Lessons from Capture of Circulating Tumor Cells
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Liquid Biopsies: Complementary technologies

Event Cancer screening Localized cancer Metastatic cancer Refractory cancer

—

Treatment Early intervention  Risk of dissemination and Treatment selection and  Mechanism of resistance
Strategy detection of recurrence monitoring response and new treatment
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Applications:
-Monitoring progression

(mutations, signaling, EMT) ‘O\X o ,
Individualized drug testing ;\fé; Monitoring recurrence *
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(ex vivo culturing/analysis) W Early cancer detection®:
-Detecting recurrence and - ' o PR

Applications:
-Acquired resistance mutation

. . Circulating Tumor DNA
early cancer detectlon " Tumor Cell [number of mutant -On|y DNA markerS

[cell number] molecules]
-Tumor DNA is small fraction
Blood sample -Tissue of origin?
-Aging blood cells also

acquire mutations

Limitations:
-Very rare cells
(1-5 CTCs in 20 ml blooqd)

-Complex technologies
/
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Tumor Cell-based Liquid Biopsy (TCLB)

4 )
Circulating Tumor Cells (CTCs) Onein a billion blood cells is a CTC:
Huge technical challenge True Noninvasive Biopsy
Advantages:
Flucle dtll) e g% X - “Real-time” window into ever-evolving heterogeneous
: .l, L L% molecular landscape of cancer

-All the analytes required for both a definitive diagnosis and the
identification of the origin of tumor

Need for:
- Sample large blood volume
- Robust, high throughput clinical grade device
- Proof of principle in real time clinic settings
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Circulating Tumor Cell Clusters
Are Oligoclonal Precursors
of Breast Cancer Metastasis
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SUMMARY cor matastasis s derived primarly from mouse models and it
is thought {0 involvo a saries of soquentialsteps: opitholako-
Circulating tumor cell clusters (CTC clusters) are mesenchymal transition (EMT) of individual cells within the pri-
present in the blood of patients with cancer but mary tumor leading to their intravasation into the bloodstream,
their contribution to metastasis is not well defined. ~survival of such circulating tumor cells (CTCs) within the blood-
Using mouse models with tagged mammary tumors, Stream, and finally their extravasation at distant sites, whoro.
we demonstrate that CTC clusters arise from oligo- z:ﬁ:ﬂ:’“ﬂ;";m::' '“.‘?iliil «':f:o:;‘m(:jﬂ-sh in ther
clonal tumor cell groupings and not from intravas- reration s ita (Hanahen an
clonaltum cel roupings and nol rom nraves . 201, Wire ENTras nees bon camorsiaadin
. human breast caner cells n the Girculation (Vu ot . 2013),
circulation compared with single CTCs, CTC clusters
have 23- to 50-fold increased metastatic poter
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The Potential of Circulating Tumor Cells as a
Liquid Biopsy to Guide Therapy in Prostate Cancer
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Commentary on Migomoto et

tumor (e.g, breast, colon, or

areas of translational cancer

liquid biopsy. Cancer Discov: 2(11); 1-2 ©2012 AACR.

Early during the formation and growth of a primary  However, detecting CTCs remains technically challenging.
into the blood vessels. These circulating tumor cells (CTC)  the background of millions of normal hematopoietic cells

physical and biologic properties. Detection and molecular  sensicive and specific analytical methods, which are usually a
characterization of these CTCs are among the most active  combination of enrichment and detection procedures. CTC

clinical studies including CTCs as a new biomarker and the different properties of CTCs, including physical proper-
blood anal

CTCsas

ol.p.9956).

prostate cancer), cells are shed  CTCs occur at very low concentrations of one tumor cell in

¢ technologies based on their  Their identification and characterization require extremely

research, with more than 400 enrichment includes a large panel of technologies based on

Aims of research on CTCs in

time liquid biopsy. s (size, density, electric charges, and deformabiliy
lude () estimation of the risk  biologic properties (surface protein expression and viability;

relapse or metastati
information), (i) stratification and  real-time monitoring  containsa substantial number of leukocytes, and CTCs there-
of therapies (predictive information), (ii) identification  fore need to be identified by a well-defined method that can
of therapeutic targets and resistance mechanisms, and (i) distinguish tumor cells from normal blood cells a the single

ic refs. 1, 2). Afcer enrichment, the CTC fraction usually still

patients with metastatic pros

asatic progression in cell level: mRNA- or protein-based strategies. At presen
cer (1,2). The clinical relevance of CTCs in prostate cancer  CTC detection is focused on the development of microfluidic
has been recently reviewed (3). In general, several studies devices called CTC-chips, which can handle very small blood

uncs predict the prognosis of  volumes. The first CTC-chip consisted of an array of anti
state cancer, whereas the rele. ibod

[EXEEXRA  The muitiplicity of new therapies for breast cancer presents a chellenge for treat:
select jescribea

cel (CTC)-derived transcripts enviched from blood. enabling highv-sensitivity early monitoring of
TC threecyclasof

baseline CTC (P=002).2s
TC sigr of —~001).
[ TCs after
- 0.008), i
presence of ESRI mutations, pointing 3
Thus, CTC-cerived digital RNA signatures enable noninvasive pharmacodynamic measurements to
inform therapy in breast cancer.

‘SIGNIFICANCE: Digital analysis of RNA from CTCs interrogates treatment responses of both local-
izd and metastatic breast cancer. Quantifying CTC-crived ER signaling during treatmant identifies
Th

of CTC-RNA signatures may help guide therapeutic choices inlocalized and advanced breast cancer.
Cancer Discov; 8(10); 1-14. 02018 AACR.
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Androgen Receptor Signaling in Circulating
Tumor Cells as a Marker of Hormonally
Responsive Prostate Cancer

vance in patients at developed into a herring!
However, CTCs are not part of the routine clinical manage. In this issue of Cancer Discovery, Miyamoto and colleagues
ment yet. Recently, Danila and colleagues (4) have outlined  (6) have used this ""CTC.chip to analyze CTCs in patients
necessary steps to qualify specific CTC tests for medical  with advanced prostate cancer. In metastatic prostate cancer,
decision making in clinical practice or drug development.  androgen deprivation therapy (ADT) is recommended as a

‘The detection of CTCs in the peripheral blood of patients  first treatment, and secondary hormone therapics are used to
with cancer holds great promise, and many exciting tech-  suppress androgen receptor (AR) activation in patients with
nologies have been developed over the past years (1, 2).  castration-resistant prostate cancer (CRPC), Using the ""CTC-

-

show that the activity of the AR pathway may be monitored
g
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ts with metastatic melanoma have sustained  ncocpitopes
remissions following treatment with immune checkpoi

markers predictive of response, including PD-1 ligand (PD-L1)  sponsc in melanoma (18, 19). Following in
expression and mutational burden, are insufficiently precise ©0  inhibitor therapy. repe: mor biopsi
quide treatment selection, and clinical radiographic evidence of  T_cell receptor (TCR) clonality or expr
response on therapy may be delayed, leading to some patients J

receiving potentially ineffective but toxic therapy. Here, we
developed a molecular signature of melanoma circulating tumor
cells (CTCs) to quantify early tumor response using blood-based
nitoring. A quantitative 19-gene digital RNA signature (CTC
re) applied to microfiuidically enriched CTCs robustly disti
guishes melanoma cells, within a background of blood cells
reconstituted and in patient-derived (n

gle metastatic

mor
melanoma.
sco

Molecular signatures of circulating melanoma cells

-on” CTC signatures in untreated patients, compared with heterogeneous (‘AR-on, AR-off,
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and with response to immunotherapy, especially i
colorectal and lung cancers (16, 17), while
tors. However, analyses of pretreatment tumor biopsies for associated mutational signatures have been correlated with re-
n of checkpoint
showing increased
sion of immune cyto-
Iytic markers are associated with response (20). However
promising, serial tumor biopsies are invasive and only sample a
s c site, which may not be representative of the
entire tumor burden in a highly heterogencous cancer such as jon for Cancer Research
hus, there is an unmet need for noninvasive blood-
based markers that may integrate signals from all metastatic foci
"42) blood spedimens. Ina _ and which can be repeated serially during the course of treatment.

T eptor (AR) reactivation in castra

PURLYYA N  Androgen deprivation therapy (ADT) is initially effective in treating metastatic

prostate cancer, and secondary hormonal therapies are being tested to suppress

e
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n-resistant prostate cancer (CRPC). Despite variable

RPC, the

=

ised microfluidic capture of circulating tumor cells (CTC) to measure AR signaling readouts

their applicatior

ed) CTC populations in patients with

m “AR-on” to “AR-off" CTCs, whereas secondary hormonal therapy in CRPC resulted in vari-
nses. Presence of “AR-mixed” CTCs and increasing "AR-on’” cells despite treatment with abi-

CRPC. Initiation of first-line ADT induced a profound

cetate were associated with an adverse treatment outcome. Measuring treatment-induced
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prospective cohort of 49 patients treated with immune checkpoint [~
tors, a decrease in CTC score within 7 weeks of therapy corre- | Signi
lates with marked improvement in progress
ratio (HR), 0.17;

ance

008] and overall survival (HR, 0.12; P = 0.04). | Identifying predictive biomarkers of therapeutic response for

H

An RNA-ba

ized by the deve

assess-
lopment of BRAF and MEK inhibitors for | ment and are highly predictive of long-term dinical outcome.
cc

melanoma patients treated with immune checkpoint inhibitors
ables serial noninvasive monitoring of tumor burden, supporting the | is a major challenge. By combining microfluidic enrichment for
ational application of therapies. melanoma circulating tumor cells (CTCS) together with RNA-
based droplet digital PCR quantitation, we have established a
circulating tumor cells | liquid biopsy | predictive biomarker | melanoma | highly sensitive and robust platform for noninvasive, blood- er’,
immune checkpoint inhibition itori . Serial monitori
st :"" mofstoring of o xen Sscal "‘?“"".""9”'""“';;: g Kt lselbacher'™, David
5 he treatment of metastatic melanoma has been revolution- | changes in CTC score, which precede standard clinical ) Massachusets General Hos

sed signature enables high specificity detection

of circulating tumor cells in hepatocellular carcinoma

ich®", Irun Bhan®*", Tanya T. Kwan®, David T. Miyamoto®, Sarah Javaid®2, Joseph A. LiCausi",

ipika Goyal®, Srinjoy Choz®, Uyen Ho®, Ravi Kapur®, Alona Muzikansky™,

., Melissa

Huidan Zhang?, David A. Weitz®, Lecia V. Sequist*, David P. Ryan*?, Raymond T. Chung®, Andrew X. Zhu*<,
T

and Daniel A. Haber"**>

19", Mehmet Toner®", Shyamala Maheswaran

tal Cancer Center, Harvard Medical School, Charlestown, MA 02125; *Divsion of Gastroenterology, Massachusetts General
i school,

paticnts with BRAF
checkpoint inhibitors against CTLA4 (i
(pembrolizumab, nivolumab), which are used

mutant tumors (1-3), and by the immune

imumizb) and PDI | help identify patients likely to benefit from immune checkpoint
;| inhibiti

Boston, MA 9 pital, Hanvard Medica

ospitl 3 3
Boston, MA 02114; “Division of Hematology Onology, Massachusetts General Hospital, Harvard Medical School, Boston, MA 02114; “Center for

1 school [

Sciences, Harvar
and 'Howard Hughes Medical

of
BRAF mutational status (4-8). Responses to targeting mutant
BRAF arc frequently profound, albeit transicnt, whercas immunc

i 5P AL, JDM. LTN. BSW. UMH_ and DM, performed resarch; RK. cordrbuted new
EMBARGOED UNTIL 2:00 PM US ET THURSDAY, 10 JULY 2014 o041 anayed i and invasive cancers, but the

WA G2
Biostatstics, Mossachusetts General Hospital, Harvarg Miedical School, Boston, MA 02113; SDepartment of Physics, School of Engincering and Appli
rd Universty, Cambridge, MA 02138; "Department of Bostor

Contributed by Kurt . Iselbacher, December 11, 2016 (snt for review October 14, 201
irculating tumor cells (CTCs) are shed into the bloodstream by  rare cancer cells surrounded by
Emer
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_contaminating leukocytes (4).
2 microfluidic CTC iolation technologics that cffectivel

difficulty inherent in identifying these

CANCER THERAPY

Ex vivo culture of circulating breast | i i menss mes:

to 32%), and the initial doubling time of CTC

of drug susceptibility o105 of el e one e (R0

lost ER expression in vitro (Fig. 1C and fig. 52).
alysis of

s Atrbusion Noncommercl.

tumor cells for individualized testing | e wiimssmwsvaswans,  femrees:

identifying a di

tal sigr

cer detection in blood specimens. As proof of princple, we
examined hepatocelluar carcinoma (HCC), a cancer that i derived  the feasibilty of RNA-erived digital scoring of CTC-cn
leukocyte marker CDA5 (Fi. 14) (6. S2). The  [ayses s avilable at Github rom liver cels bearing a unique gene expression profile. After  populations, we applicd his siratcgy to e

ignature of 10 liverspecifc transcripts, we (11
used a cross-validated logistic regression model to identify the lier cels with unique tisue-specfc cxpresion profics.

tients with HCC versus one of 31
liver disease at risk for developing HCC (P < 0.0001). Positive CTC
Jpnas oratookupsuppiioio. scores declined in treated

RESEARCH ndDAH, rare cels by microscopy has preduded thei routine use in monitor- depletc leukocytes without manipulating tumor cells (5) preserve
vt ng a igh-quality RNA cont
ek ‘microfluidic CTC-Chip, which by single-cell RNA sequencing (6-8). These CTC isolation
Cultured CTCs shared eytological features with it and the authors have. from blood specimens and enriches for CTCs with wel-preserved platforms now cnable the application of powerful RNA-bused
REPO c1 & RNA. Application of RNA-based digital PCR to detect CTC-derived al PCR (dPCR) technologies to score molecular signatures of
iChip (Fig. 10),and consistent with standard CTC signatures may thus enable highly accurate tissue lineage-based  cancer cell, thus provi hroughy

m
lout for the presence of CTCs within blood specimens. To test
I

(CC), a cancer that lacks defining gene mutations but ori

(3%) patients with nonmalignant

patients: Nine of 32 (28%) patients re-  infection drives the incidence of HCC; worldwide,

%)

gone curative-intent ablation, surgery, or liver transplantation  of developing HCC is calculated as
were positive. RNA-based digital CTC scoring was not correlated

with the standard HCC serum protein
57). Modeling the sequential use of these two orthogonal _ countries are also witnessing a rise in HCC incidence, linked

infected with HBV (10). The risk

1% per individu
year in HBV carriers without cirthosis and as high as 8% per
marker alpha fetoprotein  individual per year in patients with cirthosis (11). Developed

with cirrhosis due to chronic hepatitis C virus (H ection,
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marke
sis generates positive and negative predictive values of 80% and  #lcohol abuse. obesity-

sociated nonalcoholic fatty liver discase

Circulating tumor cells (CTCs) are present at low concentrations in the pef
patients with solid tumors. It has been proposed that the isolation, ex vi

CTCs may provide to ly
changing patterns of drug susceptibility in individual patients as their tun]

8l
new mutations. In a proof-of-concept study. we established CTC cultures

with estrogen receptor-positive breast cancer. Three of five CTC lines tes|
tumorigenic in mice. Genome sequencing of the CTC lines revealed preexi
iin the PIK3CA gene and newly acquired mutations in the estragen recept

y of CTC lines led potential
targets. With optimization of CTC culture conditions, this strategy may

ppearanc propert Malgorzata E. Smas', Da
o be involved in metastasis,die in the | evdent wiina st o/} Brinda Alagesan', Brian W. Brannigan’, Patrice M. M
Sridhar Ramaswamy', Mehmet Toner'

‘matri-derived survivalsignals or irculatory shear [ form suggested that the cells
stress. Nonetheless, if CTCs can be isolated from | To investigate whether the
tients as viable cell that can be geno- | viable, we applied the CTC-|

s, David P. Ryan', Lecia V. Sequist', Nabeel Bardeesy’,
, Shyamala Maheswaran! & Daniel A. Haber?

pisca g o vt o e e ne o amend RN sequencing of pancreatic circulating tumour
S maapes o oo e s o i o sor ] cells implicates WNT signalling in metastasis
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of cancer. Here, we adapted a microfluidic device for efficient CTC-enriched transcript. RNA sequencing of metastatic

partialy purfed CTCS that are ixed before 50~ | rowth factor (EGE) and basi capture of CTCs from an endogenous mouse pancreatic cancer  mouse ascites demonstrated ens e s

T Wecar - model* and subjected CTC:s to single-molecule RNA sequencing’, MPANC-
5 el CTCs Bt

typed and functionally characterzed over the | ples rom patients with meta] Circulating tumour cells (CTCs) shed into blood from primary  yielding a set of 9 tumour-associated genes whose expres
courseof therapy, they have the potential to den- | ceptor (ER)-positive breast cz i i i distal metastases’.  markedly increased in CTCs (Supplementary Table 2). On
tify treatments that most effectively target the | @ range of cultur conditions Aliicnch these et st e ottt Wotd s foud to b :

cvoling mutatonal profle o the primary tumor. | mentary metha), we foun ough thess cehs are extraordioarlly rare. they, may identlly. Wini2,ves found io be constaiently Sauich

D, The isolation of viable CTCs is tectnically | erated best as tuor spheres| cellular pathways to the biood-b the € . leading us to pursue this gene as
hall

ichment for Wrnt2. A se

metastati

v
Jé1 coss, o imeversibly immobilized on an adherent. | (Fig. 14). Nonadherent cultu Hdeatify
‘matrx (see review (2)). We recently reported .| crtical, because CIC senesoed] 4
‘microfluidic technology, the CTCiChip, which | visions in adherent monolayq]

ted with the fewer
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for WNT signallingin 5 out of 11 cases. Thus, molecular

distal spread of cancer.

propensity in vivo. This effect is correlated with fibronectin upre-  of CTCs
gulation and suppressed by inhibition of MAP3K? (also known as

ciated with upregulation W2 expression
of multiple WNT genes, and pancreatic CTCs revealed enrichment  analysis of CTC:
f analysisof - mRNAs identified Wint2 transcripts in 64% of cytokeratin-expressing
e. A comparable Wnt2 mRNA signal was observed

pancreatic tumours
(Fig. 1e). In contrast, within primary tumour specimens, Wnt2 mRNA

CTCs may identify candidate therapeutic targets to prevent the  cells

We established the ™CTC-Chip microfluidic capture platform’ to

the blood specimen (Supplementary Table 3),
of antibodies for cellular imaging of

n of non-adherent tumour  developed fluorescent RNA in-situ hybridization (RNA-ISH) to verify
n CICs (Supplementary Figs 2 and 3). RNA-ISH

nd

using dual staining for Wnt2

Joutofn
in metastatic cells from

of mice bearing

pancreatic cancers in

0, also demonstrated W2 expression in both CTC

e ascites cells. The lower number of Wnt2 messenger RNA

of WNT2 in pancreatic cancer cells suppresses anoikis, enhances  reads in MPANC-10 cells was corr
oret ' . "

Joughput ciin-

JHCC in popu-
ent. The early detection of hepatocellular carcinoma (HCO) is of
01038/ nature11217 ar carcinoma | | accurate, high-throughput screening methodology has yet to
developed. g microfiuidic depletion of hema-

topoietic cells from blood specimens with absolute quantif-

platiorms 10
cimens, but  Revs 3
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ond mouse,
s and

cytokeratin
the number

WNT2, we

cytokeratin

Hanrd adcal Scha,Crareston, WA 2129, USA blood samples dravn at mul

Doints during theap ’ isolate CTCs from blood samples of a genetically engineered mouse ~ expression ible in very small localized clusters of cells

Y, ety o e ot sl U0, | 0 aultu , comparing p profiletothat of  (1-5% of all cell) in § out of 14 primary tumour specimens (Fig. 1)
i n collected primary tumour and metastatic ascites cells  Histological analysis of rare W i in p i
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(Fig, 1a and Supplementary Fig, 1). Captured cells were stained for

adenocarcinomas (PDAC) did not reveal any obvious distinction from
other tumour cells. The small number of Wit2-positive cells in primary

epithelial cytokeratin (CK) and the leukocyte marker CD45, with
CTCsscoredas CK*/CD45 ™ (Fig Ib). Eight control ~
hada median of 1.3 CK* /CD45 cells per 0.2-56;

tumour sp with DGE analys 3
Wnt2RNA read 12)and 15) PDAC. Thus,

mean*sd, 18+17) under the selected imaging parameters

Applying a threshold of = 6 cells per 100, 7 out of § tumour-bearing

‘mice were positive for CTCs (median, 31 cells per 100 u; range, 2-547;

mean = s, 115 = 188) (Fig. 1b, c). Most CTCs were captured as single:

cells, although clusters of 5 to 10 cells were seen in ~50% of mouse

blood samples. The on-chip purity of captured CTCs ranged from
(NSB) by I

both 2
Wii2-positive cells are present within both CTC and metastatic ascites,
and represent a rare subset of the primary tumour population.
To test the functional consequences of WNT2 expression in vivo,
lentiviral constructs were introduced into NB308 PDAC cells, which
NT2expression ig.4).

Subcutaneous engraftment of green fluorescent protein (GFP)-tagged

0.1-6%, due

tary Table 1).
Given the minute amounts and variable purity of CTCs, we applied
microgram RNA-based sequencing method using a singl
le ‘next generation’ platform’, to derive a digital gene expres-
sion (DGE) profile. We processed sample through
EPCAM. and mock IgG-functionalized "™CTC-Chips, allowing
jtal sublraction of matched NSB leukocyte reads from each CTC
enriched DGE profile. Using the DEGseq statistical model* applied to
the MA-plot with a false discovery rate (FDR) of0.10, we identified 361
transcripts in mouse MPANC-9 cells that were increased more
twofold in anti-EPCAM.- versus IgG-chips, and absent in blood from
non-tumour-bearing mice (Fig. 1d). This CTC candidate gene set was
then compared with DGE profiles of 12 mouse and 15 human primary
pancreatic tumours, versus normal mouse and human pancreata®,

NB508 cells produced significantly more lung metastases in
nude mice, compared with vector-transduced cells, despite the larger
size of vector-expressing primary tumours (n = 8, P<0.03) (Fig. 2a

d c h

bearing WNT2-expressing tumours, but
this did not reach statistical significance (P = 0.25, Fig, 2b), even after
normalization for the smaller size of WNT2-expressing tumours
(P=0.17, Supplementary Fig, 4). Thus, WNT2 expression may increase
the metastatic potential of circulating cancer calls, without markedly
increasing their generation from primary tumours. Consistent with this
hypothesis, direct intravascular inoculation of cells into the tail vein of
syngeneic mice, which bypasses the vascular invasion step, showed a
marked increase in lung metastases for Wnt2-NBS08 cells (5/6 Wint2-
transduced versus 0/6 vector, P<0.05) (Fig. 2c and Supplementary
Fig 4)

increase in numbers
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Late-stage therapy is highly ineffective

100 | Changing landscape of cancer screening:

* Only a tiny fraction of nodules identified in
screening are cancerous

* Increasing use of MRl and CT (especially
Low Dose CT) scans led to an explosion of
'Incidentalomas’

Survival (%)

* ctDNA testing for cancer-associated DNA

0 | methylation has a false positive rate of 62%
Pre | 11 \Y

Stage




How much blood volume needed for a robust CTC assay?

Tumor Cell-based Liquid Biopsy using leukopaks

\Y RBCs &
(J = telets
| | Challenge: ? ®
~—Venipuncture ) Leukapheresis . . .
o0 I The probability (Pr) that an ] @
|| equivalent blood volume V 10-fold more volume than a
o 80 - contains greater than x i tube of blood
% number of CTCs for a CTC
5O 60 - frequency n is given by:
B O
£8 x=50 (Vr;) 50-fold more platelets than a
E Pr=1- Z tube of blood
o 20 / x=
_ ) |
/ :
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Magnetic Sorter

Mishra et al., PNAS (2020); Mishra et al., Nature Communications (2025)



CTC-Chip: Multiphysics negative depletion of blood cells

Leukpak

N Ultrahigh-throughput magnetic sorting of large blood

volumes for epitope-agnostic isolation of circulating
tumor cells

Avanish Mishra®?<%', Taronish D. Dubash®®', Jon F. Edd®", Michelle K. Jewett>?<, Suhaas G. Garre®"*,

Nezihi Murat Karabacak®®@, Daniel C. Rabe®™<9®, Baris R. Mutlu®®9{, John R. Walsh®?<®, Ravi Kapur,
.b,d,e,2

_.** White Blood Cells labeled with magnetic
37 ‘_" microbeads in whole blood

,d,g,2

Shannon L. Stott*?<4, Shyamala Maheswaran®?, Daniel A. Haber® , and Mehmet Toner®

2BioMEMS Resource Center, Charlestown, MA 02129; PCenter for Engineering in Medicine and Surgery, Massachusetts General Hospital, Boston, MA 02114;

¢ Whole [CD45, CD16b, CD66b] / 5

e & = = = (= — A ( 1 “Cancer Center, Massachusetts General Hospital, Boston, MA 02114; “Harvard Medical School, Boston: MA 02115; ®Shriners Hospitals for Children, Boston,
B| d | e e h . ir N “\ —— MA 02114; TMicroMedicine, Inc., Waltham, MA 02451; and 9Howard Hughes Medical Institute, Bethesda, MD 20815
'y ©lood  Magnetic microbeads y = | | o | |
9 b ( \ Leukopa Contributed by Daniel A. Haber, May 13, 2020 (sent for review April 10, 2020; reviewed by James J. Collins and John A. Rogers)
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1. Process large volumes at a single cell resolution: 300 million cells per min at 1 CTC in 40 mL blood sensitivity

2. Apply in unbiased way to all cancers, without having to know which cancer ahead of time: Avanish Mishra
“Negative Depletion” of normal blood cells vs “Positive Selection” or “Size Selection” of tumor cells

2. Tumor cells are “untouched and undamaged” and hence they can be studied and cultured for analysis

Mishra et al. PNAS (2020); Mishra et al. Nature Comm (2025)



Clinical results from cancer patients

Total Blood Volume Number of
Tumor type Processed (mL) Isolated CTCs
Prostate (GU-1) 6379 58,125
Prostate (GU-2) 5732 1,276
Breast (TNBC-1) 5991 4,580
Liver (HCC-1) 4565 4,109
Liver (HCC-2) 7176 1,490 GU: EpCAM/C11/CK19
Uveal Melanoma (UM-1) 6523 720 Blue - Nucleus Lﬁi‘?é‘ég%\\ﬂ'\/"’gjj/’ggg‘j ASGR1/GPCA
Uveal Melanoma (UM-2) 4345 100 Red — Exclusion markers UM: Sox10/Melan-A/NG2

Cell Size

o
o
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=
AL l A l 1 l

* 99% of WBCs overlap with 67% of CTCs with size ranging from 4 to 25 microns
* Intra-patient variation in tumor marker expression range from 2 to 20-fold
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Mishra et al., Nature Communications (2025) Diameter (um)



Clinical results from cancer patients

Tumor origin:
Cell lineage-based
RNA signature

Single-cell DNA (CNV)

analysis providing

bonafide proof of cancer
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ddPCR confirms the
presence of the

expected tumor type

with high specificity
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WES analysis for
prostate CTCs
displaying CNVs

Single-cell RNA-seq
analysis for prostate
CTCs displaying CNVs

Mishra et al., Nature Communications (2025)
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Whole Exome Sequencing (WES) of
CTCs identifies functionally significant
mutations within known cancer genes
beyond those detectable using ctDNA or
even tissue needle biopsies

T wﬂﬂmﬁﬁﬂ

Type Il I

Cluster
3

=

Type Cluster Log10(RPM + 1)
EpCAM+ or PSMA+ [l Cluster-1
B DN BiCluster2 o 2 4

Two distinct hierarchical clusters
based on RNA expression.

DN CTCs are small, mesenchymal-
like cells with neuroendocrine
features.
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Integrated monolithic CTC-Chip for early diagnosis

Magnetic-
activated Cell
Sorting

I %A:Size-baseq gell Sorting}

i ?\,& ’\ | l[ 5

Sample | Sample
Filtration| / Filtration

Magnetic-
activated Cell
Sorting

300 million cells/min
1 CTC in 200 billion blood cells
<1 sec within the chip




CTCs from a rare event to a reliable biomarker

Tinid

Patients with Elevated

S

Curative Surgery,
Radiation, and
Adjuvant Therapy

"~

Cancer Risk /

FDA-approved

MacoPress

Collection
(500 mL)

Molecular
Confirmation of cancer

Aneuploidy: Copy Number
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