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Aim: Expression of PD-L1 in the tumor is associated with more favorable responses to anti-PD-1 therapy
in multiple cancers. However, obtaining tumor biopsies for PD-L1 interrogation is an invasive procedure
and challenging to assess repeatedly as the disease progresses. Materials & methods: Here we assess an
alternative, minimally invasive approach to analyze blood samples for circulating tumor cells (CTCs) that
have broken away from the tumor and entered the periphery. Our approach uses sized-based microflu-
idic CTC enrichment and subsequent characterization with microfluidic-based cytometry (chipcytometry).
Conclusion: We demonstrate tumor-cell detection and characterization for PD-L1, and other markers, in
both spiked and patient samples. This preliminary communication is the first report using chipcytometry
for the characterization of CTCs.
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Lay abstract: The proteins PD-L1 and PD-L2 are expressed on some tumors and can inhibit the immune
system from attacking and destroying the tumor. Consequently, these proteins are biomarkers for the ef-
fectiveness of therapeutic treatments that target this pathway. Here we describe and present preliminary
data for a new assay workflow to detect the presence of these proteins on the surface of tumor cells that
have broken away from the tumor and entered the blood. Future studies, to develop and validate this
assay, would provide a less invasive way of routinely measuring this biomarker than the current practice
of taking tumor biopsies.
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Recent advances in cancer therapy have demonstrated the potential of the immune system in cancer control and
rejection. Prominent among these approaches has been the success of anti-PD-1 immunotherapy, which breaks
the strong inhibitory signal transmitted by tumor-specific ligands such as PD-L1 to the PD-1 receptor expressed
on T cells [1–5]. However, response rates vary widely and thus there is an ongoing effort to identify biomarkers to
discriminate among patients who are most likely to gain benefit from these therapies. Identifying nonresponders
would also spare them the associated treatment-related toxicities, termed immune-related adverse events, and which
include dermatologic toxicity, diarrhea/colitis, hepatotoxicity, endocrinopathies and pneumonitis [6]. A biomarker
that has been studied extensively since the first reports of the effects of PD-1 blockade is PD-L1 expression on the
tumor. In a number of tumor types, including metastatic melanoma, bladder cancer, non-small-cell lung cancer
(NSCLC) and gastric cancer, there is a consistent positive association between PD-L1 expression and an improved
response rate [7]. Intratumoral PD-L2 expression has also been shown to correlate positively with response [8]. These
findings culminated in the approval of anti-PD-1 therapy to treat patients with NSCLC whose tumors express
PD-L1 [9]; nonetheless, a proportion of PD-L1-negative patients also benefit from anti-PD-1 therapy [7]. Given the
reported tumor heterogeneity of PD-L1 expression, this observation could be reconciled with the fact that the single
core biopsy used to establish patient PD-L1 expression status may not be representative of the whole tumor [10,11].
Furthermore, PD-L1 is not a static biomarker, and the invasive biopsy procedure is not suited to studying how its
expression changes during treatment.

Another approach is to detect and characterize PD-L1 expression on circulating tumor cells (CTCs) in peripheral
blood samples. CTCs are cancer cells that have broken away from a tumor and entered into the blood circulation
and appear to be a strong prognostic factor for overall survival in patients with metastatic breast, colorectal or
prostate cancer [12–14]. As CTCs can originate from primary and metastatic tumors, they are believed to give a
better representation of the whole disease burden. The expression of PD-L1 on CTCs has been demonstrated in
breast cancer patients [15] and lung cancer patients [16]. Interestingly, a recent study found that PD-L1 expression in
the nucleus of CTCs was associated with shorter survival durations in colorectal and prostate cancer patients [17].
Furthermore, blood samples, unlike tumor biopsies, can be obtained much less invasively and frequently to facilitate
longitudinal monitoring [18]. It has been hypothesized that PD-L1 expression on CTCs may mediate immune
escape [19] and a study in NSCLC patients receiving anti-PD-L1 therapy revealed a trend toward a reduction in
PD-L1-positive CTCs in patients obtaining clinical benefit [20].

Here we demonstrate a novel workflow for the isolation and characterization of PD-1 ligands, PD-L1 and PD-L2
on CTCs. First, we isolate CTCs from blood samples using the Clearbridge Biomedics ClearCell R© FX system,
a label-free size-based method that enriches CTCs based on size using inertial and Dean drag forces in a spiral
microfluidic device [21–24]. This approach enables rapid and continuous isolation of viable CTCs with reported
recovery rates for spiked tumor cells of >85 and 99.99% depletion of white blood cells [21]. Next, chipcytometry,
a sensitive single-cell analysis method [25], was used to measure the expression of canonical CTC markers (CD45,
cytokeratin (CK), epithelial cell adhesion molecule [EpCAM]), the mesenchymal marker vimentin and PD-1 ligands
(PD-L1 and PD-L2) on CTCs. In addition, the incorporation of the fluorescent dye 4’,6-diamidino-2-phenylindole
(DAPI) was used to identify nucleated cells. Chipcytometry is a microfluidic chip-based cytometry approach where
cells are immobilized on the surface of the microfluidic chip and subsequently stained with fluorescently labelled
monoclonal antibodies through iterative cycles of bleaching, staining and imaging [25]. Comparative studies with
flow cytometry have established a high degree of correlation between the two technologies [25]. We assessed the
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feasibility of this combined approach by measuring and characterizing PD-L1 and PD-L2 expression on tumor
cells spiked into blood from healthy donors. In addition, we applied the workflow to blood samples collected from
breast cancer patients and evaluated the ability to detect and characterize CTCs in these samples. Finally, we discuss
the merits and limitation of each technology and the improvement required for developing this workflow into an
assay suitable for routine testing in clinical studies.

Materials & methods
Cell culture
The lung cancer cell lines H1975 (ATCC R© CRL5908TM) and A549 (ATCC R© CCL185TM) were purchased from
the American Type Culture Collection (VA, USA). H1975 cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 (Gibco) containing 10% fetal bovine serum (FBS; Hyclone) and penicillin-streptomycin (Gibco).
A549 cells were cultured in Dulbecco’s modified Eagle medium (Invitrogen, CA, USA) with 10% FBS (Hyclone,
UT, USA), 25 mM Hepes (Gibco, MD, USA) and penicillin-streptomycin (Gibco, MD, USA). Cells were cultured
at 37◦C, 5% CO2 and 90% RH.

For stimulation of A549 cells with IFN-γ, A549 cells were cultured in Dulbecco’s modified Eagle medium media
as described above, seeded into a 12-well tissue culture plate (0.2 million cells/well) and incubated overnight. The
following day, the culture media was replaced with fresh media containing a reduced concentration of FBS (2%) and
incubated overnight. For the induction of PD-L1 and PD-L2, cells were stimulated with 10 μg/ml IFN-γ (R&D
Systems, MN, USA) for 48 h. Cells were harvested with 0.25% trypsin/EDTA for 5 min at 37◦C, resuspended in
culture media and washed twice with phosphate-buffered saline (Gibco).

Patients & healthy control samples
The clinical sample collection protocols were reviewed and approved by the Domain Specific Review Boards of the
Singapore Health Services (SingHealth, CIRB ref 2014/119/B). Informed and written consent was obtained from
all donors prior to blood draw. Three healthy donors and two breast cancer patients’ whole blood samples were
collected and stored in 10 ml K2-EDTA tubes (Becton Dickinson [BD], NJ, USA). Clinicopathologic information
was recorded for both the patients.

Flow cytometry
Cells analyzed by flow cytometry (0.3 million cells/sample) were fixed in 200 μl Zellkraftwerk Fixation Buffer
and incubated for 15 min at 2–8◦C. Fixed cells were centrifuged and washed in 200 μl BD stain buffer (BD).
Cells were then centrifuged again and the pellet stained with antibody diluted in 100 μl stain buffer for 15 min
at room temperature. All centrifuge steps were performed at 300 rcf for 5 min. Antibodies tested were labelled
with phycoerythrin (PE): CD274 (clone 29E.2A3, Biolegend, CA, USA, 1:20 dilution), CD273 (clone MIH18,
Biolegend, CA, USA, 1:20 dilution), IgG1 (clone ICIG1, Abcam, UK, 1:10 dilution) and IgG2b, κ (clone MPC-
11, Biolegend, CA, USA, 1:20 dilution). Flow cytometry was performed on an FACS Canto system (BD) and
10,000 cells acquired for each sample. flow cytometry standard (FCS) data files were analyzed in FlowJo version
10.0.7.

Enrichment of CTCs
The novel workflow used for the detection and characterization of CTCs is shown in Figure 1. Whole blood was
collected from breast cancer patients or healthy controls in 10-ml K2-EDTA tubes (BD). For spiked experiments
7.5 ml healthy control blood was spiked with approximately 200 H1975 cells (exact number was determined by
counting under a microscope prior to spiking). A red blood cell (RBC) lysis step was performed using RBC Lysis
Buffer (G Biosciences, MO, USA). After RBC depletion, the cells were pelleted by centrifugation and resuspended
in 4.3 ml of resuspension buffer (Clearbridge BioMedics, Singapore). The resuspended cells were loaded onto the
ClearCell FX system for automated CTC enrichment. The enrichment product was harvested by centrifugation
(300 × g, 4◦C) and resuspended in Zellkraftwerk wash buffer.

Chipcytometry
Prior to sample loading, ZellsafeTM chips (Cat. number 28050606/01–010) were rinsed three-times each with
100 μl Zellkraftwerk wash buffer. Once loaded onto the chip, cells were fixed by rinsing five-times with 100 μl
Zellkraftwerk Fixation Buffer and incubated for 15 min at 2–8◦C. Loaded chips were rinsed five-times with
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Figure 1. Novel workflow for circulating tumor cell detection and characterization.
Human whole blood is hemolyzed and centrifuged to harvest nucleated cells. ClearCell R© FX enriches CTCs based on size. Enrichment
product is loaded onto microfluidic chips and stored at 4◦C until ready for analysis. CTCs immobilized on microfluidic chips are
phenotyped with monoclonal antibodies against tumor markers using the Zellkraftwerk CYTOBOT.
CTC: Circulating tumor cell.

100 μl Zellkraftwerk Storage Buffer for long-term storage at 2–8◦C. Chipcytometry was performed as described
previously [25] with each antibody/DAPI stained separately through iterative cycles of bleaching, staining and
imaging. Staining for all antibodies was at a volume of 300 μl diluted in phosphate-buffered saline and incubated
15 min at room temperature. For the staining with the antipan-CK-antibody, the antibody was diluted in 1
× FOXP3 Perm Buffer (Biolegend) and cells were rinsed with 1 ml of this buffer prior to staining. For DAPI
staining, cells were incubated with FOXP3 Fix/Perm Buffer (Biolegend) for 20 min and DAPI staining was
subsequently performed as previously described for the antipan-CK antibody. Antibodies used were as follows:
CD45-PerCP-Cy5.5 (clone HI30, Biolegend, surface staining, dilution 1:500), CD326 (EpCAM)-PE (clone VU-
1D9, Thermo Fisher Scientific, MA, USA, surface staining, dilution 1:1000), pan-CK-AF488 (clone C-11, Cell
Signaling Technology, MA, USA, intracellular staining, dilution 1:250), CD274-PE (clone 29E.2A3, Biolegend,
surface staining, dilution 1:500), CD273-PE (clone MIH18, Biolegend, surface staining, dilution 1:100), Vimentin-
PE (clone D21H3, Cell Signaling Technology, MA, USA, intracellular staining, dilution 1:500). To identify the
appropriate antibody concentrations, A549 cells (either unstimulated or stimulated with IFN-γ) were used. Image
and data processing was performed using Zellkraftwerk’s chipcytometry data pipeline and exported to FCS format
for further analysis using FlowJo v10.0.7 (Tree Star, OR, USA). Fluorescence is background subtracted from the
unstained image and normalized with respect to the cell size.

Results
Establishment of PD-L1 & PD-L2 analysis by chipcytometry
Flow cytometry was used to establish the specificity of the selected monoclonal antibodies for PD-L1 and PD-L2
(clones 29E.2A.3 and MIH18, respectively) on the NSCLC cell lines A549 and H1975 (Figure 2A). To upregulate
PD-L1 and PD-L2, A549 cells were incubated with IFN-γ for 48 h prior to staining [26]. Flow cytometry analysis
demonstrated the presence of PD-L1 on A549 and H1975 cells, and PD-L2 on A549 cells (Figure 2A). These
observations are in line with previously reported observations of PD-L1 and PD-L2 expression on these cell
lines [26,27]. The specificity of the staining was demonstrated by the fact that no signal was detected for the isotype
control on both A549 and H1975 cells. PD-L2 was weakly expressed on H1975 cells.

Next, we established the detection of PD-L1 and PD-L2 on A549, H1975 and whole blood by chipcytometry,
a microfluidic-based cytometry approach where cells are immobilized on a microfluidic chip. Immobilized cells
were stained with fluorescently labelled antibodies and a fluorescent light image acquired (Figure 2B). Median
fluorescence intensity per cell was calculated and depicted as a histogram (Figure 2C). Whole blood was used
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Figure 2. Establishment of PD-L1 and PD-L2 analysis by chipcytometry.
(A) Flow cytometry analysis. Non-small-cell lung cancer cell lines A549 and H1975 were incubated with antihuman
PD-L1 and PD-L2 (black), and corresponding isotype control (gray). Cells were fixed prior to staining. (B & C)
Chipcytometry analysis. A549 cells (black), H1975 cells (black) and whole blood samples collected from a healthy
donor (gray) were loaded onto Zellkraftwerk ZellSafeTM chips, fixed and stained with antihuman PD-L1 and PD-L2.

as a biological comparison control to distinguish expression on A549 and H1975 cells to background levels [28].
The relative expression of PD-L1 and PD-L2 detected on H1975 cells by chipcytometry was consistent with that
observed by flow cytometry (Figure 2A & C). For A549 cells, while detection of PD-L1 by chipcytometry was
consistent with that observed by flow cytometry, detection of PD-L2 was reduced. A549 cells expressing PD-L2
were still detectable by chipcytometry.

Detection of spiked tumor cells
To evaluate the capability of chipcytometry to detect rare tumor cells isolated using the ClearCell FX system, we
performed spiking experiments by adding approximately 200 H1975 cells to 7.5 ml of whole blood. Spiked blood
samples were enriched for tumor cells using the ClearCell FX system and subsequently loaded onto microfluidic
chips for analysis by chipcytometry (see Materials & methods). Identification of tumor cells in these spiked samples
was achieved by staining the isolated cells for DAPI, CK and EpCAM. Although, as expected with the ClearCell
FX system, CD45+ cells were present in the enrichment product, DAPI+ CK+ and EpCAM+ cells were clearly
distinguishable from these white blood cell contaminants (Figure 3A). As a control, these cells are not observed
in distributions for blood not spiked with tumor cells (Figure 3B). In addition, through subsequent iterative
cycles of bleaching, staining and imaging we were able to demonstrate the feasibility to detect PD-L1, PD-L2
and Vimentin on the spiked H1975 cells (Figure 3C). Cells expressing PD-L1, PD-L2 and Vimentin were not
observed in distributions for blood not spiked with tumor cells (Figure 3D). Mean recovery of the tumor cells in
the spiked samples was 22.8% ± 5.4% (Table 1). Fluorescence microscopy images of each cell acquired during the
chipcytometry analysis highlight and confirm the detection and phenotype of the tumor cells (Figure 4A & B).
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Table 1. Recovery of H1975 cells as identified by Zellkraftwerk chipcytometry after enrichment of spiked blood samples
by ClearCell R© FX system.
Donor Spike amount† Chip average‡ Percentage recovery by donor

(± 95% CI)§
Total percentage recovery (±
95% CI)¶

1 213 29.5 27.7 ± 10.0 22.8 ± 5.4

2 186 19 20.4 ± 9.2

3 191 19.5 20.4 ± 9.1

†Blood was spiked with a known amount of H1975 cells and enriched for CTCs via the ClearCell FX system. After enrichment, the cells from each donor were split and each half loaded
into a separate Zellkraftwerk ZellSafeTM chip according to standard Zellkraftwerk’s protocol and stored at 4◦C until analysis.
‡Standard error of chip average was calculated by assuming an underlying Poisson distribution.
§The 95% CI was calculated by using a normal distribution to approximate the Poisson.
¶The total recovery is calculated from the mean and variance of each donor, under a Poisson distribution and assumption of independence. The 95% CI was calculated by approximating
a normal distribution.
CTC: Circulating tumor cell.

Detection of CTCs in cancer patient samples
With the aim of evaluating the feasibility of detecting CTCs in ‘real world’ patient samples, peripheral whole blood
samples were collected from breast cancer patients (Table 2) and subsequently processed for CTC enrichment using
the ClearCell FX system. The samples were then analyzed for the presence of CTCs and PD-L1/PD-L2 expression
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Figure 3. Microfluidic chipcytometric detection and characterization of spiked tumor cells.
CK, EpCAM, nuclear, CD45, PD-L1, PD-L2 and vimentin staining were used to distinguish tumor cells (population highlighted in red) from
the white blood cell population after enrichment on the ClearCell FX R© system. (A & C) Whole blood spiked with H1975 tumor cells. (B &
D) Whole blood not spiked with H1975 tumor cells. (A & B) H1975 cells gated as CK+, EpCAM+, DAPI+ and CD45-. (C & D) Histograms of
PD-L1, PD-L2 and vimentin expression in H1975 tumor cells (red) and white blood cell contaminants (black).
CK: Cytokeratin; EpCAM: Epithelial cell adhesion molecule.
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Figure 3. Microfluidic chipcytometric detection and characterization of spiked tumor cells (cont.).
CK, EpCAM, nuclear, CD45, PD-L1, PD-L2 and vimentin staining were used to distinguish tumor cells (population highlighted in red) from
the white blood cell population after enrichment on the ClearCell FX R© system. (A & C) Whole blood spiked with H1975 tumor cells. (B &
D) Whole blood not spiked with H1975 tumor cells. (A & B) H1975 cells gated as CK+, EpCAM+, DAPI+ and CD45-. (C & D) Histograms of
PD-L1, PD-L2 and vimentin expression in H1975 tumor cells (red) and white blood cell contaminants (black).
CK: Cytokeratin; EpCAM: Epithelial cell adhesion molecule.
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Figure 4. Representative images from the microfluidic chipcytometric detection and characterization of spiked tumor cells.
(A) H1975 cells detected in the spiked samples. The staining profile allows us to distinguish these cells from the white blood cells. (B)
Representative images of white blood cell contaminants present after enrichment by ClearCell FX R© system.
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Table 2. Clinicopathological characteristics of metastatic breast cancer patients who provided samples for this study.
Patient sample number Age Gender Cancer stage Treatment history

A 43 Female 4 Docetaxel and cyclophosphamide
(AC) chemotherapy, herceptin

B 58 Female 3 Surgery

AC: Adriamycin cyclophosphamide.

Cell 11

B/F DAPI CD45 CK EpCAM PD-L1 PD-L2

Figure 5. Example images of a circulating tumor cell isolated from a breast cancer patient.
Blood from the patient was processed for CTC enrichment using the ClearCell R© FX system. The sample was then
analyzed by chipcytometry and a single CTC determined to be PD-L1/PD-L2 negative was detected.
CTC: Circulating tumor cell.

by chipcytometry. We detected a single CTC in patient A and determined the PD-L1 and PD-L2 status of this
CTC to be negative (Figure 5).

Discussion
We have assessed a novel assay workflow to detect CTCs and characterize PD-L1 and PD-L2 expression on these
cells in peripheral blood samples. Specifically, in this study, we established chipcytometry as a method for the
detection of PD-L1 and PD-L2 on tumor cells using cancer cell lines A549 and H1975. Spiking experiments
revealed that our workflow could detect tumor cells in whole blood samples with a mean detection rate of 22.8%
(± 5.4%). In addition, we could determine their PD-L1 and PD-L2 expression levels. CTC detection and PD-
L1/PD-L2 assessment was also demonstrated on blood samples from patients with breast cancer. We believe that
further development and clinical validation of this assay would allow us to monitor the dynamics of PD-L1 and
PD-L2 expression during anti-PD-1 therapy and explore whether expression of these biomarkers is associated with
response. It would also be of interest to establish, through paired blood and tumor biopsy samples, to what extent
expression of PD-L1 and PD-L2 in CTCs reflects what is seen on the tumor biopsy.

The novel workflow described here combines two different technologies that tackle the challenges of isolating
and characterizing CTCs. The label-free ClearCell FX system is preferable to antibody-based affinity approaches
given the known heterogeneity in biomarker expression of CTCs [29]. The system is well established [21–24] and
the simplicity and robustness of the device is well suited for use in a clinical setting. For downstream analysis
of the isolated CTCs, we believe the main advantages of chipcytometry lie in the iterative staining process that
allows retrospective evaluation of additional markers and the potential to measure a large number of parameters
without the spillover/compensation problems encountered with flow cytometry. This approach allows the analysis
of additional immunomodulatory targets on tumor cells beyond PD-L1 and PD-L2, which is particularly critical,
considering high dimensional analysis of these markers is likely to become increasingly relevant as immunotherapy
moves beyond the administration of single immunomodulatory agents toward combinations that synergize in their
antitumor immune response. In addition, the possibility of including more tumor and immune markers (positive
and negative) will increase confidence that the identified cells are indeed CTCs [16].

In this preliminary communication, we demonstrate a workflow utilizing the CTC enrichment and chipcytometry
technologies described. However, these data are preliminary, and although it encourages future development of
the assay, further experimentation is required to fully establish feasibility of this approach. Despite the virtues of
the technologies utilized, we appreciate that further development and optimization is required to have an assay
suitable for a widescale application in clinical studies. For example, given the modest recovery reported in our
feasibility study, further studies are needed to understand which steps in the workflow are responsible for the
loss in recovery. We speculate that losses likely occur from manipulations downstream of CTC enrichment as
the ClearCell FX system has previously reported recovery rates of >85% [21]. These downstream manipulations
include sample centrifugation, buffer replacement, chipcytometry loading and chipcytometry washing steps. Other
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areas of optimization include evaluation of blood collection tube compatibility, with both the enrichment and
chipcytometry technologies, and more extensive optimization of antibody clone selection, staining concentration
and stain sequence. The need for further experiments to elucidate where these losses in CTC recovery occurred
cannot be understated, and will be the subject of future studies. Detecting only a single CTC in one patient and
no CTCs in the other patient is lower than that has been reported for breast cancer patients [15], and a number
of factors could have contributed to this, including the modest recovery for the spiked samples and low patient
sample number in this study. Furthermore, the treatment received by the cancer patients could have affected the
numbers of CTCs in circulation, and samples taken from patients prior to treatment may be more appropriate for
evaluating the feasibility of new assay workflows. Expression of PD-L1 and PD-L2 in lung cancer tumors is known
to be heterogeneous, with some patients expressing a high proportion of tumor cells positive for these markers
while others have no detectable PD-L1 and PD-L2 [30]. Finally, exploration of an appropriate analysis strategy
and software platform will facilitate identification of CTCs without restricting their identification to the classical
definitions used here (DAPI+, CD45-, CK+, EpCAM+). This will become especially relevant as we consider the
quantitative measurement of each marker’s expression and add higher numbers of markers to the assay.

Conclusion
Here we demonstrate a novel workflow, the first using chipcytometry, to isolate CTCs from patient blood samples
and subsequently characterize them for the expression of PD-L1 and other markers. Spiking experiments revealed
that our workflow could detect tumor cells in whole blood samples with a mean detection rate of 22.8% (+/-
5.4%). We demonstrate CTC detection and PD-L1 and PD-L2 expression assessment on blood samples from
patients with breast cancer.

Future perspective
The expression of PD-L1 on the tumor has been established as a diagnostic for treatment with anti-PD-1 therapy
in lung cancer. Future work will establish the utility of measuring the expression of PD-L1 on CTCs and whether
this is reflective of expression in the tumor and predictive of response to treatment. In addition, the dynamics of
PD-L1 expression during treatment will be determined and the value of doing this in monitoring patient response
understood. Isolation and characterization of CTCs will be explored as a potential avenue for longitudinal tracking
of this biomarker where invasive serial biopsies are not possible. Furthermore, as immunotherapy is extended
to more targets and combinatorial approaches are shown to improve therapeutic benefit, new technologies and
workflows will be established to routinely capture these rare cells and fully characterize them using high dimensional
proteomic and genomic approaches.
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Executive summary

Background
� The expression of PD-L1 in the tumor has been associated with more favorable response rates to anti-PD-1

therapy.
� However, obtaining tumor biopsies for PD-L1 interrogation is an invasive procedure and challenging to assess

repeatedly as the disease progresses.
� A potential alternative, minimally invasive, approach is the analysis of blood samples for circulating tumor cells

(CTCs) that have broken away from the tumor.
� A novel workflow for the detection and characterization of CTCs from whole blood was assessed for feasibility.
Experimental
� Blood from healthy donors and cancer patients was collected in 10 ml K2-EDTA tubes. Healthy donor blood was

spiked with H1975 cells to evaluate feasibility of the approach.
� The ClearCell R© FX System, a sized-based microfluidic enrichment system, was used for enrichment of CTCs.
� CTC detection and characterization for PD-L1 and PD-L2 was performed using microfluidic-based cytometry

(chipcytometry).
Results & discussion
� Spiking experiments revealed that our workflow could detect tumor cells in whole blood samples with a mean

detection rate of 22.8% (+/- 5.4%).
� In a patient with breast cancer, a single CTC was detected and the PD-L1 and PD-L2 status of this CTC determined

to be negative.
Conclusion
� We demonstrate preliminary assessment of a novel workflow, the first using chipcytometry, to isolate CTCs from

patient blood samples and subsequently characterize them for the expression of PD-L1 and other markers.

References
Papers of special note have been highlighted as: • of interest; •• of considerable interest

1 Hamid O, Robert C, Daud A et al. Safety and tumor responses with lambrolizumab (anti-PD-1) in melanoma. N. Engl. J. Med. 369(2),
134–144 (2013).

2 Topalian SL, Hodi FS, Brahmer JR et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N. Engl. J. Med.
366(26), 2443–2454 (2012).

3 Topalian SL, Sznol M, McDermott DF et al. Survival, durable tumor remission, and long-term safety in patients with advanced
melanoma receiving nivolumab. J. Clin. Oncol. 32(10), 1020–1030 (2014).

4 Tumeh PC, Harview CL, Yearley JH et al. PD-1 blockade induces responses by inhibiting adaptive immune resistance. Nature
515(7528), 568–571 (2014).

5 Wolchok JD, Kluger H, Callahan MK et al. Nivolumab plus ipilimumab in advanced melanoma. N. Engl. J. Med. 369(2), 122–133
(2013).

6 Naidoo J, Page DB, Li BT et al. Toxicities of the anti-PD-1 and anti-PD-L1 immune checkpoint antibodies. Ann. Oncol. 27(7), 1362
(2016).

7 Friedman CF, Postow MA. Emerging tissue and blood-based biomarkers that may predict response to immune checkpoint inhibition.
Curr. Oncol. Rep. 18(4), 21 (2016).

8 Taube JM, Klein A, Brahmer JR et al. Association of PD-1, PD-1 ligands, and other features of the tumor immune microenvironment
with response to anti-PD-1 therapy. Clin. Cancer Res. 20(19), 5064–5074 (2014).

9 US FDA approves Keytruda for advanced non-small-cell lung cancer (2015).
www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm465444.htm

10 Madore J, Vilain RE, Menzies AM et al. PD-L1 expression in melanoma shows marked heterogeneity within and between patients:
implications for anti-PD-1/PD-L1 clinical trials. Pigment Cell Melanoma Res. 28(3), 245–253 (2015).

11 Jilaveanu LB, Shuch B, Zito CR et al. PD-L1 expression in clear cell renal cell carcinoma: an analysis of nephrectomy and sites of
metastases. J. Cancer 5(3), 166–172 (2014).

12 Budd GT, Cristofanilli M, Ellis MJ et al. Circulating tumor cells versus imaging–predicting overall survival in metastatic breast cancer.
Clin. Cancer Res. 12(21), 6403–6409 (2006).

13 Cohen SJ, Punt CJ, Iannotti N et al. Relationship of circulating tumor cells to tumor response, progression-free survival, and overall
survival in patients with metastatic colorectal cancer. J. Clin. Oncol. 26(19), 3213–3221 (2008).

14 De Bono JS, Scher HI, Montgomery RB et al. Circulating tumor cells predict survival benefit from treatment in metastatic
castration-resistant prostate cancer. Clin. Cancer Res. 14(19), 6302–6309 (2008).

Future Sci. OA (2017) 3(4) future science group



Assessment of PD-L1 & PD-L2 on circulating tumor cells by microfluidic-based chipcytometry Preliminary Communication

15 Mazel M, Jacot W, Pantel K et al. Frequent expression of PD-L1 on circulating breast cancer cells. Mol. Oncol. 9(9), 1773–1782 (2015).

•• First study demonstrating the detection of PD-L1 on the surface of circulating tumor cells (CTCs).

16 Schehr JL, Schultz ZD, Warrick JW et al. High specificity in circulating tumor cell identification is required for accurate evaluation of
programmed death-ligand 1. PLoS ONE 11(7), e0159397 (2016).

• Highlights the importance of using multiple biomarkers to accurately identify CTCs.

17 Satelli A, Batth IS, Brownlee Z et al. Potential role of nuclear PD-L1 expression in cell-surface vimentin positive circulating tumor cells as
a prognostic marker in cancer patients. Sci. Rep. 6, 28910 (2016).

• Identifies nuclear PD-L1 expression as a prognostic biomarker in cancer patients.

18 Alix-Panabieres C, Pantel K. Challenges in circulating tumour cell research. Nat. Rev. Cancer 14(9), 623–631 (2014).

19 Wang X, Sun Q, Liu Q, Wang C, Yao R, Wang Y. CTC immune escape mediated by PD-L1. Med. Hypotheses 93, 138–139 (2016).

20 Nicolazzo C, Raimondi C, Mancini M et al. Monitoring PD-L1 positive circulating tumor cells in non-small cell lung cancer patients
treated with the PD-1 inhibitor nivolumab. Sci. Rep. 6, 31726 (2016).

• Although sample size was small, this study revealed a trend toward a reduction in PD-L1-positive CTCs during anti-PD-1
therapy.

21 Warkiani ME, Khoo BL, Wu L et al. Ultra-fast, label-free isolation of circulating tumor cells from blood using spiral microfluidics. Nat.
Protoc. 11(1), 134–148 (2016).

22 Hou HW, Warkiani ME, Khoo BL et al. Isolation and retrieval of circulating tumor cells using centrifugal forces. Sci. Rep. 3, 1259
(2013).

23 Warkiani ME, Khoo BL, Tan DS et al. An ultra-high-throughput spiral microfluidic biochip for the enrichment of circulating tumor
cells. Analyst 139(13), 3245–3255 (2014).

24 Khoo BL, Warkiani ME, Tan DS et al. Clinical validation of an ultra high-throughput spiral microfluidics for the detection and
enrichment of viable circulating tumor cells. PLoS ONE 9(7), e99409 (2014).

25 Hennig C, Adams N, Hansen G. A versatile platform for comprehensive chip-based explorative cytometry. Cytometry 75(4), 362–370
(2009).

26 Stanciu LA, Bellettato CM, Laza-Stanca V, Coyle AJ, Papi A, Johnston SL. Expression of programmed death-1 ligand (PD-L) 1, PD-L2,
B7-H3, and inducible costimulator ligand on human respiratory tract epithelial cells and regulation by respiratory syncytial virus and
type 1 and 2 cytokines. J. Infect. Dis. 193(3), 404–412 (2006).

27 Azuma K, Ota K, Kawahara A et al. Association of PD-L1 overexpression with activating EGFR mutations in surgically resected
nonsmall-cell lung cancer. Ann. Oncol. 25(10), 1935–1940 (2014).

28 Maecker HT, Trotter J. Flow cytometry controls, instrument setup, and the determination of positivity. Cytometry 69(9), 1037–1042
(2006).

29 Allan AL, Keeney M. Circulating tumor cell analysis: technical and statistical considerations for application to the clinic. J. Oncol.
2010, 426218 (2010).

30 Pinato DJ, Shiner RJ, White SD et al. Intra-tumoral heterogeneity in the expression of programmed-death (PD) ligands in isogeneic
primary and metastatic lung cancer: implications for immunotherapy. Oncoimmunology 5(9), e1213934 (2016).

future science group www.futuremedicine.com



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




