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A B S T R A C T

Historically, polyploid giant cancer cells (PGCCs) within tumors have been ignored as superfluous inflammatory refuse with no intrinsic clinical or biological 
relevance. However recently, multiple studies have described the existence PGCCs in solid tumor masses that appear to correlate with tumor progression, and can also 
appear in blood circulation as cancer associated macrophage like cells (CAMLs). In an effort to understand the clinical and biological role of CAMLs (i.e. PGCCs in 
circulation), we initiated a multi-institutional 2 year prospective study of patients in an array of solid tumors (n = 293; breast, prostate, esophageal, lung, pancreas, or 
renal cell carcinoma), finding that CAMLs significantly correlate with progression and disease spread. We further evaluated the biological traits of CAMLs isolated 
from patients, identifying abnormal cellular characteristics including self-renewing proliferation, proangiogenic stem cell biomarkers, with overlapping myeloid, 
epithelial and endothelial characteristics. Here we report that CAMLs are highly indicative of disease progression in all cancer stages and appear to mimic phenotypes 
associated with metastatic niche initiation (i.e. traversing blood as self-renewing multipotent myeloid cells).

1. Introduction

The seed and foreign soil model of tumor spread theorizes that pri
mary tumor cells foreign to metastatic sites initiate pre-metastatic niches 
(PMNs) by prompting pro-tumorigenic microenvironments in prepara
tion for seed cells [1–5]. Circulating tumor cells (CTCs) derived from 
tumor masses have long been the focus of cancer research as they are the 
“seed” cells [3,5,6] which causes the initial tumor metastasis. However, 

we now understand that recruited myeloid derived progenitor cells 
(MPCs) can act as initiators of the “soil” prior to seeding [1–5,7]. The 
presence of cancer fosters MPC (i.e. CD14+, CD34+, VEGFR1/2+) 
recruitment and transformation from normal hematopoietic stem cells 
(HSCs) to tumor modified HSCs through a partially understood signaling 
mechanism involving chemokine and adrenergic receptors [1–5,7–14]. 
Cancer transformed HSCs then home to and initiates auxiliary PMNs 
prior to CTC seeding [1–5,7,9]. However, the connection between 

This article is part of a special issue entitled: Giant Cells in Cancer published in Cancer Letters.
* Corresponding author.

E-mail address: dan@creatvmicrotech.com (D.L. Adams). 
1 Present addresses.

Contents lists available at ScienceDirect

Cancer Letters

journal homepage: www.elsevier.com/locate/canlet

https://doi.org/10.1016/j.canlet.2025.218007
Received 22 May 2025; Received in revised form 10 August 2025; Accepted 26 August 2025  

Cancer Letters 631 (2025) 218007 

Available online 3 September 2025 
0304-3835/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 



cancer and its’ ability to transform MPCs into pro-tumorigenic PMN 
initiators remains elusive [1–5,7]. Further, it is unknown why trans
formed MPCs recruit to preferential organ sites or how CTCs then home 
to the same sites after initiation [1–5,7]. This ability of MPCs and CTCs 
to separately and temporally colocalize to the same sites within an organ 
indicates an unknown orchestration of cellular movement originating at 
a primary tumor, through circulation and to PMNs [1–5,7]. Thus, the 
migratory process of PMN initiators occurs on a microscopic cellular 
level prior to visible spread of cancer (i.e. in local disease) becoming 
increasingly evident only after disease macroscopically appears at 
distant sites (i.e. non-local/metastatic disease) [1–5,7].

It has largely been assumed that the orchestration of the PMN and 
metastatic seeding revolves around the tumor’s ability to signal MPCs to 
initiate terraforming of foreign sites [3–6,9,15]. However, the process 
where normal MPCs from bone marrow are transformed by cancer cells 
and eventually initiate PMNs [1–5] via passage in the circulation has not 
been identified [1–6]. Recently, evidence has demonstrated that Poly
ploid Giant Cancer Cells (PGCCs) isolated from primary tumors appear 
to contain many of the attributes associated with a soil initiating cells [6,
15–33] i.e. 1) immense biological complexity [6,15,19,21,25,26,34], 2) 
presence at primary tumor sites in premalignant legions, early stage and 
late stage carcinomas [6,15,16,18,19,21,23–26,34–36], 3) found 
traversing the blood and lymphatic circulation [4,6,15,17,20,22,35,
37–39], 4) possessing multipotent niche forming capabilities [4,7,11,14,
15,18,19,26], and 5) able to survive a foreign microenvironment [1–5,
26,34]. Despite evidence that MPCs differentiate into PGCCs in the 
presence of solid tumors [1–5,7,11,17–19,21,24–26,28,30–34,40] and 
that PGCCs can be found in circulation bound to CTCs, studies have not 
evaluated circulating PGCCs relationship to cancer progression.

Despite PGCCs being found within most tumor masses exhibiting 
highly aberrant behavior, compared to that of typical mammalian cells 
(i.e. endoreplication, meiotic-like division, and cell fusion) they are 
typically ignored as inconsequential biological refuse [1–5,7,11,17–19,
21,24–29,34,39,40]. PGCCs are biologically complex and have been 
shown to have stem cell qualities with increased tumorigenicity poten
tial [11,18,19,21,24–26,34]. Further, PGCCs have been found prolifer
ating in vitro, fusing with tumor cells, mimicking endothelial vasculature 
and providing cancer resistance/escape mechanisms during chemo
therapeutic and radiotherapeutic regimes [18–21,24–29,34,37,41,42]. 
In inflammatory states, such as cancer, myeloid biased HSCs can give 
direct rise to giant polyploids with multipotent stem cell phenotypes and 
proangiogenic niche forming capabilities after rapidly egressing across 
endothelial layers from bone marrow niches [1–3,5,15,18,19,21,23,24,
26,34,37,40,42]. PGCCs are found in all stages of solid cancer, nega
tively correlate with survival, and accumulate in metastatic organs (i.e. 
lung, bone, and liver), which have also been found in circulation defined 
as cancer associated macrophage-like cells (CAMLs) [6,15]. CAMLs 
appear in the circulation of most patients with solid tumors, including 
stage 0 (e.g. breast ductal carcinoma in situ (DCIS), but are rare in 
benign conditions and have not been identified in healthy individuals 
[6,15,17,35]. CAMLs are a myeloid derived phagocytic cPGCC defined 
by their specific presence in the circulation of malignant disease (i.e. 
cancer associated), CD14+ expression (i.e. myeloid derived), phagocy
tosis of cancer debris and/or engulfment of intact cancer cells (i.e. 
macrophage-like), with 7 μm having been previously evaluated and 
shown to allow the consistent capture of CAMLs and CTCs, while 
removing >99 % of RBCs and WBCs [6,15,17,35,43,44]. However, 
despite the parallels between CAMLs and tissue PGCCs, and the fact that 
CAMLs originate from primary tumors; there have been no studies into 
the clinical and biological relationship of CAMLs to cancer progression 
and spread [27,29,45,46].

2. Methods

2.1. Blood sample collection

This multi-institutional study consisted of 293 blinded anonymized 
cancer patient peripheral blood samples supplied through a collabora
tion agreement with Fox Chase Cancer Center, University of Maryland 
Baltimore, Duke University, Northwestern University, Medical College 
of Wisconsin, Mayo Cancer Clinic, MD Anderson Cancer Center, Oregon 
Health and Science University, and the National Institutes of Health all 
according to the local IRB approval and with written informed consent. 
Study group characteristics can be found in Supplementary Table S1. 
Blood samples (9–18 mL) were collected into CellSave preservative 
tubes™ (Menarini Silicon Biosystems), or heparinized vacutainers (for 
culture experiments). In addition, a total of 51 healthy volunteer blood 
samples were collected in CellSave™ preservative tubes, or heparinized 
vacutainers (for culture experiments), with written informed consent 
and IRB approval by Western IRB. Healthy volunteer samples were 
procured on a voluntarily basis with no selection process, outside 
standard exclusion criteria, as such all samples were considered from 
individuals in normal health.

2.2. CellSieve™ low-flow microfiltration procedure

Blood was processed by the CellSieve™ microfiltration technique at 
the 5 institutions as previously described [15,47,48]. Briefly, the 
microfiltration assay isolates circulating cells from whole peripheral 
blood based on size exclusion, >7 μm. CAMLs and CTCs are then stained 
and identified using the phenotypic expression of DAPI, CD45, CD14, 
and the Cytokeratins 8, 18, 19 (Figs. 2 and 3) using pre-established 
criteria.

2.3. Identification and enumeration of cells with large multilobed nuclei

For this study, CAMLs were morphologically identified using pre- 
established criteria, i.e. a single cell with an enlarged polyploid nu
clear profile (>15 μm in diameter) with the nuclei surrounded by a 
larger cytoplasmic signal (25–350 μm in length), Fig. 2, Supplementary 
Figs. S2 and S3. After filtering and processing samples according to 
above protocols an Olympus BX54WI Fluorescent microscope with a 
Carl Zeiss AxioCam was used to image all CAMLs and CTCs. Exposures 
were preset for each individual flour for equal marker comparison [15,
48]. A Zen2011 Blue (Carl Zeiss) was used to process the images. To 
measure sizes of cells, Zen2011 Blue (Carl Zeiss) software was 
pre-calibrated by the manufacturer. The automatic measurement soft
ware was used to find the length of CAMLs, CTCs and white blood cells 
(Supplementary Figs. S1 and S2).

2.4. Antibodies used

FITC labeled Cytokeratin 8, 18, & 19 cocktail [15], PE labeled 
EpCAM cocktail [15], Cy5 labeled CD45 cocktail [15,47,48], Vimentin 
(ebioscience),CD11c (ebioscience), CD31 (Miltenyi), CD34 (ebio
science), CD146 (ebioscience), (ebioscience), CD68 (Biolegend), 
androgen receptor (Cell Signaling), PSMA (Biolegend), CXCR4(Ther
moFisher), CD202 (TIE2) (Biolegend), c-MET (Cell Signalingr), E-cad
herin (ebioscience), CD105 (ebioscience), PDL1 [49], CCR5 (R&D 
systems), RAD50 (ThermoFisher), alpha tubulin (Cell Signaling), CD44 
(ThermoFisher), CD24 (ThermoFisher), CD61 (ebioscience), and CD41 
(ebioscience), CD38 (ebioscience), beta-2-adrenergic receptor (Cell 
Signaling),CD163 (Biolegend), VEGFR-1 (R&D Systems), CD133 (Mil
tenyi), CD144 (ebioscience), VEGFR2 (R&D Systems), and CD11b 
(ebioscience).
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2.5. QUAS-R quenching and restaining

After initial identification and imaging of CAMLs, fluorescence was 
quenched and samples were restained with an additional antibody panel 
sets (vimentin/CD146/CD144, CD14/CD11b/CD41, CD11c/CD68/ 
TIE2, or CD34/CD41/CD61) using the QUAS-R (Quench, Underivatize, 
Amine-Strip and Restain) technique, as previously described [48,49]. 
Briefly, after CAMLs are imaged and marked, cells on filters are sub
jected to sequential set of chemical treatments. Filters are demounted in 
PBS, placed into a reaction well, washed with 1X PBS, incubated with 
quenching solution and Tris for 1 h. After quenching, filters are washed, 
blocked with 1XPBS+20 %FBS+0.1 mg/mL whole mouse IgG (Jackson 
ImmunoResearch) and incubated with a secondary antibody panel and 
mounted. Samples were oriented and previously imaged CAMLs were 
relocated using a Zen2011 Blue (Carl Zeiss) mark and find software. 
After secondary restaining, the QUAS-R steps are repeated and samples 
restained with a third panel. After tertiary restaining, QUAS-R steps are 
repeated with a fourth antibody panel. Samples were not quenched past 
the fourth panel.

2.6. CEP17 FISH probe on CAMLs

PathVysion CEP17 DNA Probe Kit (Abbott) was supplied by Abbott 
Molecular Inc. CAML positive samples on the microfiltration assay were 
imaged, as above. Identified CAMLs were FISH probed directly on the 
filter as previously described [15]. In each case the x/y/z placement of 
cells were marked by etching the sample substrate and placement 
recorded using Zen2011 Blue (Carl Zeiss) [15,48,49]. Briefly, samples 
were demounted in 2X SSC and a protease solution for 20 min at 37 ◦C. 
Samples were washed in 2X SSC, dried, placed in denaturing solution, 
washed with 70 %–85 %–100 % ethanol and dried. 10 μL of CEP17 FISH 
probe was added, sealed with rubber cement and incubated overnight. 
Samples were washed, dried at room temp and mounted in 
Fluoromount-DAPI (Southern Biotech). CAMLs were imaged on an 
Olympus BX54WI Fluorescent microscope (Supplementary Figure S2).

2.7. Culture and expansion of cells

Heparinized blood specimens from cancer patients (n = 150) were 
collected at various cancer centers (ClinicalTrials.gov Identifier: 
NCT00900198), arriving within 16–28 h of collection. Patients were not 
receiving active systemic treatment, but were previously treated for 
malignancy. CAMLs were collected from whole peripheral blood by 
simple filtration as previously described (38, 41, 46–47). Filters were 
placed upside down in a plate and purified cells were cultured in me
dium composed of a modified DMEM/F15 (50:50), 5 % FBS; and 1 ng/ 
mL EGF, VEGF, PDGF, FGF basic, and IGF1; as previously described [21,
25,26,47,50]. CAML cultures were proliferated until confluence or 
senescence (Fig. 4 and Supplementary Fig. S5).

2.8. Statistical methods

Analyses were made with MATLAB R2021A using the counts from all 
patient samples. For overall survival (OS) analysis, significance of 
Kaplan Meier plots were determined by log-rank, and OS was defined as 
the interval between blood sample draw to date of death or censored 
based on date of last known follow up visit. Progression free survival 
(PFS) was determined based on radiographic or clinical confirmation of 
disease spread or tumor growth.

3. Results

We assessed a large multi-institutional pilot study of patients (n =
293) with variety of solid malignancies to determine if CAMLs presented 
prior to or after metastatic formation, as well as their relationship to 
clinical progression [1–5]. We initiated a multi-year prospective study to 

evaluate the clinical presentation of CAMLs, and CTCs, across numerous 
epithelial cancers [breast (n = 59), prostate (n = 52), lung (n = 59), 
pancreatic (n = 59), esophageal (n = 27), and renal cell cancers (n =
37)] (Supplementary Tables S1, S2, S3 S4, S5 and S6). A low pressure 
filtration system using array patterned microfilters isolated CAMLs from 
7.5 mL whole peripheral blood. CAMLs were identified by an enlarged 
size (25–350 μm) (Supplementary Figure S1), polyploid nucleus and 
expression of epithelial (cytokeratin), leukocyte (CD45), and/or 
myeloid (CD14) phenotypes. After CAMLs were identified using these 
biomarkers and an enlarged size, CAMLs polyploid nucleus was then 
measured by a CEP17 FISH with all pre-identified CAMLs having a ≥6N 
ploidy status (6N–68N), as to remove the possibility of normal dividing 
cells 4N cells (Figs. 1 and 2, Supplementary Fig. S2). In the 293 patients 
tested, CAMLs were found in 93 % of patient samples, including 
pre-metastatic patients, Stage I (84 %), Stage II (94 %) Stage III (95 %) 
and Stage IV (97 %) patients (Fig. 1) but absent in all healthy controls.

Since increased cell size/ploidy status of PGCCs within tumors is 
known to be associated with grade and cancer progression [16,18,19,
22–25,27,29,34,36,45,46], we assessed if a similar relationship between 
the sizes of CAMLs, as a proxy for polyploid number (N), and disease 
stage. We grouped patients into three size classes (<50 μm, 50–110 μm 
and >110 μm) based on an observed and modeled bimodal pattern in the 
frequency of CAML size/ploidy (Fig. 1 and Supplementary Fig. S1). We 
observed that CAMLs <50 μm were found equally in all stages and 
subtypes of diseases, suggesting a constant flux of this size class of 
smaller CAMLs into the circulatory system of patients with solid tumors 
as a result of an inflammatory response to cancer. Additionally, both the 
50–110 μm and the >110 μm sizes appeared to exponentially increase 
with stage of disease (Fig. 1C and Supplementary Fig. S1), suggesting 
cellular aberration increases as the cancer spreads. Further, at 24 
months a significant correlation to progression free survival (PFS) in 
patients was found, with the larger CAML sizes 50–110 μm and >110 μm 
having significantly poorer clinical outcomes (Fig. 1D and E, Supple
mentary Tables S1, S2 and S3).

In comparison, CTCs appear primarily in patients with metastatic 
disease (i.e. macroscopic secondary/tertiary legions), long after the 
presence of non-local microscopic disease (Fig. 1A) [1,3–6,15,35]. 
While focusing on tumor initiating cells (e.g. CTCs) purified from pa
tients may predict treatment response in advanced metastatic disease, 
CAMLs appear to predict patient’s treatment response in localized dis
ease where curative intent is still possible. Further, while our enumer
ation of CTCs did show correlation with PFS, the appearance of CTCs 
were largely undetectable in non-metastatic disease (Stage I, II and III), 
occurring only after disease had spread to other organs (Fig. 1A). This 
data suggests that unlike CTCs which are associated with late stage 
disease, CAMLs are clinically present in both early localized or later 
non-local disease and are highly correlated with eventual tumor pro
gression and metastasis. CAMLs also appeared far lower in treatment 
naïve metastatic patients averaging 3.57 CAMLs/samples in treated 
naïve patients versus 17.4 in patients receiving chemotherapy, 10.37 in 
patients receiving hormone therapy and 12.75 in patients receiving 
targeted therapy (Supplementary Table S6). Further, while there was 
little relationship between CAMLs and site of metastases, with a possible 
exception of adrenal metastatic spread, patients with more than one 
organ of metastatic involvement had a 214 % increase in CAML number 
than patients with only 1 organ with metastatic spread (ANOVA p =
0.0201). While only a pilot study on an array of different cancer sub
types, CAMLs appear to correlate with aggressiveness of localized can
cers and may be predictive of a cancers ability to spread to multiple 
organs after metastatic spread, suggesting a relationship with cancer 
pathogenesis.

PGCCs and normal giant ployploids are derived from MPCs which 
can harbor multipotent stem cell phenotypes, reside in HSC niches, 
rapidly egress across endothelial layers and express proangiogenic niche 
forming capabilities [4,7,11,14,18–23,26,34,36,38–40]. Unlike tissue 
PGCCs, phenotyping their CAML counterpart in circulation is difficult 
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because of low abundance (i.e. averaging ~1 CAML/mL blood) and the 
heterogeneous nature of CAMLs, including an expression of overlapping 
epithelial (cytokeratin and EpCAM), endothelial (CD146) and macro
phage (CD14 and CD11c) phenotypes [6,15,35,37]. We established a 
technique to mass screen numerous phenotypic protein markers on in
dividual cells as to properly subtype individual CAMLs. Quench 
Underivatize Amine Strip and Restaining (QUAS-R) [48] has been 
shown to nondestructively remove fluorescence from stained samples 
allowing restaining of >12 additional characterization markers (Fig. 2) 
for each cell. CAMLs were initially identified via DAPI, cytokeratin, and 
CD45; then sequentially restained with 27 additional myeloid, leuko
cyte, megakaryocyte, epithelial, endothelial, progenitor/stem, and 
motility markers (Figs. 2 and 3). Most CAMLs were found to express 
levels of CD31 (myeloid/endothelial), and commonly coexpressed 
cytokeratin (epithelial), CD14 (myeloid) and CD38 (white blood cell). 
However, while CAMLs contained clear myeloid lineage (CD14), no 
other cell definable differentiation marker was universal. Further, 
CAMLs presented with numerous phenotypes which do not appear to 
match our understanding of classical cellular differentiation (i.e. coex
pression of CD45 [leukocyte] and cytokeratin [epithelial], CD11c 
[macrophage] and CD41 [megakaryocyte], CD146 [endothelial] and 
CD41/CD61 [megakaryocyte], CD41/CD61 [megakaryocyte] and 

CD68/CD163 [scavenger macrophage]) (Fig. 3). Combined, these data 
show CAMLs are myeloid derived cells that possess many phenotypic 
attributes associated with stem cell and proangiogenic phenotypes [1,
14,19,21,26,34,40,42].

Myeloid biased HSCs (CD34+/CD41+/CD14+ cells) egress from 
HSC bone marrow niches through a number of mobilization receptors 
(CXCR4, CCR5 and catecholaminergic neurotransmitters) [1,4,7–14,19,
20,23,38–40,42]. Our analysis of commonly known overlapping 
myeloid biased HSC characteristics (Fig. 3) suggests that CAMLs express 
similar stem cell traits (e.g. CD34, CD41, CD31, VEGFR1), myeloid traits 
(CD14 and CD41) and these same receptors have been associated with 
egress via endothelial migration (CXCR4, CCR5 and B2A) [1,4,7–14,19,
20,23,38–40,42]. Consistent with a motile phenotype, CAMLs were 
found to express recognized markers of highly motile cells (CXCR4, 
CCR5, Vimentin, alpha-tubulin) and biologically active forms of cancer 
associated mobilization receptors (CCR5 and beta-2-adrenergic recep
tor) (Figs. 2 and 3 and Supplementary Fig. S3). Interestingly, cells with 
myeloid HSCs traits (CD14+/CD34+/VEGFR1+) have recently been 
identified as the initiators of PMNs, recruiting to pre-metastatic tissues, 
initiating neo-angiogenesis, promoting tumor adherence and enhancing 
tumor growth [1,2,5,7]. This same myeloid HSC phenotype 
(CD14+/CD34+/VEGFR1+) was identified in 25 % of CAMLs tested 

Fig. 1. Clinical prevalence of CAMLs in solid malignancies. A. Prevalence of CAMLs and CTCs in 7.5 mL blood samples (n = 293 cancer patients and n = 51 
healthy normal controls). B. Number of CAMLs in each 7.5 mL patient sample (Black bar = average). C. Average number of CAMLs classified by 3 sizes based on the 
observed biomodal distribution (Supplementary Fig. 1). D and E. CAMLs are present in early and late stage disease. Their larger diameter is an indicator of disease 
progression (D *p < 0.0001, ** p < 0.0001, ***p = 0.1604) (E *p < 0.001,** p < 0.001, ***p = 0.2973). Stage1/2 0-<50 μm vs 50–110 HR = 4.8 (95 %CI 2.4–9.9), 
<50 μm vs > 110 HR = 56.9 (95 %CI 12.9–251.1), 50–110 vs > 110+ HR = 2.2 (95 %CI 0.9–5.5). Stage 3/4 < 50 μm vs 50–110 HR = 3.1 (95 %CI 2.0–5.0), <50 μm 
vs > 110 HR = 3.6 (95 %CI 1.9–6.6), 50–110 vs > 110 HR = 1.1 (95 %CI 0.7–1.8). Unstaged patients were not included this analysis (n = 7). Number at risk can be 
found in Supplementary Tables 1, 2 and 3.
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(Figs. 2 and 3) and the proangiogenic phenotype (CD31+/TIE-2+) was 
found in another 45 % of CAMLs. While a relationship between a pri
mary tumor and myeloid HSCs is required for PMN formation, the 
myeloid biased HSC cell type that egresses from HSC niches and trans
forms into a proangiogenic PMN initiator has not been identified. 
However, these data show that CAMLs express myeloid stem cell and 
proangiogenic phenotypes which appear to show biological activity to 
the HSC mobilization receptors. This suggests that CAMLs are pheno
typically similar to the circulating stage of a myeloid biased PGCC after 
egress from a niche, likely as a result of transformation by inflammation 
due to presence of a solid tumor.

Recently PGCCs from solid tumors (e.g. glioblastoma, ovarian, breast 
and prostate) have been shown to proliferate in vitro, possess stem cell 
like phenotypes [19,21,25,26,34,41], increased tumorigenic potential, 
and preferentially arrest in lymph nodes, lung, liver and brain capillaries 
[11,16,19,21,22,25,26,34,41,51]. Under scanning electron microscopy 
(SEM), CAMLs were observed with two distinct extracellular mecha
nisms which match with descriptions of in vitro PGCC proliferation, 
including blebbing/budding of the cell membrane and pseudopodia 
formation (Fig. 4A and B and Supplementary Fig. S4). To determine 
proliferative capability, CAMLs were purified from a randomly selected 
cohort of cancer patient blood samples (n = 150) (Supplementary 
Figure S5) [47,50] and plated in modified DMEM media [25,26]. From 
22 % of patient blood samples, but in none of the normal controls, 
CAMLs adhered to the plate with pseudopodia that spread and elon
gated, producing giant, pleiotropic, multinucleated cells (Fig. 4C–E). In 
contrast to our understanding of human mitotic division, but in agree
ment with studies on tissue derived PGCCs [21,25,26,34,41], CAMLs 

produced progeny in an asymmetrical meiotic-like fashion, forming as 
small circular blebs/buds along the surface of the primary giant cell and 
appearing as “satellite” cells (Supplementary Fig. S5). After 2–5 days, 
the original giant cell disintegrated and the smaller satellite cells 
enlarged, undergoing multiple rounds of expansion until confluence 
and/or senescence after 45–180 days. We then compared the consis
tency of key biomarkers from cultured CAMLs (13–40 days in vitro) 
against the biomarkers from non-cultured CAMLs (isolated directly from 
blood) using parallel blood samples (Supplementary Figs. S6 and S7), 
finding that cultured CAMLs retained the myeloid and stem cell traits 
(CD31, CD14 and CD44, Vimentin) but reduced epithelial and phago
cytic traits (CD11c, CD68 and cytokeratin) (Fig. 2 and Supplementary 
Figure S6, S7 and S8). This loss in epithelial traits may be a result of 
phagocytosed material being expelled into the media from cells, or 
possibly the spread in ingested material between multiple CAML prog
eny as they expanded, though these hypotheses must be further vetted. 
Additionally, no development of enlarged cells was seen in match blood 
from normal healthy control samples. These data suggest that CAMLs are 
a cancer specific cell type transformed by the presence of solid tumors 
that circulate the vasculature with proangiogenic stem-like phenotypes 
that retain viability and the ability to rapidly proliferate in vitro.

4. Discussion

Normally occurring giant cells and HSCs have numerous overlapping 
features, i.e. niche forming receptors [7,11,14,19,24,40], egress from 
bone marrow niches [8–10,12,13], migrate to and through endothelial 
junctions by producing matrix metalloproteinases [4,20,38,39], and 

Fig. 2. Sequential restaining of an individual CAML by fluor quenching using QUAS-R for cell identification and subtyping. A. Classical CTC phenotype: 
Cytokeratin (CK) and EpCAM show the epithelial characteristics on a CAML, while absence of CD45 shows the CAML is not a leukocyte. B. Pre-metastatic niche 
initiator (PMN) phenotype: CD14 (pan-myeloid) defines the CAML as myeloid while dual expression of CD34 (stem cell) and VEGFR1 (angiogenic) is an established 
PMN phenotype2. C. Angiogenic/Stem cell phenotype: CD31 (angiogenic) and CD144 (angiogenic) are adhesion molecules commonly found on stem cells and 
vascular junctions, while Vimentin (mesenchymal) along with CK indicates the CAML is both mesenchymal and epithelial. D. Stem Cell phenotype: CD44 (Stem cell) 
without CD24 (B-cell) is a common identifier of cancer stem cells, while HGFR (proto-oncogene) is a common signaling receptor in cancer. Square = 60um.
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preferentially lodge in organs common to metastatic spread [16,17,21,
25,34,51]. In cancer, PGCCs have these same attributes, but also exist in 
most solid tumors (a.k.a. polyploid giant cancer cells or monster cells) 
[19,21,23,24,26,34,36] and in the circulation (i.e. CAMLs) [6,15,17,27,
29,37,45,46]. It has been previously described that CAMLs emanate 
from a patient’s primary mass in NSCLC and esophageal cancer 
(Supplementary Figure S9) [49], circulating through blood in early stage 
cancer [6,15,35] and can be found bound to CTCs [15]. Here, we looked 
to better evaluate CAMLs by tracking their biological and clinical utility 
in an array of cancer patients. In line with prior studies, we found that 
CAMLs could be found in 93 % of all cancer patients, including 84 % of 

Stage I disease. Further, we found that stratifying CAMLs based on their 
size/ploidy, i.e. larger then ≥50 μm, could stratify patients into those 
with poorer PFS and OS irregardless of disease stage. These data suggest 
that CAMLs represent a universal biomarker for solid tumors whose 
larger size is clinically associated with more aggressive disease. While 
larger validation studies are now required, these findings suggest that 
CAMLs act as a non-invasive blood based biomarker in local and 
advanced disease in an array of cancer subtypes.

In our observational studies of CAMLs, we found they possess many 
of the traits expressed by PMN initiating cells and suggest a new model 
between cancer modified myeloid biased HSCs (i.e. CAMLs) and the 
ability of cancer to spread [1–5]. Being that CAMLs are a PGCC subtype, 
and larger cells have mechanistic properties associated with preferential 
arrest in organs of metastatic preference (i.e. lung and liver) [11,16,20,
22,24,34,51], it is interesting that circulating PGCCs have never been 
evaluated in the context of PMN formation. Along with their unusually 
large morphological attributes, we show that CAMLs have proangio
genic myeloid stem cell phenotypes and bind to CTCs in circulation [15]. 
Interestingly, these CAML characteristics could logically explain the 
ability to orchestrate temporal homing of PMN initiators along with 
CTCs to pre-established PMN sites by the fact that large cells are 
mechanistically prone to arresting in the same capillaries within organs 
based on their large size [51]. However, while the findings that the in
teractions between CTCs and CAMLs appear biologically and clinically 
relevant, further investigations regarding this interaction within the 
tumor microenvironment and role in the metastatic process requires 
further investigation.

Overall, we show that CAMLs possess a multi-pronged repertoire of 
attributes associated with PMN initiation while providing evidence of a 
consorted orchestration between CAMLs and CTC migration [15,28,
30–33]. Here we further describe biological attributes of CAMLs as they 
relate to cancer including 1) presence at primary tumor sites including 
local and non-local disease, 2) highly motile cells which traverse the 
blood circulation 3) express proangiogenic multipotent stem cell phe
notypes, and 5) are able to independently proliferate in foreign micro
environments. These data indicate that CAMLs have numerous 
biological attributes which are considered abnormal and are able to 
proliferate in an asymmetrical meiotic-like fashion (Fig. 4 and Supple
mentary Fig. S5). Further, while here we describe CAML expansion in 
vitro and within a culture flask, future studies should evaluate whether 
CAMLs can expand within mice models, within the tumor itself, or 
possibly at metastatic sites.

In studying the phenotypes of CAMLs to better elucidate the cellular 
origins of CAMLs, we found that CAMLs express a number of contrasting 
cellular receptors not typical in normal humans with CD31, CD14, CD41 
and cytokeratin. While CD14, along with numerous other myeloid/ 
marcrophage receptors (CD68, CDCD38 & CD31), was used to defini
tively identify CAMLs as myeloid origin, the presence of epithelial and 
endothelial receptors complicated any definitive cell subtyping. The 
coexpression of Cytokeratin and Vimentin, which is typically associated 
with a dual mesenchymal and epithelial phenotype, further convoluted 
the classification of these cells, though not surprising as phagocytic 
CAMLs are likely engorged on epithelial tumor proteins. While inter
esting findings, further mRNA, enzymatic and in-depth proteomic 
profiling of CAMLs must be evaluated to determine why some of the 
subcellular biomarker staining patterns within CAMLs do not appear 
aligned with normal cellular placement, such as CD45 and EpCAM 
appearing cytoplasmic instead of extracellular. While all antibodies used 
were purchased from well-established manufacturers, used within rec
ommended concentrations for immunofluorescence, and screened 
against positive and negative cells lines, additional mRNA testing is 
needed to evaluate the causes of these irregular subcellular placements 
(Supplementary Table S7). This may include normal macrophage 
phagocytosis to within the cell cytoplasm, or possibly a tumor cell and 
macrophage fusion event, or some other cellular event that still needs to 
be elucidated [14,25,26,28,29,52]. Despite the complex biological 

Fig. 3. Identifying and Subtyping CAMLs based on presence and intensity 
of cell differentiation markers. Colored bar code (left) represents the bio
logical utility of the markers used in immunophenotyping human cell pop
ulations. Purple bars (center) are the percent of tested CAMLs that were 
negative, low, medium, or high expressing for each marker screened. Total 
positivity is shown to the right of the bar chart. Markers were screened against 
1118 CAMLs from 93 different patients with cancer. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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variations we found in CAMLs, the clinical analysis was fairly definitive. 
Presence of CAMLs appears to be specific to active malignancy (93 % of 
all patients), as they were not found in any healthy controls (Fig. 1). We 
found that the numbers of CAMLs in patients were exponentially asso
ciated with stage of disease. Further, these data show that smaller low 
ploidy CAMLs appear common in almost all patients with active ma
lignancy, in newly diagnosed untreated patients or patients undergoing 
therapy. In contrast, larger higher ploidy CAMLs seem to be associated 
to patients with more aggressive malignancies and are significantly 
associated with poorer outcomes. However, while a size-based analysis 
is a relatively straight forward approach, which appears to stratify most 
clinically relevant CAML sub-types, further analysis into the biological 
mechanisms of CAMLs, i.e. mitotic analysis, mRNA and in-depth mo
lecular profiling, is now needed to better extrapolate the most important 
underlying biological mechanisms.

Combined these data present the largest and most in depth study of 
circulating PGCC, a common cell found in the circulation of cancer pa
tients. These preliminary findings suggest that CAMLs might be an 
important clinical tool in the identification of cancer as well as in the 
early treatment of cancer. However, now that this initial evaluation of 
CAMLs has been done, future studies need to better compare each CAML 
phenotype and their association with tumor type, stage, progression, 
treatment and other clinical variables. Further, studies are also needed 
to expand the sample size, test specific refined populations, and conduct 
blinded multi-center validation experiments to validate these clinical 
findings. Overall, these initial clinical findings regarding CAMLs show 
promise with more defined cohort studies in specific treatment regimes 

needed to determine if better patient outcomes can be accomplished.
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