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Circulating ensembles of tumor-associated cells (C-ETACs) which comprise tumor emboli, immune cells and fibroblasts pose
well-recognized risks of thrombosis and aggressive metastasis. However, the detection, prevalence and characterization of
C-ETACs have been impaired due to methodological difficulties. Our findings show extensive pan-cancer prevalence of C-ETACs
on a hitherto unreported scale in cancer patients and virtual undetectability in asymptomatic individuals. Peripheral blood
mononuclear cells (PBMCs) were isolated from blood samples of 16,134 subjects including 5,509 patients with epithelial
malignancies in various organs and 10,625 asymptomatic individuals with age related higher cancer risk. PBMCs were treated
with stabilizing reagents to protect and harvest apoptosis-resistant C-ETACs, which are defined as cell clusters comprising at
least three EpCAM™ and CK™ cells irrespective of leucocyte common antigen (CD45) status. All asymptomatic individuals
underwent screening investigations for malignancy including PAP smear, mammography, low-dose computed tomography,
evaluation of cancer antigen 125, cancer antigen 19-9, alpha fetoprotein, carcinoembryonic antigen, prostate specific antigen (PSA)
levels and clinical examination to identify healthy individuals with no indication of cancer. C-ETACs were detected in 4,944 (89.8%,
95% Cl: 89.0-90.7%) out of 5,509 cases of cancer. C-ETACs were detected in 255 (3%, 95% Cl: 2.7-3.4%) of the 8,493 individuals
with no abnormal findings in screening. C-ETACs were detected in 137 (6.4%, 95% Cl: 5.4-7.4%) of the 2,132 asymptomatic
individuals with abnormal results in one or more screening tests. Our study shows that heterotypic C-ETACs are ubiquitous in
epithelial cancers irrespective of radiological, metastatic or therapy status. C-ETACs thus qualify to be a systemic hallmark of cancer.

Introduction cells rather than clusters. However, there is growing evidence that
The focus of prior research efforts in regard to the release of viable  has led researchers to hypothesize that in addition to (or rather
cells from the tumor has been to capture and characterize single  than) circulating tumor cells (CTCs), metastasis is facilitated more
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What’s new?

C-ETACs are a systemic hallmark of cancer

Circulating Ensembles of Tumor Associated Cells (C-ETACs) comprised of tumor emboli, immune cells, and fibroblasts pose
well-recognized risks of thrombosis and aggressive metastasis. However, the detection and characterization of C-ETACs have
been impaired by methodological difficulties. Here, the authors have developed a label-free non-mechanical process that
permits enrichment of viable apoptosis-resistant C-ETACs from peripheral blood. They show that heterotypic C-ETACs are not
merely incidental findings in cancer but rather a systemic manifestation of malignancy. C-ETACs are present in a significant
proportion of all solid organ malignancies and are rare in asymptomatic individuals. Monitoring of C-ETACs could help inform

cancer management.

aggressively by dissemination of cell clusters containing CTCs."
Though there have been prior attempts at identification and char-
acterization of CTC clusters, these efforts have employed methods
and devices primarily designed for isolation of single CTCs, such
as epitope (epithelial cell adhesion molecule [EpCAM]) capture
or microfluidic devices.*> There appear to be no reports on defin-
itive methods for harvesting tumor derived emboli or CTC clus-
ters. We hypothesized that prior attempts may have been
suboptimal in recovering intact viable clusters due to methodolog-
ical limitations, and may have inadvertently underrepresented the
prevalence of CTC aggregates.” We have developed a label free
nonmechanical process that permits enrichment of viable apopto-
sis resistant circulating tumor-associated cells (C-TACs) and their
assemblages (circulating ensembles of tumor-associated cells
[C-ETACs]) from peripheral blood. This process detects and
yields C-ETACs for qualitative and quantitative analysis. Samples
from a large cohort of cancer patients (n = 5,509) as well as asymp-
tomatic individuals (n = 10,625) were processed to identify and
harvest C-ETACs. We show that heterotypic C-ETACs compris-
ing tumor cells and diverse immune cells are commonly detected
in patients with epithelial solid organ malignancies at higher prev-
alence rates than previously thought and are virtually undetectable
in the asymptomatic population. Our study findings qualify
C-ETAC:s as a systemic hallmark of cancer with potential implica-
tions in cancer detection and management.

Methods

Study design

We present data from two separate prospective observational
studies. The first observational study is titled, “Realtime Enrich-
ment Screen for Outright detection of Latent Undiagnosed
malignant Tumors in asymptomatic individuals Efficiently—
RESOLUTE” (WHO ICTRP ID CTRI/2019/01/017219). The sec-
ond observational study is titled “Tissue biopsy Replacement with
Unique Evaluation of circulating bio-markers for morphological
evaluation and clinically relevant molecular typing of malignan-
cies from BLOOD sample—TrueBlood” (WHO ICTRP ID
CTRI/2019/03/017918). Both studies have been approved by the
respective Institutional Ethics Committees of participating cen-
ters. Evaluation of participant samples was carried out at a facility
which offers College of American Pathologists (CAP) accredited
services.

Study participants and samples

The present study screened 16,134 individuals including 5,509
cancer patients (TrueBlood) and 10,625 asymptomatic individuals
(RESOLUTE). The TrueBlood Study recruited adult (>18) male
and female patients with confirmed diagnosis of solid organ can-
cers irrespective of stage, grade or therapy status (>21 days since
most recent systemic therapy or radiology for pretreated patients).
Details of the True Blood study are available at http://apps.who.
int/trialsearch/Trial2.aspx?TrialID=CTRI/2019/03/017918.  The
RESOLUTE Study recruited adult males (49-75 years) and
females (40-75 years) with no known diagnosis or clinical suspi-
cion of cancer. Details of the RESOLUTE study are available at
http://apps.who.int/trialsearch/Trial2.aspx?TrialID=CTRI/2019/
01/017219. All screened individuals were counseled regarding
the study objectives and procedures and those who provided
written informed consent were enrolled. Venous blood was
collected in EDTA containers from all recruited participants.
Cancer patients in the TruBlood Study did not undergo any fur-
ther evaluations and their most recent clinical records including
histopathology, treatment summary and radiological evaluations
were referred for disease status. All asymptomatic individuals in
the RESOLUTE study underwent prescribed gender-relevant
cancer screening procedures including mammography, low-dose
computed tomography (LDCT) scan and PAP smear, as well as
evaluation of cancer antigen 125 (CA125), cancer antigen 19-9
(CA19-9), carcinoembryonic antigen (CEA), alpha fetoprotein
(AFP) and prostate-specific antigen (PSA) levels. Asymptomatic
individuals with abnormal findings in any of the screening
procedures (e.g., elevated CA marker or suspicious findings on
imaging) were identified and considered as “at risk” population,
while those with normal findings were considered as “healthy”
population in all further evaluations. Demographic and clinical
stratification details of cancer patients and asymptomatic indi-
viduals are provided in Supporting Information Tables S1 and
S2, respectively.

Enrichment and harvesting of C-ETACs

Peripheral blood mononuclear cells (PBMCs) were obtained
from 15 ml whole blood using RBC lysis buffer (Thermo Fisher
Scientific, Waltham, MA) and finally resuspended in buffer as
per manufacturer’s instructions. Resuspended PBMCs were
divided into several aliquots, which were transferred into multi-
well plates and treated with epigenetically activated media for
up to 100 hr at 37°C under hypoxic (5% O,) conditions. The
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epigenetically activated media comprises of DMEM (Thermo
Fisher) containing FBS (Thermo Fisher) which is enriched with
Tumor Necrosis Factor Receptors (TNFR), Nuclear Factor
kappa B (NF-kB) and the Janus kinase/signal transducer and
activator of transcription (Jak/Stat) pathway related transcripts
and factors. Additional cell growth factors (CGF) such as F12
nutrient mixture (Thermo Fisher), epidermal growth factor
(EGF, Thermo Fisher), fibroblast growth factor (FGF, Thermo
Fisher) and N-2 supplements (Thermo Fisher) are also blended.
Since epithelial cells and hematolymphoid cells have signifi-
cantly different apoptotic pathways, the media provokes differ-
ential apoptosis in cells of these lineages. This approach
selectively kills hematolymphoid cells with proficient apoptotic
mechanisms in response to intense progrowth stimuli. The cells
which survive are “apoptosis resistant” and are therefore direct
tumor cells or those who are recruited by the tumors such as,
but not limited to, tumor-associated macrophages (TAMs) and
tumor-associated fibroblasts (TAFs). The procedure being
label-free and singularly premised upon the exploitation of apo-
ptosis proficient/resistant characteristic of normal versus tumor
cells affords the benefit of harvesting clusters without depen-
dence on antigen epitopes or the mechanical hobbling or
stresses typical of microfluidic devices. Processed samples were
thereafter observed by phase contrast microscopy on the fifth
day and cell clusters if any were harvested by aspiration for fur-
ther characterization. Harvested clusters were immunostained
with fluorophore conjugated antibodies against EpCAM
(phycoerythrin [PE]), pan-cytokeratins (pan-CK; fluorescein
isothiocyanate [FITC]) and leucocyte common antigen (CD45;
CY5), and finally stained with the nucleic acid dye (4,6-
diaminodino-2-phenylindole [DAPI]). Fluorescence imaging
was performed on Cell Insight CX7 High-Content Screening
Platform (ThermoFisher Scientific). For the purpose of our
study, C-ETACs were defined as clusters of at least three cells
that were positive by immunostaining for EpCAM and pan-CK,
irrespective of CD45 status. The C-ETAC enrichment media
formulation and isolation protocol is the subject matter of
Patent applications (United States Patent Office Provisional
Application Numbers 62849840 and 62796098).

Immunostaining for identification and characterization

of C-ETACs

Harvested cell clusters were used for preparation of cytospin
slides by using standard procedures. One slide was used for iden-
tification of C-ETACs by immunofluorescent staining using anti-
EpCAM, anti-panCK and anti-CD45 antibodies, as well as DAPI
to confirm intact (nucleated) cells. Additional slides were used for
immunostaining with markers such as CD44 (cancer stem cells
[CSCs]) and CD8 (tumor-associated leucocytes). In a set of sam-
ples from known cases of breast, lung, prostate, cervix and gastric
cancers, general, organ-specific and nonorgan specific markers
were evaluated by immunostaining of C-ETACs. All slides
were scanned using a multiwavelength fluorescent scanner
(Celllnsight, Thermofisher). A sample was treated as positive if at
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least one C-ETAC was detected in 1 ml PBMC equivalent of
peripheral blood. All primary and secondary antibodies used in
immunostaining, their manufacturers as well as cell lines used as
positive controls for each antibody are listed in Supporting Infor-
mation Table S3. The immunostaining workflow is provided in
Supporting Information Table S6. All antibodies were used at
manufacturer recommended dilutions with dilutions being pre-
pared in manufacturer provided or recommended dilution
buffers. All human cell lines were procured within the last 3 years.
All experiments were performed with mycoplasma-free cells.

Tumorigenic origin of C-ETACs

In order to establish a direct causative link with the existence
of a tumor, we obtained samples from a subcohort of 223 can-
cer patients prior to undergoing surgical resection of the
tumor as well as 8 hr after the surgical procedure. C-ETACs
were harvested and enumerated to discern their presurgery
and postsurgery numbers. Details of this subcohort are pro-
vided in Supporting Information Table S4.

C-ETACs and radiological status

Another subcohort of the study population included
589 patients who had previously (>21 days ago) received treat-
ments for cancer and where recent radiological evaluation
indicated no evidence of disease (NED). Details of this sub-
cohort are provided in Supporting Information Table S5.
Samples from this subcohort were compared to those of
patients with radiological evidence of disease to determine dif-
ferences in prevalence of C-ETACs.

Data availability
Data may be made available from the authors upon reason-
able request.

Results

Study cohort

The present study included 5,509 patients with a confirmed
diagnosis of cancer (Supporting Information Table S1) with a
median age of 55 years including 2,482 (45.1%) males and
3,027 (54.9%) females. Then, 4,920 patients had radiological
evidence of active cancer at the time of blood sampling
(irrespective of prior treatment status) and 589 had no radio-
logical evidence of disease post prior treatment(s). Then,
3,098 patients (56.2%) had metastatic disease and 1,138
(20.7%) cases were nonmetastatic; metastatic status was
unavailable in 1,273 (23.1%) cases. Then, 3,413 patients
(62.0%) had received prior treatment whereas 1,828 (33.2%)
were treatment naive. Therapy status of 268 patients (4.8%)
was unknown. The asymptomatic cohort (Supporting Infor-
mation Table S2) screened 10,625 individuals with a median
age of 54 years including 3,898 (36.7%) males and 6,727
(63.3%) females, of whom 3,475 were postmenopausal.
Among these 10,625 individuals, 2,132 (898 males +1,234
females) had either significant findings in LDCT,
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3488 C-ETACs are a systemic hallmark of cancer

Figure 1. Cell assemblages on Day 5. Viable intact cell assemblages (white arrow) were imaged under a phase contrast microscope at 40x
magnification. Samples from various cancer types are depicted (a) breast, (b) lung, (c) prostate, (d) stomach, (e) gallbladder, (f) kidney, (g)
bladder, (h) buccal mucosa and () pancreas. Field width is ~160 pm.

Mammography or PAP smear or elevated level(s) of CA125, C-ETACs are heterotypic

CA19-9, CEA, AFP or PSA and were hence considered as “at  Figure 1 shows representative phase contrast microscope images
risk” population. The remaining 8,493 individuals were con-  of cell assemblages from various cancers as observed on the fifth
sidered as healthy population and consisted of 3,000 (35.3%) day. Figures 2a-2i show representative images of clusters (3-50
males and 5,493 (64.7% females) with a median age of cells) staining positively for EpCAM, CK or CD45. C-ETACs
53 years (range: 40-75 years). included cells that were negative for EpCAM and CK but positive
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Figure 2. Immunostaining of C-ETACs. Cytospin smears prepared from cell-assemblages obtained on Day 5 from a case of Ca lung (a—f) and
Ca endometrium (g-I) were stained with DAPI, anti-EpCAM, anti-CK and anti-CD45. (a, g) Bright field; (b, h) DAPI; (c, /) EpCAM; (d, /) panCK;
(e k) CD45; (f, ) composite overlay (without bright field).
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Figure 3. C-ETACs are heterotypic. Cytospin smears of confirmed C-ETAC samples were immunostained for CD44 in a known case of Ca buccal
mucosa (a—e) and CD8a in a case of Ca Breast (f—j). C-ETACs in a—d were stained for DAPI, panCK, CD44 and CD45, respectively, while e is the
composite overlay. C-ETACs in f-h were stained for DAPI, EpCAM and CD8a, while i is the bright field image and j is the composite overlay.

Tumor Markers and Signatures

Figure 4. Organ specificity of C-ETACs. Cytospin smears of confirmed C-ETAC samples were immunostained for organ-specific and organ nonspecific
markers in a case of Ca Breast (a—e), Ca Colon (), Ca Ovary (k-0) and Ca Prostate (p—t). C-ETACs from Ca Breast were stained for DAPI, specific
marker GCDFP15 (unconjugated primary and PE-conjugated secondary), negative marker CDX-2 (FITC) and CD45 (Cy5.5). C-ETACs from Ca Colon were
stained for DAPI, specific marker CDX-2 (unconjugated primary and PE-conjugated secondary), negative marker GCDFP-15 (FITC) and CD45 (Cy5.5).
C-ETACs from Ca Ovary were stained for DAPI, specific marker CA125 (unconjugated primary and PE-conjugated secondary), negative marker GFAP
(FITC) and CD45 (Cy5.5). C-ETACs from Ca Prostate were stained for DAPI, AMACR (unconjugated primary and PE-conjugated secondary), negative
marker GFAP (FITC) and CD45 (Cy5.5).
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Figure 5. Ubiquity of C-ETACs. (a) C-ETACs were evaluated in 5,509 previously diagnosed cases of cancers. Dark bars represent percentage of
total samples in each cancer type (and overall) where C-ETACs could be detected. (b) C-ETACs were detected with comparable frequency in
metastatic (M) as well as nonmetastatic (NM) cancer samples (UA: metastatic status unavailable). (c) C-ETACs detection was irrespective of
treatment and radiological status. T, N: treated with presently no radiological evidence of disease; T, P: treated with radiologically evident
disease; N, P: therapy naive with radiologically evident disease. (d) C-ETAC counts in presurgery (dark bar) and postsurgery (light bar)
sample.
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for CD8a (tumor-associated leucocytes; Figs. 3a-3e) as well as
cells that stained positively for CD44 (CSCs, Figs. 3f-3j). The
varied immunomorphology indicated that these C-ETACs are
not merely aggregates of CTCs but represent a snapshot of het-
erotypic multicellular associations. C-ETACs were immuno-
stained with organ of origin specific markers in samples from Ca
Breast (Figs. 4a-4e), Ca Lung (Figs. 4f-4j), Ca Ovary (Figs. 4k-
40) and Ca Prostate (Figs. 4p-4t) indicating that the C-ETAC can
be used to identify the organ of origin. All tested samples were
found to be concordant for the organ-specific markers tested and
had undetectable reactivity with nonspecific markers.

C-ETACs are ubiquitous in epithelial malignancies

Blood samples from 5,509 cancer patients were processed for
stabilization and isolation of C-ETACs. Viable C-ETACs were
discernible in 4,944 cases (89.7%) across all epithelial solid
organ malignancies. Figure 5a depicts the cancer-wise propor-
tion of samples where C-ETACs were detectable. Histopatho-
logical evaluation (HPE) and tumor grade data was available
for a subset of samples; however, no significant differences
were observed based on differences in HPE subtype or tumor
grade (data not shown). C-ETACs were detected in 1,006
(88.4%) patients out of 1,138 with local disease and 2,750
(88.8%) patients of 3,098 with metastatic disease (Fig. 5b).
C-ETACs were detected in 1,645 (90.0%) of 1,828 recently
diagnosed (radiologically evident) therapy naive patients as well
as in 3,062 (89.7%) of 3,413 pretreated patients irrespective of
present radiological status. C-ETACs were also detectable in
4,403 (89.5%) of 4,920 patients with radiologically evident dis-
ease, irrespective of treatment status. A subset (n = 589) of the
pretreated cancer population included patients with NED in
the most recent radiological scan; C-ETACs were detected in
541 (91.9%) of these patients (Fig. 5¢). In another subcohort of
223 cancer patients (Supporting Information Table S4) who
underwent surgical resection of tumor, C-ETACs were enumer-
ated in samples collected prior to surgery and 8 hr postsurgery.
It was observed that while presurgery samples had a median
density of 10 C-ETACs/field, postsurgery samples had a median
density of 5 C-ETACs/field (Fig. 5d). In postsurgery samples,
majority (77%) of samples showed decrease in C-ETACs, while
15% of samples showed increased C-ETACs and 8% of samples
showed no change.

C-ETACs in asymptomatic population

Among the 10,625 asymptomatic individuals, 8,493 had no
abnormal findings in screening for cancer and were deemed as
healthy population. C-ETACs were detected in 255 (3.0%) of
these 8,493 individuals’ samples. Among the 2,132 individuals
with deranged findings on any of the screening investigations,
C-ETACs were detected in 137 (6.4%) cases. The occurrence
of C-ETACs in patients with normal (negative) and abnormal
(elevated/significant) findings in various screening investigations
are provided in Supporting Information Table S7. In males,
higher probability of C-ETACs detection was associated with
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abnormal findings in CA-19-9 (10.3%) and total PSA (8.9%). In
females, higher probability of C-ETACs detection was associated
with abnormal findings in CEA (8.5%) and PAP smear (10.3%).
Among the 487 (out of 10,625) asymptomatic individuals with a
known family history (first-/second-degree blood relatives) of
cancer, C-ETACs were detected in 14 (2.9%) of these cases which
was comparable to the 3% detection rate in asymptomatic indi-
viduals with no aberrant findings. Among the 985 (out of 10,625)
asymptomatic individuals who reported habits such as tobacco
addiction as well as individuals with risk of exposure to carcino-
gens due to occupational hazard, C-ETACs were detected in
47 (4.8%) cases. At the time of submission of this article, none of
the 392 individuals where C-ETACs were detected had presented
with clinical or radiological manifestations of cancer. However,
they have been advised follow up to identify any early clinical
presentation.

Discussion

The onset of any sustained neoplastic expansion that disturbs
the cellular equilibrium in the human body is a major disrup-
tive event with possibly fatal consequences. Such uncontrolled
cell growth coupled with resistance to apoptosis is part of a
cascade of survival and proliferative events that form the cel-
lular and molecular hallmarks of malignancy.*” What remains
largely unknown is the existence of systemic hallmarks of can-
cer, that is, extracellular features or events that are ubiquitous
to cancers and actively involved in oncological processes.
Although the significance of CTCs in cancer has been exten-
sively studied,® the prevalence of CTC assemblages has been
largely underestimated” and not been studied from the per-
spective of being definitive attributes of malignant neoplasia.
Here, we present evidence which indicates that C-ETACs
qualify as a systemic hallmark of cancer.

Mechanistically, an important feature of the disorganized pro-
cess of uncontrolled proliferation of cells in solid organ tumors is
the outflow of loosely attached epithelial cells and their emboli
into the vasculature."”'° Normal parenchymal cells which have
torn away from their cellular scaffolds due to either injury or
infections but are not part of the malignant or premalignant pop-
ulation succumb to anoikis.'*'* However, cells that have acquired
apoptosis-resistant phenotypes adapt to the hematolymphoid
habitat and survive for extended periods of time or remain senes-
cent in safe niches.'>'* Recent studies have shown that the lineage
and ensemble of such cells is quite diverse including tumor-
associated macrophages (TAM), tumor-associated lymphocytes,
CSCs and TAM-cancer cell hybrids,"”"® and that they perhaps
obtain immune privilege using multiple camouflages and even
get layered protection from treatment agents'® as well as any
other extrinsic antitumor factors. Indeed, the active recruitment
and reprogramming of normal cells, including immune cells, by
tumor cells has been previously described” as one of the means
by which tumor cells subvert immune machinery to achieve
tumor survival and proliferation. This agrees with our own obser-
vations of CD8a positive cells in the C-ETACs. Owing to the
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selective cytotoxicity of our process, all immune cells (being
nontumorigenic) are eliminated. Accordingly, neither single
immune cells nor homotypic clusters of immune cells were
detectable and the only detectable immune cells (CD8a+) were
found in C-ETACs. We speculate that the CD8a+ cells may have
undergone some reprogramming after recruitment by the tumor-
associated cells.

C-ETACs are a further potent danger because it has been
shown that they have a very high metastatic potential"”'**!
besides posing the imminent threat of thromboembolic complica-
tions.”>*’ Though C-ETACs have received due attention in recent
years, their composite detection, harvest and culture has remained
difficult and sporadic, with only few anecdotal successes.” The
limited successes of prior efforts may be attributable to the pro-
cesses relying on devices and methods originally designed for
detection/capture of single CTC. Microfluidic devices*” used for
single cell capture may be associated with shear forces which could
lead to destruction of cells or disruption of cell clusters and result
in lower detection rates.* Label (e.g., EpCAM) based detection/
isolation methods have been used extensively; the FDA-approved
CellSearch** is a more contemporary example where CTCs are
defined as EpCAM+, CK+ and CD45—. However, EpCAM-based
approaches are not suitable for identification of CTCs that have
undergone epithelial to mesenchymal transition.””> EpCAM-based
approaches also have limited efficacy in isolation of heterotypic
C-ETAC:s for the same reason: EpCAM+ cells in viable C-ETACs
can be obscured from detection due to sequestration with a
plethora of cells such as post-EMT CTCs, tumor-associated
T-lymphocytes (TAL), TAM and CSCs."””*® The C-ETAC isola-
tion process used in our approach is neither microfluidic nor
epitope-based and is hence unaffected by the limitations of the
respective approaches. In vitro processing of viable cells may
introduce artifacts due to inherent complexities in tumor biology
as well as interactions with media or reagents. Such artifacts may
include passive cell aggregation due to metabolic intermediates,*®
as well as active chemotaxis and cellular-adherence in viable cells
induced by media or reagents. Supporting Information Video S1
is a time lapse video (Day 0-Day 5) of a representative sample
showing persistence of existing clusters (stabilization), elimination
of most single cells and absence of new cluster formation. The
in vitro C-ETAC isolation process was also used with cell lines
(SiHa Cervical Cancer, SKBR3 Breast Cancer) and TDCs from
freshly biopsied tumor (Liver, Ovarian) tissue and PBMC samples
from healthy individuals and no cell assemblages were observed in
any of these samples (Supporting Information Fig. S1) indicating
the fidelity of the process.

We evaluated the prevalence of C-ETACs across a range of
cancer types in 5,509 samples. Prior inves‘[igationsz’”’32 reported
significant variations in detection of cell clusters ranging between
14.5% (n = 55) to 100% (n = 7) in lung cancers, 17.4% (n = 115) to
61.9% (n = 21) in breast cancers, 50% (n = 8) to 68.8% (n = 32),
4.5% (n = 44) in hepatocellular carcinoma, 33.3% (n = 42) in renal
cell carcinoma, 2.8% (n = 36) to 80% (n = 10) in prostate cancers

C-ETACs are a systemic hallmark of cancer

and 22% (n = 18) t0 96.2% (n = 53) in pancreatic cancers. In con-
trast, we report a pan-cancer (epithelial malignancies) C-ETAC
prevalence of 89.7%.

It may be intuitive to expect a higher incidence of CTCs and
tumor emboli in metastatic cancers. However, C-ETACs were
detected at comparable frequencies in metastatic as well as non-
metastatic patients in our study. Though nonmetastatic solid
organ cancers may be viable for surgical resection with curative
intent, presence of C-ETAC:s in patients with nonmetastatic dis-
ease emphasizes the need for proactive disease surveillance post-
surgery. Some reports have suggested that tumor cell clusters may
increase after surgical resection.”>** In the subcohort of patients
with paired presurgery and postsurgery samples, a decreasing
trend of C-ETACs was observed postsurgery. These observations
also reaffirm the tumorigenic origin of C-ETACs.

No significant differences were observed between detection
rates of C-ET'ACs in therapy naive and pretreated individuals. In a
subset of the study cohort where patients had received prior treat-
ment and recent radiological scan indicated NED, C-ETACs were
detected in 91.9% of these patients. The findings suggest that
C-ETAC:s tend to remain in circulation for extended periods even
though the disease is radiologically undetectable posttherapy, and
may also be indicative of potential predisposition toward recur-
rence or metastasis, subject to availability of supportive niches.
Although it is well accepted that absence of radiological evidence
does not infer absence of malignancy, NED is often a significant
yardstick for critical treatment-related decisions including drug
and dose modifications or a shift to metronomic regimens. Akin
to the concept of minimum residual disease®® (MRD) in hemato-
logical malignancies, viable remnant CTCs in radiologically
undetectable cancers are linked to risks of recurrence due to drug
resistant clonal subtypes as well as resurgent populations in light
of therapy inadequacy. Hence, we propose the term circulating
metastatic disease (CMD) in solid organ malignancies, which can
be accurately determined by evaluation of C-ETACs to better
guide disease management especially treatment related decisions.

Treatment decisions in standard of care (SoC) are based on
organ of origin and often use information on antigen markers
determined by immunohistochemistry (IHC) analysis on tumor
tissue after biopsy. Prior efforts’>*” at determination of organ-
specificity and replication of IHC markers using CTCs favor the
development of these noninvasive assays. Accordingly, we evalu-
ated C-ETACs from various cancer types and observed that they
reported organ-specificity with high fidelity, with little or no inter-
ference from other organ-specific markers. Based on these find-
ings, we have initiated a larger study on utility of C-ETACs for
diagnosis and treatment decisions in cancers. The study data will
be published separately.

C-ETACs were detected in 3% of the 8,493 healthy individuals
as well as 6.4% of the 2,132 asymptomatic individuals with aber-
rant findings on screening investigations. The C-ETAC detection
rates among the screened negative (healthy) as well as at risk
populations have to be viewed primarily in the context of age-
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associated higher risk of cancer. Elevated levels of CA19-9 and
PSA appeared to be most highly associated with increased inci-
dences of C-ETAC detection among males whereas the findings of
LDCT (higher lung-RADS) inversely correlated with C-ETACs
presence. Similarly, elevated levels of CEA as well as suspicious
findings in PAP smear appeared to be most highly associated with
increased incidences of C-ETAC detection among females while
lung-RADS appeared to have lowest association. We did not
investigate association of C-ETACs with quantitative differences
in any of the screening investigations since it was beyond the scope
of the present study. Individuals with risks of carcinogen exposure
due to tobacco addiction as well as occupational hazards appeared
to be at a higher risk of C-ETAC positivity as compared to the
asymptomatic population. Surprisingly, individuals with a known
family history (first-/second-degree blood relatives) of cancer did
not appear to be at a higher risk of C-ETAC positivity. The
extremely high incidence of C-ETACs in the cancer cohort indi-
cates that C-ETACs represent the biological prevalence of malig-
nancy, irrespective of clinical or radiological status. However, the
probability of a future clinical presentation of cancer in these
392 asymptomatic individuals (with C-ETAC positivity) cannot
be presently predicted, nor can the “clinical false-positive” frac-
tion, that is, those individuals among the 392 in whom cancer will
not manifest clinically in their lifetimes. Hypothesizing that the
cancer will not clinically manifest in any of the 392 individuals
among the total 10,625 yields a hypothetical-maximum false-
positive rate of 3.7% which is yet significantly and unambiguously
lower than the false positives observed for LDCT (12.9-25.9%),®
mammography (7-12% at first mammogram®® and 50-60% after
10 yearly mammograms*’) and CA markers (e.g., 66% for PSA,*'
29% for CA-125,> 10-60% for CA19-9*’) which are routinely
used in early detection screening. Radiological scans such as
LDCT and mammography not only have high false positive rates,
but are also nonconfirmatory, that is, necessitate an invasive
biopsy for histopathological confirmation of suspected malig-
nancy, as well as being associated with radiation exposure
risks.****> Though PAP smears offer direct evidence of malig-
nancy, false-negative findings due to suboptimal samples are not
uncommon.*® Coupled with the high specificity for cancers as well
as the noninvasiveness of the procedure, C-ETACs appear to be a
superior analyte for detection of malignancy in asymptomatic
individuals. C-ETAC based cancer screening of populations is also
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expected to significantly reduce instances of confirmatory biopsies
as well as radiological scans, both of which may be unnecessarily
necessitated in suspected cases due to false positives.

The scope of the present study extended to establish the
ubiquity of C-ETAC:s in epithelial malignancies and rarity in
asymptomatic populations, which has been demonstrated.
Enumeration of C-ETACs is presently a cumbersome and
laborious manual process and hence has been attempted only
in a single subcohort. Further development and refinements
of methods will enable quantitative correlation of C-ETACs
with treatment status, radiological findings and extent of dis-
ease. These findings will be published at fruition. Though the
present study was based on a South Asian population, we do
not anticipate variations based on ethnicity or geographical
location. We conclude that C-ETACs are not merely inciden-
tal findings in malignancy but rather its systemic manifesta-
tion, the monitoring of which would better inform cancer
management. Ubiquitous C-ETACs qualify as a systemic hall-
mark of cancer and their presence in an individual’s blood is
the colloquial “smoking gun”—the absolute and direct evi-
dence of viable neoplastic disease.
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We have previously shown that circulating ensembles
of tumor-associated cells (C-ETACs) are a systemic hall-
mark of cancer based on analysis of blood samples from
16,134 individuals including 10,625 asymptomatic indi-
viduals and 5,509 diagnosed cases of cancer. C-ETACs
were ubiquitously (90%) detected across all cancer types
and were rare (3.6%) among the asymptomatic popula-
tion. Consequently, we hypothesized that asymptomatic
individuals with detectable C-ETACs would have a defin-
itively elevated risk of developing cancer as compared
with individuals without C-ETACs. In the present man-
uscript we present 1-year follow-up data of the asymp-

Introduction

The WHO states that early detection of cancer greatly
increases the chances of successful treatment (https://
www.who.int/cancer/prevention/diagnosis-screening/en/).
Mammography, low-dose computed tomography (LDCT) and
colonoscopy are some methods presently in vogue, albeit with
nagging reservations: the procedures pose several challenges
including invasive nature of tests (1), discomfort (1), and
radiation risks (2, 3) besides resource heavy settings. Popula-
tion-based blood-based screening methods (mostly using
cfDNA as the primary analyte) aim to definitively identify any
individual with indication of malignant activity with the objec-
tive to intervene at the earliest stage and attempt curative
procedures (4). Many of these tests are too sensitive and less
specific, leading to false positive cases as they may suffer from
“source uncertainty” which is associated with circulating
nucleic acid fragments: circulating mutant fragments of DNA
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tomatic cohort which shows that C-ETAC positive indi-
viduals have a 230-fold (P < 0.00001) higher 1-year cancer
risk as compared with individuals where C-ETACs were
undetectable. Simultaneously, we also expanded the study
to include 4,419 symptomatic individuals, suspected of
cancer, prior to undergoing an invasive biopsy for diag-
nosis. C-ETACs were detected in 4,101 (92.8%) of these
4,419 cases where cancer was eventually confirmed. We
conclude that detection of C-ETACs can identify patients
at risk of cancer and can be reliably used to stratify
asymptomatic individuals with an elevated 1-year risk of
cancer.

can emanate from diverse sources that may not necessarily
represent viable malignancy, for example alterations captured
in cfDNA due to clonal hematopoietic mutations of indeter-
minate potential (5). Also, the test may turn out to be positive
too early, making radiologic or clinical verification almost
impossible, thereby causing overdiagnosis and anxiety (6, 7).
For these reasons, blood-based tests have not yet gained wider
acceptance or adoption.

An alternative to the “definitive positive selection” approach
would be to risk-stratify asymptomatic individuals according to
a “1 year” risk by periodic testing. The process would be to
identify those individuals who are “biomarker positive” and
risk stratify them as “average/higher risk” cohort for the
purpose of follow-up monitoring with surveillance programs,
whereas in those individuals where no hallmark bio-marker is
detected could be classified as “low risk.”

We have previously shown that circulating ensembles of
tumor-associated cells (C-ETAC) are heterotypic clusters com-
prising tumor cells, immune cells, and fibroblasts, and are a
systemic hallmark of cancer (8). The presence of C-ETACs
either singly or in clusters offers a definitive head-start for risk-
stratification since C-ETACs by their very nature are causa-
tively linked to malignant activity. We show herein that this
approach yields negative risk stratification benefit for identi-
fying individuals who can be excluded from routine screening
unless warranted by other clinical considerations. This is the
first large-scale study where samples from suspected patients
with cancer were obtained before any biopsy. In other con-
temporary studies, samples appear to have been obtained from
patients with cancer where there had already been a diagnosis
based on a biopsy/surgery (9). This is relevant since breach of
the basement membrane of the tumor would inevitably lead to
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release of tumor material in the blood, which may result in false
higher sensitivity, especially in early-stage cancers. A real-
world screening test would have to detect latent malignancy
in asymptomatic individuals who would have not undergone
any prior invasive procedure.

Materials and Methods

Study design

The RESOLUTE and TRUBLOOD trials (CTRI Registration
Nos. CTRI/2019/01/017219 and CTRI/2019/03/017918,
respectively) are complimentary prospective observational
studies for establishing the viability of circulating tumor cells
(CTCs) and their clusters (C-ETACs) for screening, diagnostic,
and prognostic purposes. Both studies have been previously
reviewed by the Ethics Committees of the Study Sponsor (Datar
Cancer Genetics, DCG) as well as the participating institutions.
Both trials were conducted in accordance with existing regu-
latory and ethical guidelines such as the Declaration of Hel-
sinki. Details of both studies may be obtained from WHO
ICTRP.

Study population

The RESOLUTE study recruited asymptomatic adults
(males and females) with only age-associated elevated risk
of cancer and no prior diagnosis of cancer. Study participants
underwent protocol screening investigations for cancer
including LDCT, mammography, Pap Smear as well as
evaluation of serum cancer antigens (CA125, PSA, CA19-9,
AFP, and CEA). The TrueBlood Study recruited adults
(males and females) with symptoms suspected of cancer
and those with prior confirmed diagnosis of solid organ
cancers. For this study, all solid organ cancers are considered
except hematolymphoid and CNS malignancies. Eligible
volunteers for both studies were counselled regarding the
respective study objectives, procedures, and sample require-
ments. Thereafter willing volunteers provided informed
written and signed informed consent.

Samples

A total of 15 mL blood samples were collected from parti-
cipants in both studies. In case of the asymptomatic individuals,
blood was collected prior to undergoing the screening inves-
tigations. In case of patients diagnosed with or suspected of
cancer, the blood was collected prior to a biopsy, any other
invasive procedure or a radiologic scan. In case of patients
diagnosed with or suspected of cancer, all biopsies, other
invasive procedures, and radiologic imaging scans were as part
of routine diagnostic work-up and not as part of the Study.
Blood samples from all study participants were processed at the
CLIA, CAP, and NABL-ILAC accredited laboratory of the
Study Sponsor.

Enrichment and harvesting of C-ETACs
Peripheral blood mononuclear cells (PBMCs) were obtained
from 15 mL whole blood using RBClysis bufter (Thermo Fisher
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Scientific) as per manufacturer's instructions and aliquots were
transferred into multiwell plates for treatment with epigenet-
ically activating media as described previously (8). Processed
samples were observed by phase contrast microscopy on the
fifth day. Viable apoptosis-resistant (malignant) tumorigenic
cells and their clusters were harvested by aspiration for
further processing. Harvested cells clusters were gently
transferred to coated glass slides for identification of C-
ETACs by immunostaining. C-ETACs were defined as clus-
ters of >3 cells with characteristic immunostaining pattern as
per cancer type, including epithelial carcinoma (EPCAM+,
panCK+, CD45%), sarcoma (SMA+, Desmin+, CD454), or
neuroendocrine tumor (Synaptophysin+, Chromogranin+,
CD45+). Immunocytochemistry (ICC) procedure for
immunostaining of C-ETACs is provided below.

ICC workflow

C-ETACs were fixed on slides with 4% paraformaldehyde
(pH 6.9, 20 minutes). Cell permeabilization was achieved with
0.3% Triton-X 100 (15 minutes), followed by blocking with 3%
BSA (30 minutes). Cells were immunostained with primary
antibodies (60 minutes), washed with PBS (pH 7.4), incubated
with secondary antibodies (60 minutes), washed with PBS, and
then incubated with 4',6-diamidino-2-phenylindole dihy-
drochloride in dark (15 minutes). All incubations were at
ambient temperature (20°C-25°C). Positive and negative cell
line controls were also processed with each batch of samples
(Supplementary Table S1). All cell lines were procured within
the last 3 years. All cell lines were mycoplasma-free.

Detection of C-ETACs

ICC slides were scanned by Cell Insight CX7 High-Content
Screening Platform (Thermo Fisher Scientific). Scanned slides
were reviewed using the colony detecting assay of the Cellin-
sight Software (Thermo Fisher Scientific) to detect C-ETACs
using a surface area threshold of (>)120 um?®.

Results

Study participants

In our previously published data, we reported findings
based on 16,134 study participants including 10,625 asymp-
tomatic individuals and 5,509 patients with cancer. We
subsequently enrolled an additional 4,743 eligible and con-
senting individuals suspected of solid organ cancer who had
been advised an invasive biopsy into the TrueBlood Study; in
these individuals blood samples were collected prior to an
invasive biopsy. The additional patients were enrolled to
obtain a numerically significant population to evaluate the
extent of C-ETACs in symptomatic individuals presenting
for a diagnostic biopsy/FNAC and have not undergone any
prior invasive procedures. Among these 4,743 individuals,
4,419 (Supplementary Table S2) were subsequently diag-
nosed with cancer (2,129 nonmetastatic and 2,290 metastat-
ic) and 324 (Supplementary Table S3) with a benign
condition.
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Detection of C-ETACs

In the prior report (8), we had indicated that C-ETACs were
detected in 392 individuals (3.69%) of the entire asymptomatic
cohort of 10,625 individuals, based on direct ocular assessment
of samples (immunostained slides) by the operator. In this
study, the data were re-examined using colony detecting assay
of the Cellinsight Software (Thermo Fisher Scientific). During
re-analysis, an additional 78 samples were identified as C-
ETAC positive, leading to a cumulative detection in 470
(4.42%) individuals. Similarly, prior assessment of immunos-
tained slides had indicated 4,944 C-ETAC positive samples
(89.7%) in the cohort of 5,509 cancer cases. Re-evaluation of
these samples with the colony detecting assay with same
detection thresholds indicated C-ETAC positivity in an addi-
tional 179 samples leading to a cumulative detection in 5,123
(93.0%) patients. In the additional cohort of 4,419 cases
eventually confirmed with cancer, C-ETACs were detected in
4,101 (92.8%) cases, including 1,980/2,129 (93.0%) nonmeta-
static cases and 2,121/2,290 (92.6%) of the metastatic cases. C-
ETAC:s were also detected in 8 of 324 (2.47%) cases of benign
tumors.

Follow-up of asymptomatic individuals

Between 14 February 2019 and 30 June 2019, 10,625 asymp-
tomatic individuals were enrolled into the RESOLUTE study.
Demographic details of this population have been published
previously (8). Among this cohort, 10,155 individuals were
determined to be C-ETAC negative whereas 470 were deter-
mined to be C-ETAC positive. Study participants were blinded
to status of C-ETACs in their blood samples at all times. All
study participants were followed up telephonically between 10
May 2020 and 27 May 2020 (Median duration of 379 days
between recruitment and follow-up) with a brief questionnaire

Hallmark C-ETACs Signify 230 Times Higher 1-Year Cancer Risk

(Supplementary Table S4) asking about detection of cancer.
Consequently, out of the 10,155 individuals in the C-ETAC
Negative Group (CNG), 6,625 (61.3%) could be contacted
whereas 3,530 individuals (38.7%) were either lost to follow-
up or withdrew consent for further follow-up. Among these
6,625 individuals, 6,624 (99.984%) stated that there was no
diagnosis of cancer whereas one individual (0.015%) was
diagnosed with breast cancer. Among the 470 individuals in
the C-ETAC Positive Group (CPG), 259 (55.10%) could be
contacted whereas 211 (44.9%) were either lost to follow-up or
withdrew consent for further follow-up. Among these 259
individuals, cancer was detected in nine cases (3.47%) of whom
four had breast cancer, two refused to disclose the cancer type
and 1 each had ovarian, esophageal, and colon cancer. One
individual detected with breast cancer had BIRAD 5 status at
the time of enrolment. Stage and grade of the cancer cases was
not ascertainable. A summary of the follow-up findings is
depicted in Fig. 1. Thus, the detection rates of cancer were
0.015% in the CNG and 3.47% in the CPG, indicating 230-fold
(P < 0.00001) increase in 1-year cancer risk associated with
detection of C-ETAC:s. If the lost to follow-up participants are
included in the overall computation by accounting for the
average age standardized cancer incidence rate of 0.089%, the
detection rates would be 2.13% in the CPG and 0.04% in the
CNG respectively, yielding a 54-fold (P < 0.00001) 1 year
elevated cancer risk in the CPG.

Discussion

Because C-ETACs are directly derived from a tumor mass,
they are a direct evidence of malignancy and can be conve-
niently construed as a microbiopsy. We had previously dem-
onstrated that C-ETACs are ubiquitous in various solid organ

Total asymptomatic
(10,625)

|

C-ETAC positive (CPG)

(470)

Lost to follow-up Followed-up
(211) (259)
Asymptomatic Diagnosed with cancer

(250) (9)

Figure 1.

}

C-ETAC negative (CNG)

(10,155)

Followed-up Lost to follow-up
(6,625) (3,530)
Diagnosed with cancer Asymptomatic

(1) (6,624)

Summary of follow-up findings in the cohort of 10,625 asymptomatic individuals. All study participants were contacted approx. One year after initial enrollment to
determine the proportion of individuals with diagnosis of cancers. Follow-up was possible in 6,884 cases whereas patients were lost to follow-up (or withdrew
consent) in 4,141 cases. Higher detection rates of cancer were observed in the C-ETAC positive group as compared with the C-ETAC negative group (3.47% vs. 0.015%,
P < 0.00001) indicating 230-fold higher 1-year cancer risk associated with detection of C-ETACs.
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cancers and are rare among asymptomatic individuals; 89.8%
of 5,509 patients with cancer were positive for C-ETACs as
opposed to 3.6% of 10,625 asymptomatic individuals. We
hence hypothesized that detection of C-ETACs in asymptom-
atic individuals may be indicative of a latent/yet undiagnosed
malignancy and precede a future diagnosis of cancer. On the
basis of this premise, we risk-stratified the 10,625 asymptom-
atic individuals as elevated or baseline risk of malignancy based
on detection of C-ETACs in blood samples. On the basis of the
recommendations of the United States Preventive Screening
Task Force (USPSTF; https://www.uspreventiveservicestask
force.org) existing at the time of initial enrolment, the study
population included adult females above the age of 45 and adult
males above the age of 50 who are generally considered at an
elevated age associated risk of most cancers. The 1-year follow-
up of these individuals from the largest study of viable C-
ETACs was intended to assess if their detection has a higher
consequential risk of manifest malignancy in a finite period for
individuals who were C-ETAC positive in the first instance.
The study findings demonstrate a definitive risk for C-ETAC
positive individuals to be detected with cancer within 1 year. No
significant differences were observed between age-wise sub-
groups. The authors are mindful that, given the nature and
biology of cancer, it is impossible to predict the radiological or
symptomatic manifestation of the disease in C-ETAC positive
cases. This is especially so since circulating tumor cells have
been previously shown to be detectable several years before the
disease becomes apparent symptomatically or on imaging (10).
Correspondingly, the study also evaluated whether individuals
with no detectable C-ETACs would have a meaningful reas-
surance of being free from the risk of cancer for a length of time.
Considering that C-ETACs are extremely unlikely to be
influenced by ethnicity, the present strategy offers a viable
approach to stratification-based screening of populations irre-
spective of demographic subtypes. The high sensitivity and
specificity of C-ETAC detection-based approach can facilitate
accurate triaging of at-risk populations. Additional prospective
studies will help us understand if the test could be considered
for all asymptomatic individuals above the age of 45 (females)
and 50 (males) with no prior diagnosis of cancer. The risk
stratification can be used to identify individuals who have
negative C-ETAC status and can be excluded from current
screening modalities if there are no other clinical reasons
warranting such investigations. In this study, ~96% of the
asymptomatic population were deemed at a lower risk due to
absence of C-ETACs. Relief from conventional screening in
this sizeable proportion of individuals translates to an appreci-
able reduction in logistical, operational, and financial burden
on the present cancer screening infrastructure which is reliant
on resource intensive methods. Additional prospective studies
will help us understand if the savings can readily absorb any
additional follow-up costs in the ~4% “at risk” population.
A positive C-ETAC result narrows down the focus on the
“higher/average risk” population and can reduce the burden on
the cancer screening, detection, and diagnosis infrastructure.
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Simultaneously, a negative C-ETAC result will lighten the
anxiety of cancer. Our study shows that the detection of C-
ETAC:s is largely unaffected by metastatic/nonmetastatic status
of the disease. The findings of this study also reinforce the case
for a pan-cancer screening test rather than separate investiga-
tions for different cancers, which are largely tied to anatomical
features such as primary organ. The test when offered at a
population level should not cost more than $200, which
compares favorably with other screening modalities such as
LDCT, mammography, or colonoscopy with the added advan-
tage of it being a blood test with no concerns about radiation or
invasive procedures.

Accurate risk stratification can reduce the time to detection
and treatment of cancers (11, 12). The detection of cancer in 9
individuals within 1 year among the C-ETAC positive asymp-
tomatic cohort of 259 participants versus 1 individual in the C-
ETAC negative asymptomatic cohort of 6,224 individuals
shows that individuals in the CPG had a 230 times higher risk
of developing cancer than those in the CNG (P <0.00001). This
is a statistically significant basis for classification of high-risk
and low-risk groups. We speculate that further follow-up of the
higher risk (C-ETAC positive) population would establish the
higher incidence of cancer. The present absolute risk must be
viewed in the context of a 1-year follow-up, which indicates that
the absolute risk is not insignificant. Moreover, the high
sensitivity of 92.8% in the expanded real-world “pre-biopsy”
cohort of 4,419 shows that C-ETAC:s are a reliable means of
detecting cancer even at the stage of (symptomatic) presenta-
tion. This approach extends to cover cancers which cumula-
tively cause >85% deaths worldwide and facilitates early detec-
tion which can impact outcomes and the cost of treatments.
Among the asymptomatic individuals (CPG or CNG) about
whom information could not be gathered were 15 participants
who died in the intervening period of enrolment to follow-up,
due to reasons other than cancer. In conclusion, adoption of the
C-ETAC-detection based cancer risk stratification is a viable
strategy for screening of asymptomatic individuals above the
age of 40 years, considering that there is evidence of shifting of
age risks towards younger adults.

The results and conclusions from our work should be
interpreted cautiously. This study was limited to ascertain-
ing primarily the comparative detectability of C-ETACs
between individuals presenting with symptoms of cancer
(therapy naive and before any invasive procedure) and those
without symptoms of cancer. The secondary objective was to
evaluate the manifestation of cancer as an annual risk to
determine the feasibility of using the test for risk stratifi-
cation. A major limitation of this work is that over 40% of
patients were lost to follow-up. In addition, simply asking
patients if they had a cancer diagnosis could be prone to
error. Given the types of cancers that were identified in the 9
participants, specific attention to length time bias and lead
time bias should be given in future prospective trials
designed to investigate the value of this test as a stratifica-
tion and/or early detection tool.
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Evaluation of Circulating Tumor Cell Clusters for
Pan-Cancer Noninvasive Diagnostic Triaging

Andrew Gaya, MD'; Timothy Crook, PhD, MBBS?% Nicholas Plowman, MD?; Anantbhushan Ranade, MD%;
Sewanti Limaye, MD> Amit Bhatt, MD* Raymond Page, PhD®: Revati Patil, MD’; Pradip Fulmali, PhD’;
Vineet Datta, MD’; Prashant Kumar, PhD’; Darshana Patil, MD’; and Dadasaheb Akolkar, PhD &7

BACKGROUND: Histopathologic examination (HPE) of tumor tissue obtained by invasive biopsy is the standard for cancer
diagnosis but is resource-intensive and has been associated with procedural risks. The authors demonstrate that immuno-
cytochemistry (ICC) profiling of circulating ensembles of tumor-associated cells (C-ETACs) can noninvasively provide diag-
nostic guidance in solid organ cancers. METHODS: The clinical performance of this approach was tested on blood samples
from 30,060 individuals, including 9416 individuals with known cancer; 6725 symptomatic individuals with suspected cancer;
and 13,919 asymptomatic individuals with no prior diagnosis of cancer. C-ETACs were harvested from peripheral blood and
profiled by ICC for organ-specific and subtype-specific markers relevant to the cancer type. ICC profiles were compared
with HPE diagnoses to determine concordance. RESULTS: The presence of malignancy was confirmed by the detection of
C-ETACs in 91.8% of the 9416 individuals with previously known cancer. Of the 6725 symptomatic individuals, 6025 were di-
agnosed with cancer, and 700 were diagnosed with benign conditions; C-ETACs were detected in 92.6% of samples from the
6025 individuals with cancer. In a subset of 3509 samples, ICC profiling of C-ETACs for organ-specific and subtype-specific
markers was concordant with HPE findings in 93.1% of cases. C-ETACs were undetectable in 95% of samples from the 700
symptomatic individuals who had benign conditions and in 96.3% of samples from the 13,919 asymptomatic individuals.
CONCLUSIONS: C-ETACs were ubiquitous (>90%) in various cancers and provided diagnostically relevant information in
the majority (>90%) of cases. This is the first comprehensive report on the feasibility of ICC profiling of C-ETACs to provide
pan-cancer diagnostic guidance with accuracy comparable to that of HPE. Cancer Cytopathol 2021;129:226-238. © 2020
Datar Cancer Genetics Ltd. Cancer published by Wiley Periodicals LLC on behalf of American Cancer Society. This is an open
access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

KEY WORDS: circulating ensembles of tumor-associated cells (C-ETACS); circulating tumor cells (CTCs); diagnosis; diagnostic
triaging; liquid biopsy; noninvasive; solid organ cancers.

INTRODUCTION

Cancers are traditionally diagnosed using histologic examination (HPE) of tumor tissue obtained by invasive bi-
opsy to identify morphologic irregularities and nuclear features. Tissue biopsies, which are usually image-guided,
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are specialized, invasive procedures with significant mor-
bidity and financial implications. In addition, they neces-
sitate patient visits to a tertiary care center with specialized
facilities. Apart from the logistical aspects, there are other
factors that affect tumor tissue procurement, such as in-
accessibility of the tumor, proximity of the tumor to vital
organs or vasculature, patients comorbidities, and even
patients’ reluctance because of procedural risks. Repeat bi-
opsies often may be desirable, such as 1) if the prior tissue
sample was insufficient® or poorly representative,’ 2) to de-
termine the status of therapeutically relevant biomarkers,”
3) to characterize recurrent lesions, or 4) to identify a new
lesion as a second primary or metastasis.” However, repeat
biopsies are associated with increased procedural risks.

Noninvasive alternatives for obtaining representa-
tive tumor samples or tumor-derived analytes can allevi-
ate the challenges encountered with invasive procedures.®
Circulating tumor cells” (CTCs) are malignant cells shed
by tumors into the vasculature or lymphatics either as sin-
gle cells or in clusters (eg, >2 cells). Because they are de-
rived from the tumor mass itself, CTCs and their clusters
are analytically equivalent to the tumor tissue. Harvesting
sufficient, viable CTCs and their clusters from periph-
eral blood thus is comparable to obtaining a representa-
tive tissue biopsy with minimal stromal tissue or other
nontumor content and may conveniently be described as
oligobiopsy or microbiopsy.

Previous reports also have indicated that CTCs con-
vey the status of diagnostic or theranostic antigens that are
otherwise routinely evaluated in tumor tissue.® However,
the application of CTCs in the clinical setting is currently
confined to numerical evaluation for prognostication in a
few metastatic cancers.”'! The clinical potential of CTC-
based diagnosis has not been realized because current
methods and devices to harvest CTCs and their clusters
from peripheral blood principally rely on immunomag-
netic enrichment or microfluidic separation, neither of
which yields sufficient numbers for meaningful applica-
tions. 4 We previously described the ubiquity of circu-
lating ensembles of tumor-associated cells (C-ETAC:s) in
solid organ tumors; C-ETACs include CTCs, which are
CD45-negative cells, as well as CD45-positive and CD8-
positive cells, such as tumor-associated macrophages
and tumor-associated leucocytes, in addition to cancer
stem cells (CD44-positive).15 We previously described a
novel approach for the negative enrichment of C-ETACs
(and CTCs) from peripheral blood samples based on the
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apoptosis resistance of malignant cells of tumorigenic or-
igin.15 We used this approach to achieve high detection
and harvest rates of C-ETAC:s in a large cohort of pa-
tients who had prior diagnoses of various cancers and in
symptomatic individuals who had results that were sus-
picious for cancer. In a subset analysis, C-ETACs were
characterized by immunocytochemistry (ICC) profiling
for organ-specific and subtype-specific (OSS) antigens,
which are routinely evaluated in HPE and ICC, to deter-
mine the tissue of origin. Here, we describe the suitability
of this approach for adoption in clinical practice because
it noninvasively provides diagnostically relevant informa-

tion not inferior to that obtained by HPE of tumor tissue.
MATERIALS AND METHODS

Study Design

The data presented in this report were derived from pa-
tient samples obtained during the course of 4 observational
studies: the TrueBlood study (Tissue Biopsy Replacement
With Unique Evaluation of Circulating Biomarkers
for Morphological Evaluation and Clinically Relevant
Molecular Typing of Malignancies From Blood Samples;
Clinical Trials Registry-India [CTRI]/2019/03/017918);
the ProState study (Utility of ProState, the Liquid Biopsy
Platform, in Distinguishing Prostate Malignancies From
Benign Prostatic Hyperplasia; CTRI1/2019/02/017863),
the GlioLENS study (Utility of Gliotrack, the Liquid Biopsy
Platform for Gliomas, in Distinguishing Glioblastoma
From Other Central Nervous System Lesions With
Equivocal Findings on Neuroimaging; registered on
the World Health Organization International Clinical
Trials Registry Platform; CTRI/2019/02/017663), and
the RESOLUTE study (Realtime Enrichment Screen for
Outright Detection of Latent Undiagnosed Malignant
Tumors in Asymptomatic Individuals Efficiently;
CTRI/2019/01/017219). All studies were evaluated by
the institutional review boards and approved by the ethics
committees of the study sponsor (Datar Cancer Genetics)
and of the respective participating institutions. All trials
were conducted in accordance with existing ethical guide-
lines and regulations, such as those of the International
Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use-Good Clinical Practice
(ICH-GCP), as well as the Declaration of Helsinki.

The TrueBlood study enrolled adult men and women
(aged >18 years) who had a histopathologically confirmed
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diagnosis of a solid organ cancer irrespective of the extent
of disease or therapy status. The ProState study enrolled
adult men (aged >18 years) who had a confirmed diagno-
sis of either prostate cancer or benign prostate enlargement
as well as individuals who had results that were suspicious
for prostate cancer. The GlioLENS study enrolled adults
(aged >18 years) who presented with radiologic intracra-
nial space-occupying lesions that were suspicious for cen-
tral nervous system (CNS) malignancies. The RESOLUTE
study enrolled asymptomatic adult men and women who
had an age-associated elevated risk of cancer. Details of all
studies are available online by querying for the respective
trial identification numbers (https://apps.who.int/trial
search/, last accessed on 29-Aug-2020).

Study Participants and Samples

For the current study, we primarily evaluated 9416 pa-
tients who had prior diagnoses of various cancers and
6725 who had suspected cancers, among whom 6025
were subsequently diagnosed with cancer and 700 were
diagnosed with benign or inflammatory conditions of
various organs. Clinical details of these patients’ cancers
were determined from the most recent clinical reports.
Finally, the study evaluated 13,919 asymptomatic indi-
viduals who had an age-associated elevated risk of can-
cer but had negative (normal) findings on screening
investigations for cancer, including low-dose computed
tomography, mammography, Papanicolaou smears, as
well as serum antigens (cancer antigen 125 [CA125],
prostate-specific antigen [PSA], carbohydrate antigen
19-9 [CA19-9], a-fetoprotein [AFP], and carcinoem-
bryonic antigen [CEA]). Demographic data from study
participants are provided in Table 1. Details of various ob-
servational trials from which our study cohort was popu-
lated are provided in Supporting Table 1. Details of cancer
types and benign conditions are provided in Supporting
Tables 2 and 3, respectively. All study participants were
counselled regarding the aims and scope of each study,
after which they provided signed, written informed con-
sent. From 15 to 20 mL of peripheral blood was collected
into ethylenediaminetetraacetic acid vacutainer tubes
from all study participants. For the 6725 individuals with
suspected cancer, blood was collected before undergoing
a biopsy or any other invasive procedure. Blood samples
were transported to the laboratory at between 2 °C and
8 °C within 48 hours. All samples were processed at the
facility of the study sponsor, which is accredited by the
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TABLE 1. Patient Demographics?®

Characteristic Cancer Benign Asymptomatic
Sex
Men 6773 434 5807
Women 8668 266 8112
Total 15,441 700 13,919
Age: Median (range),y 57 (18-102) 55 (18-90) 53 (40-75)

Therapy status

Naive 6025 — —

Treated 9416 - -
Metastatic status

Nonmetastatic 3947 - -

Metastatic 9675 - -

Unavailable 1819 - -

#The study cohort included 9416 previously diagnosed and treated cases of
cancer, 6025 recently diagnosed therapy-naive cases of cancer, 700 individu-
als with benign conditions, and 13,919 asymptomatic individuals.

College of American Pathologists under the Clinical
Laboratory Improvement Amendments and by the
International Organization for Standardization number
15189:2012 (National Accreditation Board for Testing
and Calibration Laboratories-International Laboratory
Accreditation Cooperation, NABL-ILAC).

Enrichment, Harvesting, and Detection of
C-ETACs

Peripheral blood mononuclear cells were obtained from
15 mL of whole blood using RBC Lysis Buffer (Thermo
Fisher Scientific USA) according to the manufacturer’s
instructions, and aliquots were transferred into mul-
tiwell plates for treatment with epigenetically activat-
ing media, as described previously.15 Processed samples
were observed by phase contrast microscopy on the fifth
day. Viable apoptosis-resistant (malignant) tumorigenic
cells and their clusters were harvested by aspiration for
further processing. Harvested single cells and clusters
were gently transferred to 96-well, imaging-compatible
plates for the identification of C-ETACs and CTCs by
ICC (see Immunocytochemistry Workflow, below).
C-ETACs were defined as epithelial cell adhesion mol-
ecule (EpCAM)-positive, pan-cytokeratin  (PanCK)-
positive, and irrespective of CD45 status for all epithelial
malignancies (carcinomas); as cell-surface vimentin -
positive and smooth muscle actin -positive/S100-positive,
irrespective of CD45 status for all sarcomas; and as glial
fibrillary acidic protein (GFAP)-positive, S100-positive/
Nestin-positive and CD45-negative for all glial CNS
malignancies. To differentiate active C-ETACs from
random/transient associations of cells, C-ETACs were
defined as clusters of >3 cells that stained positive for the
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TABLE 2. Organ-Specific and Subtype-Specific
Antibodies?®

Cancer Type  Marker 1 Marker 2 Marker 3 Marker 4
Bladder Uroplakin-Il  GATA3 CK20 CK7
Breast GCDFP-15  GATA3 EMA CK7
CNS GFAP S100 Nestin Olig-2
Cervix p63 p16 CEA CK7
Colorectum CDX2 MUC2 CK20 -
Gallbladder CEA Maspin CK19 CK7
Head and neck p63 HMWCK CK5/CK6  —
Kidney CA-IX RCC CD10 Pax-8
Liver Glypican 3  Hep Par-1 AFP Arginase
Lung Napsin-A TTF-1 p40 CK7
Esophagus p63 CK5/CK6 MUC2 CK7
Ovary CA125 WT-1 Pax-8 CK7
Pancreas CA19.9 CK19 Maspin CK7
Prostate AMACR PSMA p63 PSCA
Sarcomas SMA S100 Csv -
Stomach CDX2 CEA CK7 -
Thyroid TTF-1 Thyroglobulin  Calcitonin  CK19

Uterine CK19 Pax-8 CEA CK7

Abbreviation: CNS, central nervous system.
#The listed organ-specific and subtype-specific markers were evaluated by
immunocytochemistry profiling for each cancer type.

indicated markers, irrespective of CD45 status.”> CTCs
were defined as single cells that stained positive for the
indicated markers and negative for CD45.

Immunocytochemistry Workflow

Dissociated C-ETACs (single cells) were fixed on slides
with 4% paraformaldehyde, pH 6.9, for 20 minutes.
Cell permeabilization was achieved with 0.3% Triton
X-100 (15 minutes) followed by blocking with 3%
bovine serum albumin (30 minutes). Cells were im-
munostained with primary antibodies (60 minutes),
washed with phosphate-buffered saline, pH 7.4, incu-
bated with secondary antibodies (60 minutes), washed
with phosphate-buffered saline, and then incubated with
4’,6-diamidino-2-phenylindole dihydrochloride (DAPI)
in the dark (15 minutes). All incubations were at ambi-
ent temperature (range, from 20 °C to 25 °C). Dositive
and negative cell line controls were also processed with
each batch of samples. ICC slides were scanned by using
the Cell Insight CX7 High-Content Screening platform
(Thermo Fisher Scientific USA), which enables nuclear
size filters and calibration of intensity thresholds for indi-
vidual fluorophore-conjugated antibodies. The intensity
of each antigen expression was compared with that of
batch controls (reference cell lines) (Supporting Table 4).
These precautions avoid or eliminate crosstalk in mul-
tiplexed analysis with different fluorophore-conjugated
antibodies.
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Design of Organ-Specific and Subtype-
Specific Immunocytochemistry Panels

Where EpCAM-positive,
(C-ETACs) were detected, these clusters were gently

PanCK-positive  clusters
dissociated into single cells for ICC profiling to deter-
mine the status of OSS markers. We observed that the
detection of OSS markers was more efficient and sensi-
tive in single cells than in clusters. Cancer-specific pre-
screening panels of OSS markers were designed based
on publicly available information on antigen markers
used in routine HPE or ICC analysis (Table 2). ICC
methods were initially developed and optimized on
respective control cell lines, which also were used for
analytical validation. Details of the control cell lines,
antibodies (primary and secondary), and fluorophores
are provided in Supporting Table 4. All control cell
lines used in this study were procured in the last 3 years.
All cell lines were mycoplasma-free.

Combined Prospective and Retrospective
Evaluation of Concordance

In a subset of 3509 samples (see Supporting Table 5),
C-ETACs were profiled with respective cancer-specific
OSS-ICC panels. This subset included 2281 previously
diagnosed and pretreated cases in which OSS-ICC find-
ings were retrospectively evaluated for concordance with
HPE findings on a foundational biopsy during primary
diagnostic workup. Concordance (%) was determined as
the proportion of samples in which OSS-ICC findings
agreed with prior HPE findings. The remaining 1228
samples formed the prospective, double-blinded evalua-
tion cohort in which OSS-ICC profiling of C-ETACs and
HPE of a biopsied tumor tissue sample were conducted
concurrently. For all 1228 samples, OSS-ICC panels were
selected on the basis of clinician’s recommendation of a
suspected primary. Findings of HPE and OSS-ICC pro-
filing were masked from each other until all samples had
been evaluated. After unblinding, concordance (%) was
determined as the proportion of samples in which OSS-
ICC findings agreed with recent HPE findings.

In a subset of 229 samples (Supporting Table 6)
from metastatic cancers, including samples from 163
previously diagnosed and pretreated patients and from
66 recently diagnosed therapy-naive patients, the ICC
profile of C-ETACs was evaluated to determine fidelity
in representing the primary organ versus the commonly
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TABLE 3. Organ and Subtype-Specific Antibody Panels to Discern Primary From Metastatic Deposits

Primary Metastasis
Primary Metastasis Marker 1 Marker 2 Marker 1 Marker 2
Bladder Brain Uroplakin-II GATA3 GFAP S100
Breast Brain GCDFP15 GATA3 GFAP S100
Lung GCDFP15 GATA3 Napsin-A TTF1
Liver GCDFP15 GATA3 Glypican3 HepPar1
Cervix Brain p63 CK7 GFAP S100
Colon Brain CDX2 MUC2 GFAP S100
Lung CDX2 MUC2 Napsin-A TTF1
Liver CDX2 MUC2 HepPar1 Glypican3
Head and neck Brain p63 HMWCK GFAP S100
Kidney Brain CA-IX RCC GFAP S100
Liver Lung Glypican3 HepPar1 Napsin-A TTF1
Lung Brain Napsin-A TTF1 GFAP S100
Liver Napsin-A TTFA1 Glypican3 HepPar1
Esophagus Brain p63 CK5/6 GFAP S100
Lung p63 CK5/6 Napsin-A TTF1
Ovary Brain WT1 PAX8 GFAP S100
Liver WT1 PAX8 Glypican3 HepPar1
Pancreas Lung CA19.9 Maspin Napsin-A —
Liver CA19.9 Maspin Glypican3 —
Stomach Brain CDX2 CK7 GFAP S100
Lung CDX2 CK7 Napsin-A TTF1

observed organ(s) of metastases, such as lung, liver, and
brain. C-ETAC:s in this subset of samples were profiled
with OSS-ICC markers of the primary organs as well as
the organ of metastasis (Table 3) to determine whether
the approach accurately discerns the primary organ.

RESULTS

Detection of C-ETACs

C-ETACs were detected in 14,221 of 15,441 samples
(sensitivity, 92.1%) of various cancers. C-ETACs were
detected in 3623 of 3947 (91.8%) nonmetastatic cases, in
8959 of 9675 (92.6%) metastatic cases, in 5578 of 6025
(92.6%) recently diagnosed therapy-naive cases, and in
8643 of 9416 (91.8%) previously diagnosed pretreated
cases. C-ETAC detection rates for each cancer type are
provided in Table 4. Figure 1 depicts representative sets
of images for ICC profiling of C-ETACs and CTCs for
EpCAM, PanCK, and CD45 status. Representative im-
ages depicting ICC profiling of C-ETAC: for these mark-
ers have also been published previously."” Among the
700 patients who were diagnosed with benign or other
nonmalignant conditions, C-ETACs were detected in
35 individuals (5%). Among the 13,919 asymptomatic
individuals who had negative findings on all screening
investigations, C-ETACs were undetectable in 13,408 in-
dividuals (specificity, 96.3%).

230

Concordance of OSS-ICC Profiling With
HPE Findings

To determine whether ICC profiling can provide ac-
curate representation of histologically relevant infor-
mation, such as the organ of origin and subtype, we
evaluated C-ETAC:s from a subset of 3509 patient sam-
ples. Among the 1228 recently diagnosed and therapy-
naive individuals who formed the prospective cohort,
OSS-ICC profiling was accurate in 1150 cases (93.6%)
and negative or aberrant in 78 cases (6.4%). Among
the 2281 previously diagnosed and pretreated patients
who formed the retrospective cohort, OSS-ICC profil-
ing was accurate in 2116 cases (92.8%) and negative
or aberrant in 164 cases (7.2%). Overall, among the
3509 samples, OSS markers were accurate in 3266 cases
(93.1%) and negative or aberrant in 243 cases (6.9%).
Cancer-specific concordance of OSS markers is detailed
in Table 4. Also among the 3509 samples, OSS marker
positivity rates were comparable in CTCs from meta-
static (92.4%) and nonmetastatic (94%) samples irre-
spective of prior treatment status.

In the subset of 229 samples in which ICC profiling
of C-ETAC:s was evaluated for fidelity in determining pri-
mary deposits and in discerning primary from metastatic
deposits, an overall 96.9% accuracy was determined based
on 95.5% accuracy in 66 therapy-naive cases and 97.5%
accuracy in 163 pretreated cases (see Supporting Table 6).
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TABLE 4. Circulating Tumor Cell Detection Rates (Sensitivity) and Concordance of Organ-Specific and
Subtype-Specific Panels With Histopathologic Examination Data (Accuracy)

CTC Detection Rate, %

OSS Marker Concordance Rate, %

Cancer Type Prospective Retrospective Overall Prospective Retrospective Overall
Bladder 91.0 96.2 94.7 100.0 98.1 98.5
Breast 92.4 92.5 92.5 95.4 93.4 94.0
CNS 90.0 - 90.0 90.0 - 90.0
Cervix 96.0 86.7 89.8 87.7 88.6 88.3
Colorectum 89.8 93.4 92.4 91.8 92.8 92.6
Gallbladder 97.3 90.1 93.0 100.0 87.9 91.3
Head and neck 92.2 92.8 92.5 97.9 98.5 98.3
Kidney 92.2 95.0 93.5 100.0 100.0 100.0
Liver 91.8 91.8 91.8 94.3 83.3 91.5
Lung 95.8 94.1 95.0 91.8 86.3 89.2
Esophagus 96.8 92.3 94.7 88.4 85.1 86.3
Ovary 86.8 85.6 85.9 96.2 86.2 87.7
Pancreas 96.6 91.8 941 100.0 93.0 96.0
Prostate 93.7 97.9 96.0 91.3 96.3 93.0
Sarcoma 94.1 95.3 95.1 100.0 100.0 100.0
Stomach 92.6 95.3 93.8 96.0 97.8 96.8
Thyroid 100.0 94.5 97.0 100.0 100.0 100.0
Unknown primary 89.3 81.5 88.9 - - -
Uterine 88.4 88.1 88.2 85.7 77.6 79.7
Other 89.4 85.0 89.3 — - -
Overall 92.6 91.8 92.1 93.6 92.8 93.1

Abbreviations: CNS, central nervous system; CTC, circulating tumor cells; OSS, organ and subtype specific.

Among the 35 C-ETAC positive benign cases (out
of a total of 700), C-ETACs from 5 samples (0.71% out
of 700) were positive for >1 OSS marker associated with
the organ of suspicion, indicating a possible risk of ma-
lignancy. The low OSS positivity rate in benign indicates
high specificity of the approach to discern malignant and
benign conditions in a particular organ.

C-ETACs detected in asymptomatic individuals
were not profiled by ICC.

C-ETAC positivity in individuals with benign con-
ditions and in asymptomatic individuals were conveyed
to the referring clinicians for further surveillance, the re-
sults of which will be communicated later. Figure 2 and
Figure 3 depict representative images of CTCs profiled
for OSS markers. Additional images of CTCs profiled
for OSS markers are provided in the online Supporting
Information (see Supporting Figs. 1-10). Images of
C-ETAC:s profiled for OSS markers have been published
previously.

DISCUSSION

With approximately 18 million new cases diagnosed an-
nually,16 cancer contributes significantly to the global
disease burden. HPE of malignant tissue obtained by
invasive biopsy is the current standard to determine

malignant status in suspected cancer cases as well as for
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morphologic characterization of subtype, aggressiveness,
and grade. Invasive biopsies not only cause pain, discom-
fort, and anxiety to patients but are also associated with
procedural risks, such as hemorrhage, sepsis, and tumor
seeding.'”'® Organ-specific risks pose additional chal-
lenges to invasive biopsies. In the lung, percutaneous com-
puted tomography-guided transthoracic needle biopsy is
associated with a risk of pneumothorax, leading to lung
collapse, pneumonia, and systemic air embolism.'*** In
the kidney, the risks of biopsy include dysuria, hematu-
ria, hematoma, and arteriovenous fistula.?>%4 Biopsies
of the liver and gallbladder are known to be associated
with risks such as pneumothorax, hemothorax, bile peri-
tonitis, hemobilia, intrahepatic arteriovenous fistula, and
neuralgia.25 Percutaneous biopsies of the pancreas are as-
sociated with risks such as macrohematuria, pancreatitis,
exocrine leak, and inadvertent biopsy of other organs.”*’
Risks associated with prostate biopsies include hematuria,
hematospermia, rectal bleeding, vasovagal episodes, uro-
sepsis, and acute urinary retention.”® Among all biopsies,
brain biopsies in individuals who present with intracra-
nial space-occupying lesions are perhaps most daunting
because these are associated with risks of intracranial
hemorrhage, morbidity, and mortality.29 In addition to
these risks, invasive biopsies may not be possible because

of inaccessibility of the tumor or comorbidities.>*>*
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Figure 1. Images depict the identification of circulating ensembles of tumor-associated cells (C-ETACs) and circulating tumor
cells (CTCs) by immunocytochemistry profiling. (A) C-ETACs are defined as clusters of >3 cells that are positive for epithelial cell
adhesion molecule (EpCAM), positive for pan-cytokeratin (PanCK), and irrespective of CD45 status. (B) CTCs are defined as single
cells that are positive for EpCAM, positive for PanCK, and negative for CD45. Representative images of C-ETACs and CTCs are
shown for 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI), EpCAM, and PanCK staining along with a fluorescence overlay, a
brightfield image, and a brightfield image with fluorescence overlay.
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Figure 2. Images depict immunohistochemistry (ICC) profiling of circulating tumor cells (CTCs) for organ-specific and subtype-specific
(OSS) markers of carcinomas. Representative images show ICC profiles of CTCs from (A) lung cancers, (B) breast cancers, and (C)
prostate cancers. (A) In lung cancer, (i) Napsin-A and (ii) thyroid transcription factor-1 (TTF-1) are specific for adenocarcinoma (AD),
whereas (iii) p40 is specific for squamous cell carcinoma (SCC). (B) In breast cancer, (iv) GATA-binding protein 3 (GATA3) and (v) gross
cystic disease fluid protein 15 (GCDFP15) are specific for ductal and lobular breast carcinomas. (C) In prostate cancer, (vi) prostate-
specific membrane antigen (PSMA) and (vii) a-methylacyl coenzyme A racemase (AMACR) are specific for prostate adenocarcinoma
(AD). Each row of images (i-vii) shows 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) staining, an OSS marker, a fluorescence
overlay, a brightfield image, and a brightfield image with fluorescence overlay. All CTCs were negative for CD45 (not depicted).
Additional representative ICC profiling images of CTCs from other cancers are provided in the online Supporting Information.
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The RESOLUTE, TrueBlood, GLIOLens and
ProState studies were designed to evaluate the feasibility
of detection and in vitro ICC profiling of C-ETACs and/
or CTCs for noninvasively screening and obtaining di-
agnostically relevant information in various cancers. On
the basis of an evaluation of blood samples from an ini-
tial 10,625 samples in the RESOLUTE study, we pre-
viously demonstrated that C-ETACs are rare (3.7%) in
asymptomatic populations,’” and detection rates were
lower (3%) in individuals who formed the baseline-risk
subgroup (no aberrant findings in cancer markers or
on low-dose computed tomography, mammography, or
Papanicolaou smear). Subsequently, 12,009 additional
individuals were enrolled and, among the total 22,634
individuals, 13,919 formed the bascline-risk subgroup,
whereas 8715 who had >1 aberrant finding formed the
elevated-risk subgroup. C-ETACs were detected in 4.5%
of the entire population (n = 22,634), which included a
3.7% detection rate in the baseline-risk subgroup and a
5.8% detection rate in the elevated-risk subgroup.

The negative-enrichment approach described previ-
ously" yielded sufficient C-ETACs to permit meaning-
ful downstream applications. The high detection rates of
C-ETAGC: across the entire cancer cohort were consistent
with confirmed diagnoses of cancer, and the baseline de-
tection rates in individuals with benign conditions and
in asymptomatic individuals indicated high specificity.
Because the detection and yield of C-ETACs were not
affected by therapy status, we found this approach suit-
able for longitudinal evaluations during treatment. The
objective of the current study was not to evaluate a quan-
titative change in C-ETACs based on extent of disease or
in response to treatment.

The current approach is primarily intended for
symptomatic individuals who have been referred for a bi-
opsy but have not yet undergone the biopsy. Therefore,
it is imperative to evaluate the performance characteris-
tics of this approach on blood samples from a similarly
biopsy-naive population rather than a postbiopsy pop-
ulation to accurately ascertain its sensitivity. Hence the
study population had sufficient representation from sus-
pected cases in which the blood samples were collected
before a biopsy. We observed no significant differences in
C-ETAC detection rates between biopsy-naive individu-
als and patients who had undergone a previous diagnostic
biopsy or between individuals with metastatic and non-

metastatic disease.

234

The detection of C-ETACs (or CTCs) offers di-
rect, visual evidence of malignancy; it is comparable to
a positive finding of malignancy in HPE on a tumor
tissue sample and is effectively an oligobiopsy/micro-
biopsy without stromal content, necrotic content, or
normal tissue. C-ETAC:s are viable malignant cells shed
from a tumor and hence contribute to and retain (a
subset of or in total) the overall molecular and func-
tional imprint of the parent tumor.’’ C-ETACs are a
source of tumor analytes (proteins, DNA, RNA) as well
as CTCs that may be evaluated for diagnostic infer-
ence.”” In the current study, CTCs were present in all
C-ETAC—positive cases. A few prior reports have in-
dicated the feasibility of evaluating CTCs for organ or
origin markers.>*>%* In a subset analysis of 3,509 can-
cer samples, we observed significant concordance be-
tween OSS-ICC profiles of C-ETAC samples and HPE
diagnoses in both the prospective and retrospective set-
tings. Likewise, in another subset analysis of 229 sam-
ples from patients with metastatic solid organ cancers,
we observed that ICC profiles of C-ETACs accurately
conveyed the primary cancer type/organ without any
interference from OSS markers specific to the organ of
metastasis. Thus we observed that C-ETACs retained
and faithfully conveyed the molecular and functional
characteristics of the tumor tissue of origin, irrespec-
tive of metastatic status or prior therapy status, and had
minimal intermarker interference.

Prior reports have indicated lower expression of OSS
markers in poorly differentiated or undifferentiated tu-
mors as well as in CTCs undergoing epithelial-to-mesen-
chymal transition.” In the current study, OSS markers
were negative (undetectable) in C-ETACs from a limited
number of samples; this false negativity may be specula-
tively ascribed to dedifferentiation or epithelial-to-mes-
enchymal transition. Similarly, detection rates of OSS
markers are currently restricted to classical CTCs (CD45-
negative). During analysis of our samples, OSS marker
positivity was also observed in CD45-positive subpopula-
tions of C-ETAC:s.

The standard for diagnosis in the current study
is HPE of biopsied tumor tissue, the verdict of which
(malignant vs benign) determined C-ETAC findings as
true-positive or false-positive. Any error in HPE would
result in a conflict in diagnosis. Therefore, although the
5% detection rate of C-ETACs in HPE-determined be-
nign cases is undesirable, it falls in the realm of inherent
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Figure 3. Images depict immunohistochemistry profiling of circulating tumor cells for central nervous system (CNS)-specific markers.
The markers used for CNS malignancy were (A) glial fibrillary acidic protein (GFAP), (B) S100, (C) Nestin, (D) pan-cytokeratin
(PanCK), (E) epithelial membrane antigen (EMA), and (F) oligodendrocyte transcription factor (OLIG2). Each row of 5 images shows
4’ 6-diamidino-2-phenylindole dihydrochloride (DAPI) staining, a CNS-specific marker, a fluorescence overlay, a brightfield image,
and a brightfield image with fluorescence overlay. All samples were negative for CD45 (not depicted).
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methodological limitations. No morphologic differences
were observed between the C-ETACs detected in ma-
lignant and benign cases. The 3.7% detection rate of
C-ETAC:s in asymptomatic individuals may represent a
risk of malignancy that is currently without clinical or
symptomatic manifestation. Individuals in both cases
have been advised surveillance.

Image-guided biopsies require specialized infrastruc-
ture and highly trained staff, which are generally unavail-
able at primary care centers and hence necessitate the
patient’s visit to a secondary or tertiary care facility, which
can lead to increased time to diagnosis. By comparison,
the current noninvasive approach requires a simple blood
draw, which can be fulfilled at any primary health care
clinic or even at the patient’s home.

It is acknowledged that the total number of biop-
sies performed every year exceeds the actual number of
diagnosed cases; the additional biopsies account for neg-
ative (benign cases and false-negatives) and inconclusive
findings on subsequent HPE. For example, it has been
estimated that benign fibroadenomas account for the ma-
jority of all breast masses as well as biopsied lesions, thus
adding up to a significantly high rate of negative find-
ings.**?® Similarly, it has been estimated that the major-
ity of all enlarged prostate cases are benign enlargements
or inflammatory conditions.” In the ProState study, we
evaluated 140 known cases of prostate cancer, 71 known
cases of benign prostate hyperplasia/prostatitis, and 347
symptomatic cases with enlarged prostate suspicious for
prostate cancer; of the latter, 111 were eventually diag-
nosed with prostate cancer, and 236 were diagnosed with
benign conditions based on HPE of biopsied tissue. In
our analysis of the 347 samples, in which the operator
was initially blinded to the findings of HPE, we observed
98.9% overall accuracy for detection of prostate cancer in
samples that were positive for at least 1 marker (o-meth-
ylacyl coenzyme A racemase/prostate-specific membrane
antigen) and 93.1% overall accuracy in discerning pros-
tate cancer from benign conditions. Currently, the only
limitation of this approach for prostate cancers is that it
has not been validated for concordance with the Gleason
score. Among the 236 benign cases, 228 (96.6%) were ac-
curately identified based on the absence of C-ETAC:s. In
a real-world scenario, this represents the number of indi-
viduals with benign conditions for whom an unnecessary
biopsy can be avoided. We foresee this analysis being used

in conjunction with multiparametric magnetic resonance
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imaging for assessment, to identify patients who have a
high probability of cancer and to achieve diagnostic tri-
aging for individuals in whom the diagnosis still needs
confirmation by tissue biopsy.

Malignancies of the CNS (brain tumors) are espe-
cially challenging because these are associated with signif-
icant limitations to biopsy and postbiopsy complications.
Brain biopsies are considered especially challenging com-
pared with biopsies of other organs because of the greater
risks of morbidity and mortality associated with proce-
dural complications, such as intracranial hemorrhage.29
Unarguably, a noninvasive diagnostic approach would be
most appreciated for CNS malignancies. In the subset
of samples from the GlioLENS study, ICC profiling of
C-ETACs (with GFAD S100, Nestin, PanCK, epithelial
membrane antigen, and oligodendrocyte transcription
factor) helped differentiate CNS malignancies from be-
nign conditions and metastasis from primary carcinoma
with 90% and 100% specificity, respectively, and it also
ascertained the glial lineage with 90% accuracy.

Often a repeated biopsy may be desirable after sus-
pected false-negative or inconclusive findings on HPE or
when progression of disease is suspected in the case of
CNS malignancies. However, this may not be advisable
or immediately viable because of health risks, expenses,
logistical considerations, and delayed diagnosis and treat-
ment. Conversely, inconclusive findings in C-ETAC-
based diagnosis merely necessitate another blood draw.
Noninvasive approaches that can reduce dependence on
invasive biopsies or defer the immediate need for a biopsy
could alleviate infrastructural burdens on the health care
system.

The objective of the current study was to raise and
answer 3 analytical questions with regard to the clinical
utility of a C-ETAC-based diagnostic approach for symp-
tomatic individuals presenting at a tertiary cancer care
center and who have been advised to undergo an invasive
biopsy: 1) whether it is possible to provide a noninvasive
diagnosis of cancer with accuracy that is not inferior to
that of conventional tissue-based procedures, 2) whether
C-ETAC:s can be used for immunopathologic characteri-
zation of the tumor according to the tissue of origin, and
3) whether this approach is suitable and robust for the
real-time assessment of tumor dynamics in patients with
pretreated cancer. All of these questions are answered af-
firmatively in light of the study findings. We demonstrate
that viable C-ETACs can be obtained in most patients
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with cancer and that ICC profiling of these C-ETACs can
provide diagnostically relevant information. The strength
of the study lies in demonstrating: 1) the ability to de-
tect and harvest C-ETAC: in a significant proportion of
a large cohort of patients, 2) the ability to detect OSS
markers in a majority of samples covering diverse cancer
types, and 3) that the approach is feasible in all patients
irrespective of extent of disease (metastatic status) and
therapeutic status.

Furthermore, and because C-ETACs are probably
derived from the leading edge or tumor-budding ele-
ments of a growing cancer and have their own evolving
transcriptome, future research on molecular profiling
of C-ETACs may help unravel the metastatic potential
and inherent aggressive nature of the evolving cancer and
would be an intuitive addition to existing approaches for
the molecular profiling of circulating tumor nucleic acids
for diagnostic and treatment purposes.

The current study is based on existing antigen mark-
ers that are approved for use in the diagnosis of various
solid organ cancers by HPE. Like HPE, the success of
C-ETAC-based diagnostic approaches are affected by the
inherent limitations of these markers, including detection
rates and cross-reactivity. We have not evaluated the in-
terference of ongoing chemotherapy on C-ETAC yields
or ICC; a gap of 21 days was ensured as a washout period
for patients on systemic therapy before blood collection.
Currently, this study is unable to report on melanoma
because of lower prevalence rates and an insufficient sam-
ple size. Further evaluation of C-ETAC: for determining
additional parameters, such as Ki-67, grade, and status
of therapeutically relevant markers (eg, estrogen recep-
tor, human epidermal growth factor receptor , androgen
receptor, programmed death-ligand 1, and neurotrophic
tyrosine receptor kinase), is expected to add to the value
of this noninvasive approach.

In conclusion, in a large cohort study, we demon-
strate for the first time the clinical potential of using
C-ETAG: for noninvasive diagnostic triaging of suspected
cancer cases, particularly in cases unfit for biopsy or in
which biopsy is difficult for any reason, and for clinical
decision making. The current study goes some way toward
that Holy Grail of a simple blood test to detect cancer.
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Simple Summary: Detection of breast cancer in the early stages is associated with higher cure rates
and better survival, and also requires fewer intensive treatments. Current breast cancer screening via
mammography is unsuitable for use among (younger) women with more dense breasts, and also
has limitations in its ability to detect aggressive breast cancers. In this research article, we describe a
breast cancer detection test that is based on the detection of ‘circulating tumor cells” in blood samples.
This test can detect breast cancer CTCs with high accuracy across all age groups, hormone receptor
subtypes, histological subtypes, and disease grade. In our study, this test detected breast cancer
cases and differentiated them from healthy (cancer-free) females as well as those with non-cancerous
conditions with high accuracy. This test has negligible risk of false positive findings, as well as high
detection rate for early-stage (localized) breast cancer. Clinical adoption of this test can be beneficial

in cancer screening as well as in detection of breast cancers in suspected cases.

Abstract: Background: The early detection of breast cancer (BrC) is associated with improved
survival. We describe a blood-based breast cancer detection test based on functional enrichment
of breast-adenocarcinoma-associated circulating tumor cells (BrAD-CTCs) and their identification
via multiplexed fluorescence immunocytochemistry (ICC) profiling for GCDFP15, GATA3, EpCAM,
PanCK, and CD45 status. Methods: The ability of the test to differentiate BrC cases (N = 548) from
healthy women (N = 9632) was evaluated in a case—control clinical study. The ability of the test to
differentiate BrC cases from those with benign breast conditions was evaluated in a prospective
clinical study of women (N = 141) suspected of BrC. Results: The test accurately detects BrAD-CTCs
in breast cancers, irrespective of age, ethnicity, disease stage, grade, or hormone receptor status.
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Analytical validation established the high accuracy and reliability of the test under intended use
conditions. The test detects and differentiates BrC cases from healthy women with 100% specificity
and 92.07% overall sensitivity in a case—control study. In a prospective clinical study, the test shows
93.1% specificity and 94.64% overall sensitivity in differentiating breast cancer cases (N = 112) from
benign breast conditions (N = 29). Conclusion: The findings reported in this manuscript support the
clinical potential of this test for blood-based BrC detection.

Keywords: breast cancer; screening; circulating tumor cells; immunocytochemistry

1. Background

Breast cancer (BrC) is the most common malignancy, and a leading cause of cancer-
related mortality among women globally [1]. Although mammography is the standard of
BrC screening in asymptomatic females, there is a need for improved BrC detection which
addresses the risks and limitations of mammography, such as radiation exposure, lower
specificity in differentiating benign conditions from malignancy, and lower sensitivity for
invasive carcinomas, as well as incompatibility with dense breast tissue. Circulating tumor
analytes in peripheral blood were evaluated for potential application in more accurate,
non-radiological, and non-/minimally invasive screening for breast cancer. Circulating
tumor cells (CTCs) are an ideal analyte for detection of cancers, since they are intact
malignant cells that harbor the imprint of the parent tumor. CTCs have distinct advantages
over nucleic acid fragments or serum antigens, since the latter may also be released by
non-malignant cells, and are associated with lower sensitivity and specificity, respectively.
There is evidence of sufficient viable CTCs being released into blood even during the early
stages of carcinogenesis. In breast cancer, it is reported that angiogenesis commences at
the DCIS stage itself, which can facilitate the dissemination of tumor cells [2—4]. Such
disseminated tumor cells (DTCs) are reported in bone marrow of 20% to >50% of patients
with DCIS or DCIS with microinvasion, respectively [5-7]. Prior studies also indicate high
detection rates of CTCs in blood samples of patients with early-stage breast cancers. Using
nanostructured coated slides, Krol et al. [8] report 62.5% CTC detection rate for stage I and
II BrC. Using filtration-based devices, Reduzzi et al. [9] show a 76% CTC detection rate in
early-stage breast cancer. Similarly, Jin et al. [10] use the CytoSorter® CTC capture system,
and show 50% and >80% sensitivity in DCIS and stage I/II BrC. Fina et al. report >78% CTC
detection rates in early-stage breast cancers using an antigen-independent method [11], and
65% CTC detection rate using antigen-dependent (EpCAM, ERBB2, and EGFR expression)
capture, followed by quantitative polymerase chain reaction (QPCR) profiling of targeted
gene panel [12]. These studies support the biological plausibility of CTC-based cancer
screening approaches. Although CTCs were evaluated for cancer detection, the inability of
prior technologies to effectively enrich and harvest sufficient CTCs hindered meaningful
downstream applications. Most prior attempts at evaluating CTCs for cancer screening
were based on epitope capture using the CellSearch platform, which, while not approved
for CTC detection, is frequently used in research. Several prior studies highlight the lower
performance of epitope capture, arising due to its inability to efficiently harvest or detect
CTCs with lower expression of EpCAM and PanCK, which are the most routinely employed
target markers [13-19], with some improvements in sensitivity when epitope capture is
used in combination with gene expression profiling [12]. We previously described a novel
functional enrichment method with high CTC detection sensitivity, which yields sufficient
CTCs for downstream applications, such as immunocytochemistry (ICC) profiling [20,21].
In this manuscript, we describe the validation of this technology for use as a BrC detection
test. Findings from our case—control and prospective clinical studies show that the test
vastly improves CTC detection sensitivity, even in stage 0 BrC (DCIS), and addresses several
limitations of prior CTC-based cancer detection efforts.
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2. Methods
2.1. Study Participants and Samples

Samples for method development and validation were obtained from participants
in two ongoing observational studies of the sponsor, TRUEBLOOD (http://ctri.nic.in/
Clinicaltrials/pmaindet2.php?trialid=31879, accessed on 7 July 2022), and RESOLUTE
(http:/ /ctrinic.in/Clinicaltrials /pmaindet2.php?trialid=30733, accessed on 7 July 2022),
the design of which were intended to support the identification and characterization
of blood-based malignant-tumor-derived analytes for non-/minimally invasive cancer
detection. The TRUEBLOOD study (March 2019—ongoing) enrolls known cases of cancers,
as well as individuals with clinical or radiological findings suspected of cancers. The
RESOLUTE study (January 2019—ongoing) enrolls asymptomatic adults with no prior
diagnosis of cancer, no current symptoms, or findings suspected of cancer and only age
associated risk of cancer. Both studies were approved by Datar Cancer Genetics Limited
Institutional Ethics Committee (code/registration number—ECR/231/Indt/MH/2015/RR-
20), as well as the participating institutes, and were performed in accordance with the
Declaration of Helsinki. Fifteen milliliters of peripheral blood were collected from all
enrolled study participants in EDTA vacutainers, after obtaining written informed consent.
Where possible, tissue samples were also obtained from TRUEBLOOD study participants
posted for a biopsy, as per standard of care (S0C) procedures (tissue samples were used
for method development). In addition, leftover blood samples from suspected or known
(recently diagnosed or pre-treated) cancer patients who availed of the study sponsor’s
commercial services for cancer management, as well as healthy (asymptomatic) volunteers
at the study sponsor’s organization, were also obtained after due consent. Blood samples
(15 mL) from suspected cases of cancers were collected prior to the patients undergoing an
invasive biopsy. All biological samples were assigned alphanumeric barcodes, and stored
at 2 °C-8 °C during transport to reach the clinical laboratory within 46 h. Sample blinding
avoided systematic differences between groups due to (un)known baseline variables that
could affect the test findings, and also eliminated potential biases that could have otherwise
arisen due to operator’s knowledge of the sample. From the originally collected 15 mL
blood samples, a 5 mL aliquot was set aside for processing (CTC enrichment and ICC
profiling) as part of clinical studies. The remaining blood samples were used for various
method development studies. All samples were processed at the CAP and CLIA-accredited
facilities of the study sponsor Datar Cancer Genetics, which also adhere to quality standards
ISO 9001:2015, ISO 27001:2013, and ISO 15189:2012. The reporting of observational studies
in this manuscript is compliant with STROBE guidelines [22].

2.2. Enrichment of Circulating Tumor Cells from Peripheral Blood

Aliquoted blood samples (5 mL) were processed for the enrichment of CTCs from pe-
ripheral blood mononuclear cells (PBMC), as described previously [20,21,23]. Comprehen-
sive details are provided in Supplementary Materials File S1, Figures S1-5S9, Tables S1-515.

2.3. Immunocytochemistry Profiling of CTCs

The process of ICC profiling of CTCs was as described previously [21]. Comprehensive
details are provided in Supplementary Materials. Figure 1 is a schema of the test showing
the various steps in CTC enrichment, and identification by ICC profiling for various
markers. The decision matrix for assigning samples as positive, equivocal, or negative,
based on the findings of ICC profiling, is provided in Figure 2. Numerical thresholds for
assigning samples as positive or negative were based on the limit of quantitation (LoQ)
studies, as described under analytical validation. A 20% margin was defined to include
those samples (assigned as equivocal) where the CTC counts may be lower than this
threshold, due to ~20% losses observed during storage and transport (as explained in the
section on analyte stability under analytical validation in the Supplementary Materials).
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Figure 1. Schema of test. Functional enrichment of circulating tumor cells (CTCs) is achieved using a
cell culture medium that is cytotoxic towards all non-malignant cells, and permits survival of tumor-
derived malignant cells. Peripheral blood mononuclear cells (PBMC) isolated from whole blood are
treated with the medium for 120 h, after which the surviving cells and cell clusters are harvested and
evaluated by multiplexed immunocytochemistry (ICC) profiling, to determine presence of breast-
adenocarcinoma-associated CTCs (BrAD-CTCs), which are identified as CD45-negative cells that
express GATA3, GCDFP15, and EpCAM in combination with PanCK.
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Figure 2. Decision matrix for classifying samples. The detection threshold for breast-adenocarcinoma-
associated CTCs (BrAD-CTCs) is > 15 PanCK cells/5 mL, which is constituted by the detection of
> 5 GATA3+, PanCK+, and CD45-cells, along with > 5 GCDFP15+, PanCK+, and CD45- cells, as
well as > 5 EpCAM+, PanCK+, and CD45-cells in the respective aliquots. Depending on the number
of each type of marker positive cells, samples are marked as positive, equivocal or negative. The
decision matrix bestows priority to GATA3 and GCDFP15 over EpCAM while classifying samples to
ensure specificity for BrAD over other epithelial malignancies where EpCAM+ cells may be detected
but breast-specific markers would be absent. Thus, while the test can detect EpCAM+, PanCK+,
and CD45-cells, which may be present in various epithelial malignancies, it specifically reports only
BrAD-CTCs.

2.4. Method Development and Optimization

Comprehensive details of method development and optimization studies are provided
in the Supplementary Materials.

2.5. Analytical Validation

Analytical validation established the performance characteristics of the test with stan-
dard analyte (SKBR3 cells), spiked into healthy donor blood to generate various dilutions
(cell densities). These dilutions were processed as per the described procedures (proprietary
differentially cytotoxic medium treatment and ICC profiling) to determine the yield of
spiked cells. Comprehensive details of analytical validation studies are provided in the
Supplementary Materials.

2.6. Case—Control Clinical Study

The ability of the test to discern/identify BrC from asymptomatic individuals was
initially ascertained and established in a case-control study with 548 females who were
recently diagnosed, therapy naive cases of BrC, and 9632 healthy females with no prior
diagnosis of any cancer, no current suspicion of any cancer, and with BIRADS-I on a
mammogram, i.e., no evidence of breast cancer (Supplementary Table S1). The detailed
inclusion and exclusion criteria are provided in Supplementary Table S2. Supplementary
Figure S1 is a schema of the overall design of clinical studies. Initially, samples in the
asymptomatic cohort were randomized into training and test sets in a 70%:30% ratio. The
BrC cases were first segregated by stage (0-1V), and the samples per stage were then
assigned to training and test sets in a 70%:30% ratio. The training set samples (384 BrC
and 6742 cancer-free females) was initially evaluated, with the analysts unblinded to the
status of the samples, to determine the concordance between the clinical status and the
interpretation of the marker status based on the decision matrix. Then the blinded test set,
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comprising of 164 BrC and 2890 cancer-free females” samples, was evaluated to determine
the performance characteristics. Subsequently, all training and test samples (BrC and
healthy) were shuffled, and a random 30% of samples (with stage-wise for cancer) were
selected for analysis as test set iteration 2. This shuffling step was repeated to obtain
20 iterations of the test set. From these iterative 20 sets, median and range of sensitivity,
specificity, and accuracy were determined. With about 160 cancer samples (cases) in the test
set, and 92% expected sensitivity (better than 85%), the power of the study for determination
of sensitivity is expected to be about 0.84. Similarly, with about 2792 asymptomatic samples
(controls) in the test set, and an expected specificity of 99.99% (better than 99.8%), the power
of the study for determination of specificity is expected to be about 0.90.

2.7. Prospective Clinical Study

The performance characteristics of the test were next ascertained and established in
a prospective blinded study of 141 individuals with clinical symptoms or radiological
findings, who were referred for a biopsy due to suspicion of breast cancer (Supplementary
Table S3). The detailed inclusion and exclusion criteria are provided in Supplementary
Table S4. Supplementary Figure S1 is a schema of the overall design of clinical studies.
All participants provided blood sample prior to the biopsy. The sponsor was blinded to
the diagnosis, i.e., the findings of the histopathological examination (HPE). Samples were
prospectively accrued in this study until 24 samples were each obtained for stage 0, I, and
II, 20 samples were each accrued for stage III and IV, and 30 samples were accrued for
individuals with benign findings. With about 110 cancer cases (across all stages), and an
expected sensitivity of 93% (better than 85%), this study design has a power of 0.83. Clinical
status of samples (cancer/benign) was revealed to sponsors only after sample analysis
was complete and test findings shared with the clinical study investigator. From these
samples, performance characteristics, including sensitivity, specificity, and accuracy, were
determined, with equivocal findings considered as positive and as negative, respectively.

2.8. Molecular Concordance Study

In a combined subset of 61 samples from the case—control and prospective cohorts,
where matched tumor tissue and blood samples were available, a molecular concordance
study was performed. Tumor tissue DNA (ttDNA) was isolated, and profiled by next-
generation sequencing (NGS) using the Ion Proton platform and the Comprehensive
Ampliseq Multi (409)-gene Cancer Panel. Simultaneously, PBMCs were isolated from the
matched blood samples, and used for CTC enrichment. On the 5th day, genomic DNA
(gDNA) isolated from all surviving cells was evaluated by a ddPCR assay specific to the
driver mutation on a BioRad QX200 platform. Concordance between tumor tissue and
CTCs was determined as the proportion of the latter where the corresponding gene variant
was detected by ddPCR.

3. Results
3.1. Method Development and Optimization

The method development and optimization studies show the viability of multiplexed
fluorescence analysis of markers with minimal or no cross-interference of markers, as well
as the ability to detect CTCs with much lower marker expression than primary tumor
cells or reference cell lines. Additionally the study also shows the capability of the test in
detecting CTCs, irrespective of patient age, ethnicity, cancer stage, tumor grade, subtype,
or hormone receptor status. The findings of the method development and optimization are
provided in the Supplementary Materials.

3.2. Analytical Validation

The analytical validation studies establish the analyte stability, and also demonstrate
the high sensitivity and specificity of the test, as well as significant linear characteristics in
addition to high precision. The sensitivity of the test is not adversely affected by presence
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of potentially interfering substances, or by controlled variations to operating parameters.
The findings of analytical validation that establish these performance characteristics of the
test are provided in the Supplementary Materials. The summary of the analytical validation
studies is provided in Table 1.

Table 1. Summary of analytical validation studies. The summary of findings of the analytical
validation studies indicate that the rest provides consistent, accurate, and reproducible results, with
little or no interference from routine endogenous or exogenous factors when samples are obtained,
stored, and processed under the recommended conditions.

EpCAM, GATA3, GCDFP15, Overall
PanCK, CD45 PanCK, CD45 PanCK, CD45
Analyte stability 48 h
Recovery ! 94.6% 86.4% 88.6% 89.9%
Limit of detection 1 cell/mL
Linear range 1-64 cells/mL
Linearity R? > 0.98 R? >0.98 R? >0.98 R? >0.98
Sensitivit 96.0% 98.0% 94.0% 94.0%
y (86.3%-99.5%) (89.4%-99.9%) (83.5%-98.8%) (83.5%-98.8%)
Specificit 100.0% 100.0% 100.0% 100.0%
P y (88.4%-100.0%)  (88.4%-100.0%)  (88.4%-100.0%)  (88.4%—-100.0%)
Accurac 97.5% 98.8% 96.3% 96.3%
y (91.3% t0 99.7%)  (93.2% t0 99.9%)  (89.4%-99.2%) (89.4%-99.2%)
Precision CV =4.6% CV =3.9% CV=3.8% CV=41%
Robustness CV <5%

1 Above 10 cells/5 mL as determined from the linearity experiment. Values within parentheses represent 95% CI.

3.3. Case—Control Clinical Study

We evaluated the performance characteristics of the test in two clinical studies. In
the case—control cross-validation study, the median stage-wise sensitivities are as follows:
70% for stage 0, 89.36% for stage I, 95.74% for stage 1I, 100% for stage III, 100% for stage
IV, and 92.07% overall. In the absence of any positive or equivocal findings in the control
(cancer-free and asymptomatic) cohort, the specificity of the test (cancer versus healthy)
is 100%. Cancer samples (cases) with equivocal findings are considered as positive for
determination of sensitivity and accuracy. Table 2 provides the specificity, as well as median
of stage-wise and cumulative sensitivity and accuracy across the 20 iterations. Details of
this iteration analysis are provided in Supplementary Table S5. Sensitivity and accuracy are
also determined with samples with equivocal findings being considered as negative. These
findings are presented in Supplementary Table 56, which also indicates the stage-wise and
cumulative range of sensitivity and accuracy.

Thresholds for sample positivity are determined from the limit of quantitation (LoQ)
in the analytical validation study (Supplementary materials). Lower thresholds are con-
sidered sub-optimal and not evaluated. Increasing the thresholds leads to a decrease in
the sensitivity of the test for the detection of cancer samples, but with no gain in specificity.
Since GATA3+ or GCDFP15+ cells are already undetectable in samples from asymptomatic
(healthy) individuals, increasing the thresholds for these markers has no benefit to the
specificity (which is already at 100%).
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Table 2. Summary of clinical validation studies. The table provides the summary of both clinical
validation studies. The stringent cross-validation design of the case—control (cancer versu. healthy)
study yields a range of sensitivities and accuracies, the median of which are reported along with
the 95% confidence interval (CI) for the median. Cancer samples (cases) with equivocal findings are
considered as positive for determination of sensitivity and accuracy. The prospective clinical study
evaluates the performance of the test among a cohort of symptomatic cases who were eventually
diagnosed with breast cancer, or benign conditions of the breast. In this study, benign samples with
equivocal findings are considered as false positives for determination of specificity and accuracy.

Additional analyses are provided in Supplementary Tables S5-S8.

Case—Control Study, Cancer vs. Asymptomatic
Specificity: 100.00% (95% CI: 99.87%-100.00%)

Prospective Study, Cancer vs. Benign
Specificity: 93.10% (95% CI: 77.23%-99.15%)

Sensitivity Accuracy Sensitivity Accuracy

Cumulative 92.07% 99.57% 94.64% 94.33%
95% CI: 91.12%-93.03% 95% CI: 99.34%-99.81% 95% CI: 88.70%-98.01% 95% CI: 89.13%-97.52%

Stage 0 70.00% 99.90% 87.50% 90.57%
age 95% CI: 34.75%—-93.33% 95% CI: 99.70%-99.98% 95% CI: 67.64%-97.34% 95% CI: 79.34%-96.87%

Stace I 89.36% 99.81% 95.83% 94.34%
& 95% CI: 76.90%—-96.45% 95% CI: 99.60%-99.94% 95% CI: 78.88%—-99.89% 95% CI: 84.34%—-98.82%

Stace 11 95.74% 99.91% 95.83% 94.34%
& 95% CI: 85.46%-99.48% 95% CI: 99.75%-99.99% 95% CI: 78.88%-99.89% 95% CI: 84.34%-98.82%

Stace 11 100.0% 100.0% 95.00% 93.88%
age 95% CI: 88.43%-100.00%  95% CI: 99.87%-100.00%  95% CI: 75.13%-99.87% 95% CI: 83.13%-98.72%

Stage IV 100.0% 100.0% 100.00% 95.92%

95% CI: 88.43%-100.00%

95% CI: 99.87%-100.00%

95% CI: 83.16%-100.00%

95% CI: 86.02%-99.50%

3.4. Prospective Clinical Study

The second study was an independently conducted, blinded prospective study. Of
the total 141 individuals from whom samples were collected, there are 112 breast cancer
cases (stages 0-1V), and 29 cases of various benign breast conditions. There are no samples
with equivocal findings in the cancer cohort, hence, the overall sensitivity is 94.6%, with
stage-wise sensitivities of 87.5% for stage 0, 95.8% for stage I, 95.8% for stage II, 95.0% for
stage III, and 100% for stage IV. Two samples with equivocal findings were diagnosed with
benign conditions of the breast. In the absence of follow-up data indicating if these cases
were indeed subsequently diagnosed with breast cancer, the samples are considered as
false positives (worst-case scenario), based on the specificity of the test (cancer vs. benign),
which is determined to be 93.1%. When samples with equivocal findings are considered
as negative, the specificity of the test (cancer vs. benign) is 100% (best-case scenario).
The sample-wise details of the prospective validation cohort findings are provided in
Supplementary Table S7. The stage-wise and cumulative sensitivity and accuracy for both
these scenarios are provided in Supplementary Table S8.

Thresholds for sample positivity in this study are similarly determined from the limit
of quantitation (LoQ) in the analytical validation study (Supplementary materials). Lower
thresholds are not evaluated. Among the 29 individuals with benign breast conditions, there
are 2 cases with equivocal findings. While higher thresholds may improve the specificity in
the benign cohort, they have an adverse effect on the sensitivity for the detection of cancers.
In evaluating symptomatic individuals suspected of breast cancer (diagnostic triaging),
sensitivity is prioritized to avoid false negatives and improve detection. Hence, greater
thresholds to improve specificity (at the cost of sensitivity) are not evaluated.

3.5. Molecular Concordance Study

We identified a subset of 61 samples where driver mutations (allele frequency >0.14)
are detected by NGS in tumor tissue; for variants detected in 53 samples, a specific TagMan
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ddPCR assay is available. A CTC-enriched fraction from these samples is used for gDNA
isolation, which, in turn, is evaluated by a ddPCR assay specific to the driver mutation on a
BioRad QX200 platform. Variants in ttDNA detected by NGS are also detected by ddPCR
in 81.1% of CTCs, indicating significant concordance (Supplementary Table S9).

4. Discussion

We describe a blood test for BrC detection in asymptomatic women based on mul-
tiplexed fluorescence ICC profiling of CTCs in peripheral blood. The test can accurately
determine the presence of CTCs in BrC irrespective of stage, grade, subtype, age, ethnicity,
or hormone receptor status (Supplementary materials). Analytical validation establishes
high sensitivity, specificity, precision, and robustness, in addition to non-interference from
endogenous and exogenous factors (Supplementary materials). Two separate clinical stud-
ies establish 100% specificity (cancer vs. asymptomatic), with 92-94% overall sensitivity and
70-87% stage 0 sensitivity (Table 2). The test can differentiate samples from cancer patients
and healthy individuals with high (100%) specificity, and can also identify individuals
with benign conditions with >93% specificity. Our test has (a) high sensitivity, especially
for early stages including DCIS, for more effective detection of cancers at localized stages,
which are amenable to curative resection, and (b) high specificity, so that the vast majority of
cancer-free individuals do not undergo additional unnecessary procedures. Our test offers
compelling advantages over screening mammography and is, hence, a strong candidate for
non-invasive BrC screening in asymptomatic women.

Presently, any benefits of standard mammography screening are largely in populations
aged 50 years and above who have a higher age-associated cancer risk [24-30]. Standard 2D
digital mammography is reported to have 73-87.3% sensitivity and 86-96% specificity [31—
33]. The low accuracy of screening mammography is noted in younger women, particularly
those aged below 40 years [34]. In addition, challenges associated with screening mam-
mography are the high rates of false positives (7-12% at first mammogram [35] and 50-60%
after ten yearly mammograms [36]). Besides, mammography also has a lower sensitivity
for invasive cancers (76-85%) than DCIS (83.0-94.3%) [32,33]. Prior studies also suggest
a modest association between radiation exposure in mammograms, and elevated risk of
cancer in BRCA1 mutation carriers [37].

A longitudinal study of screening mammograms in 69,025 women reports 705 cases of
screen-detected BrC (SBC) and 206 cases of interval BrC (IBC, not detected by mammogra-
phy) [38]; the latter are more likely to be of high-grade, as well as have higher mortality than
SBC. Niraula et al. encourage a re-evaluation of the concept of population-based screen-
ing mammography, and recommend exploring strategies beyond conventional screening
mammography. In support, the 2018 data available at the US National Centre for Health
Statistics, Centres for Disease Control and Prevention indicates that approximately 27.1%
of women in the age group 50 to 74 years default on SoC mammography [39]. Improved
BrC screening and risk-mitigation strategies are, hence, vital to improve compliance and
BrC detection.

Recent efforts at developing non-invasive cancer screening technologies focus on a
multi- or a pan-cancer approach. Notably, GRAIL’s Galleri introduced the pan-cancer
screening test based on methylation profiling in ctDNA [40]. However, the Galleri test
has very low sensitivity (<10-16%) for stage I BrC [41,42], with no data on its ability to
detect DCIS. Similarly, the CancerSEEK test, based on simultaneous evaluation of serum
proteins and gene variants, has ~40% cumulative sensitivity for early stage and overall
~30% sensitivity for BrC [43]. Purposeful screening for early cancer detection necessitates
sensitivity for early stages (0-II), which is not demonstrated by these tests. To the best of
our knowledge, there are no other platforms with high sensitivity and specificity for early
stages (0-1I) of BrC.

The present test is based on detection of BrAD-CTCs, which are ubiquitously found
in the blood of patients with an underlying breast cancer, and are undetectable in healthy
individuals [20,21]. We show that functionally enriched BrAD-CTCs differentiate be-
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tween breast cancer samples and samples from benign breast conditions, as well as from
asymptomatic women with no underlying breast cancer, with high specificity. Obtaining
numerically sufficient BrAD-CTCs is akin to a non-invasive biopsy of the breast tumor
without stromal or other non-tumor content. Since the present test is based on detection
of BrAD-CTCs, which represent the hematogenous phase of carcinomas associated with a
higher risk of progression/metastasis, it is likely that the test has a higher sensitivity for
detecting those sub-populations of DCIS, where the risk of progression is higher.

Traditionally, epitope capture with Anti-EpCAM is the preferred method for CTC
enrichment. However, several studies demonstrate the poor CTC capture/detection rate
of this platform [15,16,44]. It would be pertinent to mention that, although technologies
like CellSearch are frequently mentioned in research pertaining to cancer detection, these
are not approved for the detection of cancers based on CTCs. Hence, the limitations
of these technologies for cancer detection must be critically understood and proactively
addressed to improve CTC and cancer detection; our test was developed on such a working
hypothesis. The label- and size-agnostic functional CTC enrichment technique in our test
is immune to the limitations of epitope capture platforms and, hence, may offer a more
realistic CTC detection rate. In our test, marker expression is determined by a sensitive high-
content-screening (HCS) system, with standardized thresholds to minimize false negatives.
The detection thresholds of the test accommodate CTCs with significantly lower marker
expression (as compared to tumor cells or reference cell lines), such as those undergoing
epithelial to mesenchymal transition [45,46].

The potential benefits of the test include early BrC detection, especially in asymp-
tomatic women who decline guideline-recommended screening mammography, as well as
in asymptomatic women for whom the guidelines may not recommend routine screening
mammography (e.g., those below 50 years of age). The high (>90%) cumulative sensitivity
at stage 0-1I indicates a <10% risk of missing these localized cases where the disease has
not spread to other organs, and where the 5-year survival rate is ~99%. For the <10% cases
that are not detected at local stages, subsequent detection at stage III (regional spread) with
>95% reported sensitivity is still associated with ~86% 5-year survival. The test also has a
significantly higher sensitivity for invasive carcinomas (all stages) than has been reported
for screening mammography [32,33], and can potentially mitigate risks of IBC (this is yet to
be prospectively established).

The high specificity of the test translates into a negligible risk of false positives in
women without breast cancer. In our case-control study, false positive findings (of BrAD-
CTCs) are not observed in blood samples from asymptomatic women with no suspicious
findings (BIRADS I) on mammography. The absence of false positive findings in these
samples may be attributed to the stringent criteria for (a) BrAD-CTC enrichment, which is
based on a hallmark characteristic of cancer, as well as for (b) BrAD-CTC detection, which
is based on the positive expression of GATA3 and GCDFP15 in addition to EpCAM and
PanCK. There are limited or no risks associated with use of the test, since it is non-invasive
and is performed on a venous blood draw of 5 mL of peripheral blood.

The strength of our study stems from the use of an adequately powered sample size
and the avoidance of overfitting, since the findings of the iterative validation study agree
well with that of the training set.

The test has certain limitations in the context of a universal BrC screening. The sensitiv-
ity of the test is lowest for stage 0 disease. However, this does not present any increased risk
of false negatives as compared to screening mammography. Since individuals with poten-
tially false negative findings would not be deprived of standard mammography screening,
it would not add to the pre-existing risk of the individual. While there is virtually no
risk of false positives, the detection of BrAD-CTCs may be construed as false positives in
individuals where the malignancy may not be immediately evident on a standard screen-
ing mammogram or in a biopsy (as observed in individuals with benign findings in the
prospective validation cohort). This risk may be mitigated by use of a more diagnostically
relevant imaging modality or follow-up among individuals with positive test findings.
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Minor non-(Adeno) carcinoma subtypes of breast cancers are not detected by this test.
The test has not been evaluated in a prospective large cohort study with the intent to test
asymptomatic population. Finally, as inherent to any cancer screening test, our test could
result in over-diagnosis and over-treatment.

5. Conclusions

We describe a blood-based, non-invasive test that detects breast-AD-associated CTCs
with high specificity and sensitivity. The test presents a superior alternative to mammog-
raphy screening of asymptomatic women for BrC detection. Approximately 38 million
mammograms are performed every year in the US [47] of which ~280,000 (~0.75%) of cases
are diagnosed with BrC [1,48,49]. Similarly, of the ~16 million mammograms performed
annually in Europe [50], ~500,000 [1] (~3.1%) are diagnosed with BrC. Our test has the
potential to minimize the need for mammography screening in individuals with positive
findings who could be referred for standard assessments, including diagnostic imaging
and work up leading to a final confirmed diagnosis. The test may also minimize the need
for screening mammography in individuals with negative findings. The test can, thus,
improve the accuracy of breast cancer detection.
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Abstract

Background: The low specificity of serum PSA resulting in the inability to effec-
tively differentiate prostate cancer from benign prostate conditions is a persistent
clinical challenge. The low sensitivity of serum PSA results in false negatives and
can miss high-grade prostate cancers. We describe a non-invasive test for detection
of prostate cancer based on functional enrichment of prostate adenocarcinoma as-
sociated circulating tumor cells (PrAD-CTCs) from blood samples followed by their
identification by immunostaining for pan-cytokeratins (PanCK), prostate specific
membrane antigen (PSMA), alpha methyl-acyl coenzyme-A racemase (AMACR),
epithelial cell adhesion molecule (EpCAM), and common leucocyte antigen (CD45).
Methods: Analytical validation studies were performed to establish the perfor-
mance characteristics of the test using VCaP prostate cancer cells spiked into
healthy donor blood (HDB). The clinical performance characteristics of the test
were evaluated in a case-control study with 160 known prostate cancer cases and
800 healthy males, followed by a prospective clinical study of 210 suspected cases
of prostate cancer.

Results: Analytical validation established analyte stability as well as acceptable
performance characteristics. The test showed 100% specificity and 100% sensi-
tivity to differentiate prostate cancer cases from healthy individuals in the case
control study and 91.2% sensitivity and 100% specificity to differentiate prostate
cancers from benign prostate conditions in the prospective clinical study.
Conclusions: The test accurately detects PrAD-CTCs with high sensitivity and
specificity irrespective of stage, serum PSA or Gleason score, which translates
into low risks of false negatives or overdiagnosis. The high accuracy of the test

could offer advantages over PSA based prostate cancer detection.
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1 | INTRODUCTION

Prostate cancer is globally the second most common ma-
lignancy and the seventh highest cause of cancer-related
mortality among men." Detection of prostate cancer at
advanced stages is associated with significant morbidity
and mortality as well as reduced survival, while early-
stage prostate cancer detection is associated with higher
cure rate and improved survival (~99%, 5-year?). At pres-
ent, evaluation of serum prostate specific antigen (PSA) is
part of the standard diagnostic work-up in symptomatic
cases’ but less suitable for prostate cancer screening in as-
ymptomatic males due to low specificity* and significant
risk of false positivity” which leads to overdiagnosis and
overtreatment.® In addition, there is a risk of false neg-
atives, especially in advanced undifferentiated prostate
cancers which may have lower PSA levels.” More sensitive
and specific methods which can provide for more effective
prostate cancer detection are required to reduce morbidity
and mortality from this disease.®

Circulating tumor analytes in blood have received at-
tention for non-radiological, non-invasive detection of
prostate cancer.” Apart from serum tumor antigens, circu-
lating tumor nucleic acids have been evaluated for prostate
cancer detection but have reported limitations in sensitiv-
ity for localized prostate cancer.' Circulating tumor cells
(CTCs) are viable tumor derived cells in circulation, the
molecular and functional evaluation of which may be com-
parable to that of the tumor tissue from which they orig-
inate.!’ CTC evaluations are not prone to the limitations
in sensitivity and specificity associated with circulating
tumor nucleic acids or serum tumor antigens. Prior studies
support the ubiquity of CTCs in prostate cancer, especially
in early-stage (localized) disease; disseminated tumor cells
(DTCs) released during early stages of prostate cancer are
known to remain dormant in the bone marrow and result
in metastatic recurrence.'” In a study of bone marrow as-
pirates from 533 preoperative prostate cancer cases with
localized disease (T2-4, NO), DTCs were detected in 380
cases (71.3%), irrespective of pathologic stage, Gleason
grade, or PSA."> Another study reported CTCs in 19 (79%)
of 24 treatment naive localized prostate cancers.'* A third
study reported >90% sensitivity in 20 known prostate can-
cer cases and 92.6% specificity in 27 asymptomatic men
undergoing prostate cancer screening.'” A fourth study
on pre-operative blood from 86 prostate cancer cases re-
ported 38.4%-62.7% CTC detection rates using CellSearch,
CellCollector, and EPISPOT individually, and 80.2%'° when

used together. In a fifth study, using a hybrid microfluidic-
imaging along with PSA immunostaining, 38-222 CTCs
were reported per mL in recently diagnosed cases of local-
ized prostate cancer.'’ In a sixth study, using near-infrared
dyes and EpCAM immunostaining, up to 439 CTCs per
mL of blood (mean: 25 CTCs/mL; median: 10 CTCs/mL)
were observed in a cohort of patients with localized pros-
tate cancer.'® The above studies provide evidence for the
plausibility of CTC-based prostate cancer detection. Other
studies have also shown the inability of existing technology
platforms to efficiently enrich and harvest sufficient CTCs.
Most prior reports on CTCs in cancer are based on epitope
capture using epithelial cell adhesion molecule (EpCAM)
followed by immunostaining for cytokeratins (CK). A criti-
cal limitation of this approach is its acknowledged inability
to effectively enrich and detect CTCs where the expression
of target biomarkers such as EpCAM and CK can be sig-
nificantly lower'®> than tumor tissue or reference cell
lines. Further, the expression of EpCAM and CK (as well as
any other markers) may be even lower in CTCs undergoing
epithelial to mesenchymal transition (EMT).**

We have previously described a novel functional CTC
enrichment process which yields numerically sufficient
CTCs for further applications.”® We have also shown that
CTCs thus enriched from blood of patients with prostate
cancer are positive for expression of PSMA, AMACR,
EpCAM, and PanCK as determined by fluorescence im-
munocytochemistry (ICC).*® This multi-marker CTC
profiling has high specificity for adenocarcinomas (AD)
which represent the vast majority (~92%) of prostate can-
cers.”” The test uses standardized fluorescence intensity
(FI) thresholds for detection of marker positive cells, op-
timized to detect CTCs with a wide range of marker ex-
pression, especially those with significantly lower marker
expression than tumor derived cells or PrC cell lines. In
this manuscript, we report the method development as
well as analytical and clinical validation of this test for
prostate cancer detection.

2 | METHODS

2.1 | Study participants and samples

Biological samples used for method development, analytical
validation, and clinical validation as described in this manu-
script were obtained from participants in the following ob-
servational studies: TRUEBLOOD (http://ctri.nic.in/Clini
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caltrials/pmaindet2.php?trialid=31879), ProState (http://
ctri.nic.in/Clinicaltrials/pmaindet2.php?trialid=31713),
and RESOLUTE (http://ctri.nic.in/Clinicaltrials/pmain
det2.php?trialid=30733). The TRUEBLOOD study (Mar
2019-ongoing) enrolls patients diagnosed with various
solid organ cancers or benign (non-malignant) conditions
as well as suspected cancer cases. The ProState study (Mar
2019-ongoing) enrolls patients diagnosed with prostate
cancers as well as symptomatic males suspected of prostate
cancer. The RESOLUTE study (Jan 2019-ongoing) enrolls
adults with neither prior diagnosis nor current symptoms
suspected of cancer. All studies were approved by the Ethics
Committees of the participating institutes as well as the
sponsor (Datar Cancer Genetics, DCG) and are performed
in accordance with the Declaration of Helsinki. Written
informed consent was obtained from all study participants
prior to enrolment and sample collection. Fifteen millilit-
ers of peripheral blood were collected from all participants
in EDTA vacutainers. Tumor tissue samples were obtained
from TRUEBLOOD and ProState study participants who
were referred for a biopsy as per Standard of Care (SoC),
where such tissue sample was already available. Blood sam-
ples were also collected, after obtaining informed consent,
from healthy (asymptomatic) volunteers, diagnosed cancer
patients, and suspected cases who were not a part of either
of the above studies but had availed of the sponsor’s services.
Blood samples were collected prior to the patients undergo-
ing an invasive biopsy where the same had been advised.
Blood and tissue samples were stored under refrigeration
(2°C-8°C) during transport to reach the clinical laboratory
within 46h. All samples were identity masked by using
blood collection vacutainers with a 10-digit alphanumeric
code. All samples were processed at the CAP and CLIA ac-
credited facilities of the Study Sponsor, which also adhere to
quality standards ISO 9001:2015, ISO 27001:2013, and ISO
15189:2012. The reporting of observational studies in this
manuscript is compliant with STROBE guidelines.*

2.2 | Isolation of primary tumor
derived cells

The isolation of primary tumor derived cells (TDCs)
from an excised tumor (malignant/benign) was per-
formed as described previously* and is also explained in
Supplementary Materials.

2.3 | Enrichment of circulating tumor
cells from peripheral blood

Blood samples were processed for red blood cell (RBC)
lysis and isolation of peripheral blood mononuclear cells
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(PBMC), following which CTCs were enriched from
PBMCs as described previously.?** The process is also ex-
plained in Supplementary Materials.

2.4 | Immunocytochemistry
profiling of CTCs

Immunocytochemistry (ICC) profiling of CTC was per-
formed as described previously*® and is also provided in
Supplementary Materials. A schema showing the various
steps of the process including CTC detection and ICC pro-
filing is depicted in Figure 1. The decision matrix for sam-
ple classification (“Positive,” “Equivocal,” or “Negative”)
based on abundance of each type of marker positive cells
is provided in Figure 2. These cut-offs were based on the
Limits of Blank, Detection and Quantitation (LoB, LoD,
and LoQ) as determined in the analytical validation stud-
ies. The Equivocal classification was assigned to include
those samples with up to 20% lower CTC count than
the positivity threshold due to losses during storage and
transport (as explained in the section on Analyte Stability
under analytical validation).

Samples with Equivocal classification were considered
positive for the purpose of prostate cancer detection by the
test.

2.5 | Method development and
optimization

Comprehensive details of method development and opti-
mization studies as well as their findings are provided in
the Supplementary Materials.

2.6 | Analytical validation

Analytical validations were performed by determining
the recovery of reference human prostate cancer cell
line (VCaP) spiked into healthy donor blood samples.
VCaP reference cells were spiked at various densities as
per the design of and requirement for each validation
parameter (specified in Supplementary Materials) into
healthy donor blood samples, which were processed as
per the test for enrichment of CTCs (spiked cells) and
immunocytochemistry. The spike-recovery study design
was applicable for validation of analyte stability (and
recovery), linearity, limit of detection, limit of quanti-
tation, limit of blank, sensitivity, specificity, accuracy,
precision, and interference. Comprehensive details of
study design, observations, and inferences are provided
in Supplementary Materials.
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FIGURE 1 Schema of Test. Functional enrichment of CTCs is achieved using a proprietary CTC enrichment medium (CEM)
that eliminates all non-malignant cells and permits tumor derived malignant cells to survive. Subsequently, the multiplexed
immunocytochemistry (ICC) evaluates and identifies PrAD-CTCs based on positivity of the indicated markers.

2.7 | Case control clinical study

The ability of the Test to detect PrAD cases and differ-
entiate PrAD cases from asymptomatic males was es-
tablished in a case control study with pre-biopsy blood
samples from 160 recently diagnosed, therapy naive
cases of PrAD and samples from 800 healthy (“asymp-
tomatic”) males aged 49years and above with neither
prior diagnosis nor current suspicion of cancer and
with serum PSA <0.5 ng/mL. The inclusion and exclu-
sion criteria for this study are provided in Table S8. The
asymptomatic cohort was randomized into Training,
Test, and Validation Sets in a 60%:20%:20% ratio. The
PrAD cases were first segregated by extent of disease as
Localized (confined to primary site), Regional (spread

to regional lymph nodes), and Distant (metastasized to
distal lymph nodes or other organs) for which survival
is known.” Subsequently, the stratified cohorts were as-
signed to Training and Test Sets in a 60%:20%:20% ratio.
The Training Set samples comprising of 96 PrAD and
480 healthy males’ samples was first evaluated with the
analysts unblinded to the status of the samples. Next the
blinded Test Set comprising of 32 PrAD and 160 healthy
males’ samples was evaluated prior to blinded evalua-
tion of the 32 PrAD and 160 healthy males’ samples in
the Validation Set. Subsequently all Training, Test, and
Validation set samples (PrAD and healthy) were shuf-
fled and random 20% samples (extent-wise for PrAD)
were selected for analysis as Validation Set Iteration 2.
This shuffling step was repeated to obtain 20 iterations
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FIGURE 2 Decision matrix for
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AMACR+ cells and 25 EpCAM+ cells in
the respective aliquots. Priority is given to la"d lor
PSMA and AMACR over EpCAM while

e €D AMACR+ Cells 25 <5
classifying samples as “Positive” to ensure
specificity for PrAD over other epithelial land lor
malignancies where EpCAM+ cells may
be detected. EpCAM+ Cells 25 <5

land and
(5) Towicens >15 >12 <12
@ Result Positive Equivocal Negative [«

of the Validation Set from which median and range of
Sensitivity, Specificity, and Accuracy were reported. The
iterative random sampling permitted diverse scenarios
with respect to relative proportion of samples with true
positive (TP), false negative (FN), true negative (TN),
and false positive (FP) findings thus yielding a range of
sensitivities and specificities, the median of which was
reported. This design eliminates risks of overfitting due
to sample enrichment in the Validation Set.

With about 160 cancer samples (cases) and a 90% ex-
pected sensitivity (better than 80%), the power of the
study for determination of sensitivity is expected to be
about 0.95. Similarly, with about 800 asymptomatic sam-
ples (controls) in the test set and an expected specificity
of 99.9% (better than 99.0%), the power of the study for
determination of specificity is expected to be about 0.97.
The design of the clinical study is provided in Figure S1.

2.8 | Prospective clinical study

The performance characteristics of the test were estab-
lished in a prospective clinical study of blood samples from
210 males with enlarged prostate and urological symp-
toms who were suspected of PrAD. Additional considera-
tions for deciding the requirement for a prostate biopsy
included suspicious findings in digital rectal examination
(DRE), ultrasonography (USG), or serum PSA (>4 ng/mL);
in 78 cases, elevated serum PSA was not observed and the
indication for a biopsy was based on either DRE or USG
in addition to the symptoms. The inclusion and exclusion
criteria for this study are provided in Table S10. All par-
ticipants provided 5 mL blood sample prior to undergoing
a prostate biopsy. The findings of the histopathological

examination (HPE) and the final diagnosis (cancer or
benign) were initially blinded to the sponsor and unmasked
only after completion of sample analysis. The concordance
between test findings and HPE diagnosis was used to deter-
mine Sensitivity, Specificity, and Accuracy. With about 60
cancer cases and an expected sensitivity of 90% (better than
75%), this study design has a power of 0.85. The design of
the clinical study is provided in Figure S1.

2.9 | Molecular concordance studies

In a subset of 20 PrC cases a molecular concordance study
was performed on matched tumor tissue and blood sam-
ples. Tumor Tissue DNA (ttDNA) was isolated and used
for next-generation sequencing (NGS) profiling using the
Ion Proton Platform and the Oncomine Comprehensive
Assay v3 Panel to identify gene variants with loss of tumor
suppression or gain of oncogenic function which have
been previously reported to be significant in/associated
with prostate cancer. PBMCs isolated from blood samples
were treated with the CEM for CTC enrichment. Genomic
DNA (gDNA) was isolated from apoptosis reluctant (sur-
viving) cells and evaluated by a ddPCR assay specific to
the detected gene variant on a BioRad QX200 platform.
Concordance between tumor tissue and CTCs was de-
termined as the proportion of the latter where the corre-
sponding gene variant was detected by ddPCR.

Tissue samples from the same 20 patients were also
evaluated by fluorescence in situ hybridization (FISH) as
per manufacturer's protocol for TMPRSS2-ERG fusion. In
samples where tissue was positive for this variation, en-
riched and harvested CTCs were also evaluated by FISH
for the same biomarker.
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3 | RESULTS

3.1 | Method development

The method development studies showed the viabil-
ity of multiplexed fluorescence ICC for detection of
PrAD-CTCs with a wide range of EpCAM, PanCK,
AMACR, and PSMA expression levels (Figure S2),
as well as other key aspects including specificity of
marker combination to prostate cancer (Figure S3),
absence of PrAD CTCs in benign prostate conditions
(Table S1), and the ability of the test to detect CTCs ir-
respective of patient age (Figure S4), serum PSA levels
(Figure S5), Gleason Score (Figure S6), or extent of dis-
ease (Figure S7). Comprehensive details are provided
in Supplementary Materials.

3.2 | Analytical validation

Table 1 is a summary of all the findings of the analyti-
cal validation study. Analytical validation established
analyte stability (Tables S2 and S3), demonstrated
high sensitivity, and specificity of the test (Table S4),
significant linear characteristics (Figure S8), high pre-
cision (Table S5), and no loss of sensitivity in pres-
ence of potentially interfering substances (Table S6).
Comprehensive details are provided in Supplementary
Materials.

TABLE 1 Findings of analytical validation studies

EpCAM, PSMA, AMACR,
PanCK, PanCK, PanCK,
CD45 CD45 CD45 Overall

Analyte stability =~ 48h
Recovery® 97.2% 94.4% 94.4% 91.7%

Limit of detection <1 cell/mL

Linear range 1-256 cells/mL

Linearity R*>0.99 R*>20.99 R?*20.99 R*>0.99
Sensitivity 95.0% 92.5% 92.5% 92.5%
Specificity 100.0% 100.0% 100.0% 100.0%
Accuracy 97.1% 95.7% 95.7% 95.7%
Precision CV<9% CV<6% CV<6% CV<9%
Robustness CV<10%

Note: The analytical validation studies established that the Test provides
consistent, accurate, and reproducible results with no interference from
endogenous or exogenous factors when samples are obtained, stored, and
processed under the recommended conditions.

#Above 10 cells/5mL as determined from the Linearity experiment. Values
within parentheses represent 95% CI.

3.3 | Clinical studies

The performance characteristics of the test were estab-
lished in two clinical studies. The demographics of the
study cohorts are provided in Tables S7 and S9 and the
inclusion/exclusion criteria are provided in Tables S8 and
S10. Both studies were conducted in a South Asian co-
hort with <0.005% reported prostate cancer incidence,*
and also where the prostate cancer risk in asymptomatic
males is significantly lower than the <7% reported among
Caucasians with <0.5ng/mL serum PSA*"** most of whom
are also expected to be clinically insignificant prostate
cancer.** Due to this low probability of an underlying
prostate cancer in healthy subjects, they were a suitable
“control” population. Further, the selection of such a con-
trol population is also more ethical since it would be un-
ethical to perform a biopsy on asymptomatic individuals
for the sole purpose of ruling out prostate cancer for this
study. The Case Control Study had a stringent, blinded, it-
erative cross-validation design which minimized the risk
of overfitting. In this study, the median sensitivity was
100% for local, regional and for metastatic disease as well
as overall (Table 2). Figure 3 is a graphical representation
of the extent-wise sensitivities in the Training and Test
Sets as well as the 20 iterations of the Validation sets. The
break-up of Positive, Negative, and Equivocal findings in
each these sets are provided in Table S11. In absence of any
positive or equivocal findings in the asymptomatic cohort,
the specificity of the test (cancer v/s healthy) was 100%.

In the second (prospective) clinical study with 210
symptomatic males, 68 (32.4%) were eventually diagnosed
with PrAD and 142 (67.6%) were diagnosed with benign
prostate conditions. There were no positive or equivocal
findings among those diagnosed with benign prostate con-
ditions. Hence the specificity of the test (cancer v/s benign)
was 100%. Among the 68 cancer cases, the Test assigned
56 samples as positive, six as equivocal and six as negative
(Table S12), yielding a sensitivity of 91.2% since equivocals
were considered as positive (Table 2). Equivocals were con-
sidered as positive for higher PrC detection sensitivity. In
the clinical setting, considering equivocals as positive may
lead to reduced specificity for PrC (as compared to other
cancers where either PSMA or AMACR may be positive),
however this improves the chances for detection of PrC or
other cancers in such patients who undergo follow-up in-
vestigations. Further, considering equivocals as positive did
not decrease the specificity of the test to differentiate PrC
cases from asymptomatic individuals. In the prospective
study, the sensitivity of the test was observed to correlate
positively with Gleason Scores and PSA levels (where avail-
able) (Table S13). Among the 68 cancer cases in the prospec-
tive cohort were 10 cases with PSA <10ng/mL. Of these 10
cases, four were clinically significant with histological grade
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3 (n =1, Gleason score 4+3) or 4 (n = 3, Gleason score 8).
The Test was able to detect 75% of these cases.

3.4 | Molecular concordance studies
Among the 20 tumor samples tested, driver mutations
with allele frequency were detected in 15 samples by
NGS profiling of tumor tissue DNA using the Oncomine
Comprehensive Assay v3 Panel on the Ion Proton Platform.
Among these 15 patient samples, a specific TagMan
ddPCR assay was available for variants detected in 12
cases. Genomic DNA was isolated from enriched CTCs
and evaluated by ddPCR assays for the corresponding
driver mutation (detected on ttDNA by NGS) on a BioRad
QX200 platform. Variants in ttDNA detected by NGS were
also detected by ddPCR in nine (75%) CTCs (Table S14). A
subset of four PrAD cases were identified where the tissue
was positive for TMPRSS2-ERG fusion by FISH. The CTC
enriched fraction from these four samples was evaluated
by FISH and the TMPRSS2-ERG fusion was detected in
three cases (75%). Overall, the orthogonal concordance
studies appeared to confirm that the CTCs detected by the
Test originated from the same prostate malignancy. The
75% concordance was considered satisfactory considering
clonal diversity in tumor cells and CTCs.

4 | DISCUSSION

We describe a blood test for Prostate cancer detection
based on multiplexed fluorescence ICC profiling of CTCs
functionally enriched from a 5mL blood sample. The test
detected Prostate cancer with high sensitivity irrespective
of age, serum PSA level, Gleason score, or the extent of
disease. Analytical validation ascertained accuracy and
reliability of the test. The case control cross-validation
study demonstrated 100% specificity as well as 100% sen-
sitivity across all stages of Prostate cancer. The subsequent
prospective clinical validation study demonstrated 91.2%
Sensitivity and 100% Specificity in the real world setting
for detecting Prostate cancer and differentiating prostate
cancer from benign prostate conditions. The Test has high
sensitivity for all stages, including early stages as well as
high specificity to minimize the risk of false positives. The
performance characteristics of the test support its poten-
tial clinical utility in Prostate cancer detection.

Serum PSA which is evaluated during standard prostate
cancer diagnostic work up in symptomatic men is often
assessed as part of elective prostate cancer screening in
asymptomatic males.**** However, PSA testing has lower
specificity and is associated with a high false positive rate,
for example ~66%.” Other PSA-based tests such as %-free

PSA,® [—2]pro-PSA (p2PSA),37 and Prostate Health Index
(PHD)*® with documented sensitivity/specificity trade-
off**3%4% are currently not recommended or approved for
routine prostate cancer screening. The inverse relationship
between specificity and sensitivity of PSA and PSA-based
tests*® implies inefficient triaging where a significant pro-
portion of individuals who do undergo a prostate biopsy
based on these tests may actually be free from prostate
cancer. Based on the limitations of serum PSA evaluations
alone to provide meaningful insight into prostate cancer
detection, Thompson et al. suggested that “PSA levels
should no longer be referred to as “normal” or “elevated”
but should be incorporated into a multivariable risk assess-
ment to provide individualized risk information for deci-
sion making”.*' Among other non-invasive (blood-based)
approaches, a pan-cancer detection test based on meth-
ylation profiling in cfDNA reported very low sensitivity
(~10%) for localized Prostate cancer.**** While the above
tests have been utilized for prostate cancer screening,
other tests have been described for triaging of suspected
cases so as to improve the specificity of PrC detection and
minimize the risk of overdiagnosis. The 4Kscore Test is a
follow-up blood test after an abnormal PSA and/or digi-
tal rectal exam (DRE) to determine the probability of ag-
gressive prostate cancer.* The ExoDx™ Prostate Test is a
urine-based test to determine the probability of clinically
significant prostate cancer in men with PSA 2-10ng/mL
(“gray zone”) who are considering an initial biopsy.*’ A
recent study by Hugosson et al. demonstrated that the
avoidance of systematic biopsy in favor of MRI-directed
targeted biopsy in males with elevated serum PSA levels
led to a significant decrease in the risk of overdiagnosis
but led to delayed detection of intermediate-risk PrC in
some patients.*°

Our test is based on detection of CTCs, which are ubiq-
uitous in blood of patients with an underlying solid organ
cancer®’ and unlikely in the blood of individuals without
an underlying malignancy as well as those with other non-
malignant or inflammatory conditions. CTCs are hence an
ideal analyte to differentiate individuals with and without
an underlying malignant condition with high specificity
and sensitivity. The risks associated with use of the test
are only marginal since it is non-invasive, requiring only
a 5mL peripheral blood sample. The potential benefits of
the test include more effective detection of Prostate can-
cer and reduced requirement for biopsies in symptom-
atic males. The strengths of our study include (a) use of
adequately powered sample sizes, (b) sample blinding
to eliminate bias, (c) an iterative cross-validation design
intended to eliminate risk of over-fitting, and (d) a pro-
spective study in a real-world setting. The analytical and
clinical validations described in this manuscript provide
tangible evidence of the test performance which supports

85UB01T SUOWWOD 8AIRID 8|qedl|dde 8y Aq pauienoh a1e Ss e O 8SN 0 Sa|nJ Jo4 Afeiq 1T 8UIIUO /8|1 UO (SUO 3 IPUOD-PLR-SLLLBY/W0D A8 |Im" ARelq 1 [ulUO//SONY) SUORIPUOD PUR SWLB L 8U}88S *[£202/20/22] Uo ARiqiTeuliuo AB|IM ‘6795 #LRO/Z00T OT/I0p/Wo0 A8 |im ARelq1jeuljuo//sSdny woiy pepeojumod ‘0 ‘E9.5702



LIMAYE ET AL.

the hypothesis (design) as well as the intended use of the
test. The high specificity translates into an exceedingly low
risk of false positives in individuals with benign prostate
conditions which eliminates or significantly reduces risks
of overdiagnosis or overtreatment in these individuals.

Although the test has high performance characteris-
tics for Prostate cancer detection, we note the following
potential limitations of the test. Non-(adeno)-carcinoma
types which account for <8% of Prostate cancer are not
detected by this test. The sensitivity for the detection was
lower (~75%) for localized Prostate cancer in the prospec-
tive study. However, these false negatives would not add to
pre-existing risks since the lower sensitivity for localized
cancers can be partially mitigated by the higher sensitiv-
ity for subsequent detection at regional stage which has a
comparable 5-year survival.

The risk stratification of prostate cancer includes
serum PSA level, clinical stage and Gleason score; a
Gleason score of >8 is considered an independent predic-
tor of high-risk disease with increased rates of treatment
failures and poorer outcomes. While test is not intended
to provide information on, or correlate with, the Gleason
score, it can detect high-grade/aggressive prostate cancers
where early detection is vital for more effective clinical
management. As can be seen from the findings in the pro-
spective clinical study, a significant advantage of the test
is its ability to detect clinically significant prostate cancers
(histological grade 3 or 4) in patients with low serum PSA.

The prospective study had a lower representation of
early-stage disease since it was conducted in a popula-
tion where prostate cancer is typically detected at ad-
vanced stages; of the 68 patients diagnosed with prostate
cancer, only 20 (30%) had localized disease (T, ;NyM,).
Since this was an anticipated limitation, the design of
the case control study pre-emptively addressed this
challenge by having a higher representation of samples
from patients with localized disease; of the 160 patients
with prostate cancer, 80 (50%) had localized disease
(T1.3NoMo).

In 78 cases in the prospective cohort, the decision to
perform a prostate biopsy despite unremarkable serum
PSA (<4ng/mL) was based on clinical findings/DRE/
USG. While this proportion would appear to be higher,
they represent standard approaches in India (study loca-
tion) based on the observations that 15% of symptomatic
males with PSA <4ng/mL are diagnosed with prostate
cancer’’” and that most prostate cancers in India are di-
agnosed at advanced stages. Notably a prior retrospective
cohort analysis reported that 67% of patients were referred
for a prostate biopsy at a tertiary centre in Ireland based
on abnormal DRE alone.*®

There would appear to be a minimal risk of overdiagno-
sisfrom detection of low-grade (lower risk) prostate cancers
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which account for up to 66% of all prostate cancers.*’
However, since up to 40% of patients initially diagnosed
with low-risk prostate cancer demonstrate pathological
progression over time,”® detection of low-grade prostate
cancers can benefit from active surveillance.”

5 | CONCLUSION

The high sensitivity and specificity of the test enables
prostate cancer detection and differentiation from benign
prostate conditions (or healthy individuals) and presents
significant advantages over PSA based approaches. The
test has potential to reduce the need for invasive biopsies
and thus significantly mitigates risks of overdiagnosis
and overtreatment. The potential benefits of the test are
compelling and support the need for further prospective
large cohort clinical studies to determine the performance
characteristics of the test for detection of prostate cancer,
especially localized disease.
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