EGFR expres-

ion. The ALK expressing cells also expressed high level EGFR and pos-

essed high DNA content suggesting there might be other genetic alter-

tion occurring simultaneously with ALK fusion which was previously

verlooked. Cleaved caspase 3 is in a common apoptotic pathway for

oth death receptors and mitochondrial cell death. The high level of
ymphocytes going through apoptosis further demonstrated the immune

uppressive mechanism utilized by cancer in these study patients. 

The immune system, however, plays a dual role in cancer develop-

ent. It suppresses cancer by destroying cancer cells or by inhibiting

ancer growth, but ironically through its immune regulatory mecha-

isms [primarily Treg cells and myeloid suppressive cells], it can also
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Fig. 4. Hierarchical clustering of various cell frequencies across all patient samples. Clustering analysis was performed using Euclidean distance on scaled data. Only 

data with Spearman R greater than 0.5 were included in the clustering. The cutoff for CTC positive and negative is 5 CTCs per 4 mL peripheral blood based on assay 

LOD. 

Fig. 5. Representative dot blot analysis of 

CCR5 expression on Treg (CD4, CD25 + , 
CD127-) single cells from homogenized NSCLC 

tissue. 
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romote cancer growth by inhibiting cell-mediated immunity, effector

-cell proliferation, and by selecting for cancer cells that escape immune

urveillance [ 23 , 24 ]. Our results are consistent with this dynamic of the

mmune system in the cancer microenvironment. 

Significantly, our results showed that immune checkpoint markers

ccounted for significant correlations to CTCs. These results directly

orrelated CTCs with known immune inhibitory function mediated by

heckpoint markers expressed on immune cell subsets. Interestingly, the

xpression of these markers on CD4 + cells, in contrast to commonly rec-

gnized CD8 + cytotoxic T cells [25] , had the stronger correlation. The

ssociation of PD-1 expression on CD4 + T cells with clinical outcome

as been reported albeit by only one other group [26] and this observa-

ion was in peripheral blood rather than the direct analysis of primary

umor as in the present study. 
Specifically, we found the expression of the checkpoint markers on

D103 + , CD4 + T cells correlated with CTCs. CD103 is the 𝛼E unit of 𝛼E 𝛽7 

ntegrin expressing on tumor infiltrating immune cells [ 19 , 20 ]. CD103

s expressed on tumor infiltrating regulatory T-cells (Treg) and some

ave suggested that CD103 + Treg are more potent inhibitors of T cell

roliferation than conventional Treg [27] . In addition to CD103, CTLA-4

xpressing T-regs in our corhort correlated with CTCs. Anti-CTLA ther-

py with ipilimumab [Yervoy], in the treatment of melanoma patients

ignificantly reduced FOXP3 + Treg cells in the tumor tissues particularly

n clinical responders [ 28 , 29 ]. Other studies showed that FOXP3 + T-reg

ells were depleted in tumor tissues by anti-CTLA-4 thereby augmenting

umor specific immunity [ 30 , 31 ]. 

Similarly, studies of the C-X-C chemokine CXCR2 in pancreatic can-

er demonstrated an immunosuppressive effect [32] . The proposed
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echanism of action of CXCR-2 is to act as a homing beacon for immune

ells, specifically to attract neutrophils and myeloid suppressor cells

32] . In tumors, CXCR-2 is overexpressed on immune cells found in the

umor microenvironment of pancreatic cancer. Similarly, therapeutics

argeting CCR5 have been shown to have anti-tumor and anti-metastatic

ctivity [33] . CCR5 inhibitors such as Maraviroc [Pfizer, Inc], Leron-

imab [Cytodyn, Inc], and newer compounds such as OB-002 [Orion

iotechnologies, Inc] are newer additions to the immune-oncology ar-

amentarium. In addition to potentially inhibiting the influx of Treg

ells into the tumor, CCR5 inhibitors also have been shown to cause re-

olarization of macrophages to an anti-tumor phenotype in colorectal

ancer [33] . 

The unsupervised Spearman clustering analysis in the present study

learly separated the patients with positive CTCs from negative CTCs.

hese data illustrate the strength of single cell analysis in sorting

hrough heterogeneous marker expression on tumor cells that would

e lost using technologies that extract nucleic acids from the specimen

ithout the cellular context. Further, the data generated from multi-

arametric flow data identified a signature that predicts CTCs, and po-

entially cancer metastasis, which may provide predictive, actionable

nformation to patient management and new therapies. 

onclusions 

In summary, a biomarker or set of biomarkers, as we have identi-

ed in this pilot study that identifies drug targets on cells within the

umor microenvironment that have inhibitory effects on the anti-tumor

mmune response like T-regs is critically important to devise multi-drug

reatment strategies that will potentially provide long-lasting response

n a higher percentage of patients. These data await large scale, placebo

ontrolled trials to confirm clinical relevance. 
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