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Background: The load of circulating tumor cells (CTC) and tumor-derived extracellular vesicles (tdEV) strongly correlates
with poor clinical outcomes and can be used to evaluate treatment response and the presence of treatment targets.
However, the frequency of CTC is low, making an accurate assessment impossible in most patients. Here, we introduce
blood tumor load (BTL), in which CTC and tdEV are combined into one value ranging from 0 (low) to 1 (high) to simplify
result interpretation and increase the percentage of patients from which a reliable assessment can be made.
Patients and methods: The CTC and tdEV counts were obtained from the ACCEPT analysis of the CellSearch image
datasets of 98 metastatic breast cancer patients (mBC) and 157 castration-resistant prostate cancer patients (CRPC).
The BTL generated using these counts was used in human epidermal growth factor receptor 2 (HER2) expression
assessment in mBC patients. The BTL scores of CRPC patients at baseline and first follow-up time points were
evaluated, and a change in BTL, indicating response to therapy, was measured in the patients.

Results: Using 10 CTCs as a threshold, the HER2 positivity could be determined in 34/98 (35%) breast cancer patients,
whereas with BTL, the positivity increased to 76/98 (78%). The BTL showed an improved Cox hazard ratio for overall
survival in 157 CRPC patients before and at first follow-up points compared with CTC and tdEV alone. A decrease in
BTL indicating response to therapy was seen in 45% of CRPC patients, and an increase in BTL was seen in 9%,
indicating progression on treatment. The remaining 46% of patients showed no change.

Conclusions: In this study, we demonstrated the applications of BTL in improving the reliability of measuring response
to therapy and increasing the proportion of patients from which the presence of a treatment target can be assessed.
Key words: circulating tumor cells, tumor-derived extracellular vesicles, human epidermal growth factor receptor 2

(HER2), image analysis, ACCEPT, blood tumor load (BTL)

INTRODUCTION

The number of biomarkers aiding in the diagnosis, moni-
toring of treatment efficacy, and choice of treatment in
cancer patients is rapidly increasing. Biomarkers present in
blood and frequently referred to as ‘liquid biopsies’ are
composed of tumor cells traveling through the blood
[circulating tumor cells (CTC)], tumor-derived extracellular
vesicles (tdEV), circulating tumor DNA, circulating tumor-
related micro RNA, and proteins associated with the
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presence of cancer."> These biomarkers can improve the
ability of the treating physician to make treatment choices.
However, the selection of the most optimal predictive and
prognostic biomarker is challenging due to the plethora of
available biomarkers, each with its advantages and disad-
vantages. There is an urgent need to tailor therapies to
improve patient survival during the course of the disease.*”
In this study, we propose a method to combine multiple
biomarkers into a single biomarker such that the strength of
the combined biomarker is amplified over the single bio-
markers. We evaluated these combined biomarkers into
blood tumor load (BTL) and first explored its feasibility by
combining CTC and tdEV for the assessment of the presence
of treatment target HER2 in metastatic breast cancer (mBC)
and the assessment of prognosis in patients treated for
castration-resistant prostate cancer (CRPC).
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PATIENTS AND METHODS

Patients and clinical data

For the assessment of HER2 expression, we used data
from 98 mBC patients included in the CLCC-IC-2006-04
(NCT00898014) trial. Patients included entered first-line
chemotherapy with or without targeted therapy (trastuzu-
mab or lapatinib in HER2-positive patients, bevacizumab in
HER2-negative patients), with a life expectancy of at least
3 months, with measurable or evaluable disease.® For the
assessment of treatment response, we used data from
157 CRPC patients in the IMMC38 study.” Patients included
had histologically confirmed metastatic and progressing
prostate cancer, with castrate levels of testosterone
(<50 ng/ml), with a prostate-specific antigen (PSA) level
>5 ng/ml, and were starting a new line of chemotherapy.
CellSearch image data before initiation and 2-5 weeks after
initiation of therapy were used for the analysis. Patient
demographics have been previously reported.” All study
protocols were approved by the participating institutes’
medical ethical committees, and all patients provided
written informed consent in accordance with the Helsinki
Declaration.

CellSearch images of breast cancer and CRPC patients

Blood samples of 7.5 ml were processed using the Cell-
Search CTC kit on the Autoprep (Menarini Silicon Bio-
systems, Huntingdon Valley, PA, USA). After EpCAM
immunomagnetic enrichment, the enriched cells were
stained with the fluorescent reagents 4',6-diamidino-2-
phenylindole (DAPI), cytokeratin 8, 18, 19-phycoerythrin
(CK-PE), and leukocyte-specific CD45-allophycocyanin
(CD45-APC).2 For the breast cancer study, HER2-FITC was
added to the reagent cocktail.” Immunofluorescence images
were acquired from the upper surface of the CellSearch
cartridge on the CellTracks Analyzer Il (Menarini Silicon
Biosystems) using the default settings for CellSearch and
stored for later reanalysis.

Automated enumeration and characterization of CTC and
tdEV

The digitally stored fluorescence image files were reanalyzed
with the open-source ACCEPT software v1.1 (http://github.
com/LeonieZ/ACCEPT) using the ‘Full Detection’ function.
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Features obtained from the fluorescence signal intensity
measurements for each object found in the images were
extracted per channel. The same sample and images were
used to enumerate CTC and tdEV. The CTC defined as CK-
positive, EpCAM-positive, DNA-positive and CD45-negative,
and the tdEV defined as CK-positive, EpCAM-positive, DNA-
negative and CD45-negative were identified with the
ACCEPT gates'®'" as shown in Table 1. The parameters
included DAPI and CD45 mean fluorescence intensity, CK
mean and max intensity, standard deviation, CK/DNA overlay,
CK perimeter, eccentricity, CK perimeter to area, and CK size.
To identify HER2-positive/negative CTC and tdEV, previously
reported'®'? gates were applied, which included HER2 mean
intensity, size, standard deviation, overlay with DNA, eccen-
tricity, perimeter, and perimeter to area (Table 1).

BTL and fraction HER2-positive

The BTL combines the counts of CK-positive CTC and
CK-positive tdEV as defined in Equation 2. The frequency
distribution of CTC in mBC and CRPC patients are similar,
permitting the use of one equation for both cancers.*® tdEV
are present at a frequency that is one order of magnitude
greater than CTC. While tdEV correlates to CTC, they still
provide unique information for the prognosis of survival,*?
allowing their complementary usage in Equation 2. To scale
the CTC and tdEV count, their value is scaled to the corre-
sponding quantile using the log-logistic function optimized
previously,”* see Equation 1, with shape 0.773 and shift 1.207
for CTC and 2.511 for tdEV from a fit to the distribution as
described previously.™® BTL is between 0 and 1 by definition.
We added 1 to the count as the log of 0 is not defined and
scaled the log-logistic back to the 0-1 range.

1
Ilg(x) = <1 + e~ (shape-In(x+1)—shift) o 0[) /(1 o 0[) (1)

with @ = 1/(1+ et

llg(CTC) + lig(tdEV)
2

BTL = (2)

To assess the HER2 positivity in breast cancer patients,
the fraction HER2-positive combines the mean HER2-FITC
intensity of CTC and tdEV (derived from ACCEPT) using

Table 1. Linear ACCEPT gates used for the enumeration of circulating tumor cells (CTC) and tumor-derived extracellular vesicles (tdEV)
Tumor Class DNA cD4a5  CK Sub-class Marker
Mean| Mean| Mean| Max| SD Ov. DNA P Ecc. A P2A Mean | A SD Ov. DNA Ecc. P P2A
mBC  tdev <5 <5 >60 >90 — — >5 <0.8 <150 <1 HER2+ >20 <150 >20 = <08 >5 <1
HER2— <5 — — — - - —
CTC  >70 <5 >80 — >20 >0.15 = = 16-400 —  HER2 = = = = = = =
+/—
HER2+ >20 <400 — >01 = = =
CRPC CTC >45 <5 >60 — —  >0.2 — — 16-400 — <5 — — — - = -
tdev_ <5 <5 >60 >90 — — >5 <0.8 <150 <1 <5 — — — - - —

A, area (umz); Ecc, eccentricity; |, intensity; Ov. DNA, overlap with DNA (%); P, perimeter (pixels); P2A, pixel to area ratio; SD, standard deviation.
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Equations 3 and 4 with /- of 20, 200, and 500 for
HER2+, +-+, and +++, respectively.

N
> 1(CTCi er2 intensity>Ic)
=1

Fraction HER2+c7c = (3)

Nere

Fraction HER2 +
_ Fraction HER2+crc + 8 Fraction HER2+ 1y

, With
146

25
(cTC +1)?

(4)

Factor 8 expresses the assumption that the HER2
expression on CTC is more reliable than tdEV when the CTC
count is high and less reliable when the CTC count is low.
For 1 CTC, the HER2 expression is composed of 14% CTC
and 86% tdEV. For 4 CTC, the contribution of CTC and tdEV
are balanced. For 9 CTC, the HER2 expression is 75% CTC
and 25% tdEV.

Statistical analysis

Statistical analysis was carried out in Python 3.9 with the
lifelines 0.27.4 package'® and SPSS (v24.0, SPSS Inc., Chi-
cago, IL). Graphs were generated in OriginPro (v2021b,
OriginLab Corporation, Northampton, MA). For correlation
and regression, the CTC and tdEV counts were log-
transformed with base 10 to mitigate considerable right
skew in the distribution. Additionally, 1 was added to all CTC
and tdEV counts because of samples with 0 CTC and or
tdEV, and the log of 0 is undefined. We computed Pearson’s
correlation and reported the R? value. Cox proportional
hazard regression was applied to obtain univariate hazard

confidence intervals (Cls) with the log;o(CTC + 1),
log1o(tdEV + 1), or BTL (Equation 2) as the covariate. Each
covariate was tested at baseline and the first follow-up (2-5
weeks). HRs were scaled to the interquartile range to ac-
count for differences in the scale of the covariates. Addi-
tionally, we tested the change in each covariate between
baseline and follow-up. To test whether a change in BTL was
significant, we carried out a one-sided paired t-test.

RESULTS

Blood Tumor Load using ACCEPT enumerated CTC and tdEV

mBC samples (n = 98) were reanalyzed with the ACCEPT
software by the application of linear gates to the detected
events for classifying CTC and tdEV. The number of ACCEPT
tdEV and CTC in a sample was used to compute the BTL
(Equation 2). Figure 1A represents the image dataset for the
mBC patients, which are processed with ACCEPT to identify
CTC and tdEV from features extracted for each event in the
image dataset. The distribution of two of the features is
shown in Figure 1B and C.

Assessment of HER2 expression on CTC and tdEV

For the ACCEPT-selected CTC and tdEV, we determined the
fraction that was at least weakly positive (+), positive (++),
or strongly positive (+++) for HER2-FITC in the mBC pa-
tients (n = 98). Weakly positive (+) was defined as a CTC
with a FITC fluorescence signal greater than the background
intensity plus 10. The background intensity was defined as
the 90-percentile fluorescence intensity of the leukocytes
present in the same CellSearch cartridge. For most car-
tridges, this is equivalent to the 99-percentile on the leu-
kocytes, but for a few cartridges, false positive classifications
of White blood cells led to an abnormally high background
level at the 99-percentile. Median positive (++) was set at
the fluorescence intensity above which 30% of all CTC

ratios (HRs) for overall survival, including the 95% detected in the 98-breast cancer patients expressed HER2.
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Figure 1. Processing of an image dataset. (A) A stack of multichannel immunofluorescence images representing a single CellSearch cartridge. (B) Scatter plot showing
two parameters of the ACCEPT circulating tumor cells (CTC) gate (Table 1) for all events. Blue dots show events that meet all criteria and are counted as CTC. Dots in
gray show events that fail at least one of the criteria. For example, an event is not counted as CTC because it expresses CD45. (C) Scatter plot showing two parameters
of the ACCEPT tumor-derived extracellular vesicles (tdEV) gate (Table 1). Blue dots show events that meet all criteria and are counted as tdEV. The gray dots fail at least
one of the criteria. For example, the area of an event could be too large.

CK, cytokeratin; DAPI, 4',6-diamidino-2-phenylindole.
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Strongly positive (+++) was set at the fluorescence in-
tensity at which 10% of all CTC expressed HER2.

The percentage of patients who had HER2-CTC was 73.5%,
44.9%, and 9.2% at the +, ++, and ++4+ expression
thresholds, respectively. The percentage of patients who had
HER2-tdEV was 73.5%, 42.8%, and 14.3% using the same
thresholds. Figure 2A and B illustrates the HER2-FITC expres-
sion versus CK-PE expression for CTC and tdEV in a single
sample to show the range of expression levels. Figure 2C and
D show some examples of HER2 expressing CTC and tdEV.

HER2 BTL assessment

The ACCEPT CTC and tdEV counts have a high positive
correlation (R* = 0.77), see Figure 3A. The fraction of CTC
and tdEV expressing HER2 in patients with CTC >10 are
plotted in Figure 3B, showing a correlation R> = 0.61. The
ACCEPT and manually identified CTC also correlated well

E. Dathathri et al.

(R? = 0.72), as shown in Supplementary Figure S1A, avail-
able at https://doi.org/10.1016/j.esmoop.2025.105302.

The fraction of CTC and tdEV expressing HER2 in patients
with at least one CTC correlate poorly (R* = 0.19). When
patients with only high CTC counts (>10 CTC) were
considered, the correlation improved (R = 0.61). In this
study, 11% of patients had zero CTC and no HER2 assess-
ment was possible, whereas 54% had 1-10 CTC and 35% had
>10 CTC. To improve the reliability of the HER2 assessment,
Equations 3 and 4 were applied to the CTC and tdEV per
patient sample.

In Figure 4A, the BTL of the 98 patients ranging from
0 to 1 is indicated, where black dots are samples with
CTC + tdEV >10 (78%), blue dots have CTC + tdEV count
of 1-10 (21%), and purple diamonds have CTC + tdEV =
0 (1%). The fraction of HER2 and their division into HER2+,
HER2++ and HER2+++ sorted according to the HER2
fraction for each of the 98 patients is indicated in the
Figure. In Figure 4B, the fraction of HER2+4 CTC is shown,
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Figure 2. Example of quantification of HER2 expression on circulating tumor cells (CTC) and tumor-derived extracellular vesicles (tdEV) in a single patient sample.
The scatter plot of CK versus HER2 expression of CTC (A) and tdEV (B). The thresholds for weakly positive (+), positive (++), or strongly positive (+++) are indicated.
Examples of CTC (C) and tdEV (D) that are HER2+, ++, or +++, and their intensity values in arbitrary units (AU). The overlay is a false color image with blue for DAPI,
green for CK-PE and red for CD45-APC. The scale bar indicates 6.4 im. Red contours show the ACCEPT segmentations in each channel.
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Figure 3. Circulating tumor cells (CTC) and tumor-derived extracellular vesicles (tdEV) correlation. (A) CK+ CTCs and corresponding CK+ tdEV of mBC patients
(n = 98) show a high correlation (R* = 0.77) (B) Fraction of CTC and tdEV expressing HER2 in patients with CTC>10 (n = 34), showing correlation R? = 0.61.

CK, cytokeratin; mBC, metastatic breast cancer.

where black dots are samples with >10 CTC (35%), blue
dots have 1-10 CTC (54%), and purple diamonds have
0 CTC (11%). For the purple diamond samples (no CTC +
tdEV/no CTC), no HER2 assessment could be made since
that assessment requires the identification of cellular
material of tumor origin.

Using a threshold of 10 CTC, HER2 positivity (on CTC)
could be reliably determined in 34/98 (35%) breast cancer
patients as shown in Figure 4B. Patients with a CTC count of

0 (n = 11) could not be analyzed for their HER2 expression,
while the remaining patients with CTC count from 1 to 10
(n = 53) may have a less reliable HER2 expression due to
low CTC frequencies. After the application of BTL, using a
threshold based on CTC + tdEV count >10, the assessment
of HER2 positivity was increased to 76/98 (78%) of patients
(Figure 4A). Importantly, the BTL indicated no correlation
with the fraction HER2+ (%) as patients with both low and
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Figure 4. HER2 expression in 98 metastatic breast cancer (mBC) patients. (A) Bars show the Fraction HER2+ expression sorted by decreasing blood tumor load (BTL)
HER2+ fraction. The fraction HER2+ is indicated in yellow, fraction HER2++ in orange, and fraction HER24+++ in red per patient sample. Markers show the BTL
values corresponding to each HER2 assessment (secondary vertical axis) and differentiate between a BTL based on a circulating tumor cells (CTC) + tumor-derived
extracellular vesicles (tdEV) count >10 (black dots, n = 76), 1-10 (blue dots, n = 21), and O (purple diamond, n = 1). (B) Bars show the fraction of HER2+ CTC sorted
by decreasing BTL HER2+ fraction. Markers show the CTC counts corresponding to each HER2 assessment (secondary vertical axis) and differentiate between CTC of
>10 (black dots, n = 23), 1-10 (blue dots, n = 64), and 0 (purple diamonds, n = 11).
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high BTL showed varying expression levels (+, ++, ++-+)
and fractions HER2+ (%).

Association of CTC, tdEV, and BTL with Overall Survival in
CRPC patients

CTC and tdEV counts from blood samples of CRPC patients
(n = 157) were obtained from the CellSearch images at
baseline and first follow-up, with the first follow-up at 2-5
weeks after the initiation of chemotherapy (mean 3.8
weeks). Figure 5A shows the correlation of the CTC and tdEV
counts at baseline (black squares, R? = 0.73) and follow-up
(red dots, R> = 0.75). The ACCEPT and manually identified
CTCs correlated well with R> = 0.77 and 0.58 for baseline
and follow-up timepoints respectively (Supplementary
Figure S1B, available at https://doi.org/10.1016/j.esmoop.

E. Dathathri et al.

2025.105302). The BTL was computed from the CTC and
tdEV counts for each sample and is shown at baseline and
first follow-up in Figure 5B. BTL at baseline was between
0.03 and 0.99 with a median of 0.58 and BTL at follow-up
was between 0.00 and 0.97 with a median of 0.45 indi-
cating an overall decrease in tumor load following
treatment.

We carried out univariate Cox regression with CTC, tdEV,
or BTL as a continuous variable to predict overall survival.
Figure 5C shows the continuous HR, for the overall survival
of the patients (n = 157). HR 1.86, 95% Cl 1.54-2.26 for CTC
at baseline, HR 2.59, 95% Cl 1.96-3.42 for tdEV at baseline
and HR 3.37, 95% Cl 2.33-4.88 for BTL at baseline. The Cox
regression at follow-up similarly shows that elevated CTC,
tdEV and BTL levels are associated with decreased survival,
as shown with HR (95% Cl) of 2.12 (1.69-2.64) for CTC, 2.62
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Figure 5. Blood tumor load (BTL) in 157 castration-resistant prostate cancer (CRPC) patients. (A) circulating tumor cells (CTC) and tumor-derived extracellular
vesicles (tdEV) counts before treatment (R? = 0.73) and at first follow-up (R? = 0.75). (B) Box plot of BTL values at baseline and follow-up. The box shows the 25-75
percentile, the mid-line shows the median, and the whiskers represent the 10-90 percentile. The BTL at follow-up was significantly lower as compared with the
baseline BTL (P < 0.001). (C) Cox hazard ratio for overall survival as a function of the log-transformed CTC and tdEV, and BTL at baseline and first follow-up. Hazard
ratios were scaled to the interquartile range. (D) BTL response of the 157 CRPC patients, 45% showed a decrease in BTL, 46% an insignificant change and 9% showed

an increase in BTL.
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(1.99-3.45) for and 3.18
respectively.

A change in CTC number could be informative on the
effectiveness of therapy. However, the number of CTC is
frequently low (1-10) inhibiting observation of a significant
change. As the BTL is based on a larger number than CTC,
the number of samples for which a significant change in BTL
may be observed becomes larger. Using a shot noise model,
we simulated the required change for CTC and BTL to reach
90% significance, see Supplementary Information and
Figure S2, available at https://doi.org/10.1016/j.esmoop.
2025.105302. From their CTC at baseline, a significant
reduction in level was possible for 110 of 157 patients and
observed for 37 patients. From their BTL at baseline, a
significant reduction in level was possible for 151 of 157
patients and observed for 71 patients. To assess whether
the therapy led to a durable reduction of CTC/BTL, longer-
term follow-up would be needed. A significant decrease in
BTL after treatment was defined as a decrease less
than —0.125 (i.e. 4BTL < —0.125), an insignificant change
in BTL as a change between > —0.125 and < 0.125, and a
significant increase in BTL as a significant increase in BTL as
an increase greater than 0.125 (i.e. 4BTL > 0.125).
Figure 5D indicates that in 45% of patients a decrease in BTL
was observed, in 46% of patients an insignificant or no
change was observed and in 9% of patients, an increase in
BTL was observed. Although a decrease in BTL indicates a
response to therapy the objective of therapy should be a
BTL of 0, so the ABTL can be large but when the BTL value
does not reach zero, further improvement in therapy may
be warranted.

tdEV, (2.27-4.45) for BTL,

DISCUSSION

Rapid advancements in the diagnosis, monitoring and
treatment of cancer patients call for efficient biomarkers
that can determine response to therapy accurately. The
spread of cancer through metastasis is the major cause of
death in cancer patients. As metastases are initiated by
CTC, they play an essential biological role in cancer pro-
gression. It is not surprising that the presence and load of
CTC are strongly associated with poor survival. Although
the role of tdEV is not yet fully understood,*>™’ their
presence and load are still strongly associated with poor
overall survival. While CTC are clinically well-established
biomarkers, the ability to quantify and assess their
expression and response to treatment relies heavily
on their frequencies.*®**° Hence, in patients with low fre-
guencies, CTC alone may not suffice as an effective
biomarker. In this study, we present for the first time a way
to combine CTC and tdEV into a single biomarker called
BTL. The BTL is studied to evaluate the treatment target
expression of HER2 in mBC patients and evaluate therapy
response in mCRPC patients.

Clinical decisions on treating mBC remain dependent on
the expression of HER2.2“?* Drugs targeting HER2 signifi-
cantly improved the prognosis of patients with HER2-
positive breast cancer defined by an immunohistochemical
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score of 3+ and/or an in situ hybridization gene amplifica-
tion.”>%® Traditional HER2-targeting therapies are effective
in HER2-positive breast cancer and comprise 15%-20% of all
breast cancer patients, whereas in patients considered
HER2-negative, these treatments are not effective.>”*°
Recently introduced novel anti-HER2 agents, such as
antibody-drug conjugates are shown to be effective in
patients with HER2 1+4/24 expression as evaluated by
immunohistochemistry with no HER2 gene amplifica-
tion.”*”® These HER2-low patients represent 50% of all
breast cancer patients, but how accurate is this classifica-
tion? As the cell composition of the tumors is heterogeneous
and changes over time due to exposure to treatment, real-
time information on the tumor composition is essential.
CTC pose the opportunity for a real-time quantitative HER2
assessment. However, the low frequency of CTC prevents a
reliable assessment in most mBC patients, as indicated by
the poor correlation between HER2-expressing CTC and tdEV
in patients with at least 1 CTC (R? = 0.19). By evaluating
HER2 assessment on the BTL, we were able to increase the
percentage of assessable patients with a reliable HER2
assessment from 35% to 78% and only in one patient was no
assessment possible (Figure 4A and B). Moreover, the degree
of HER2 positivity could be assessed as illustrated for the 98
patients in Figure 4A. Expression levels were divided into low
(HER2+), medium (HER2++), and high (HER2+-++). Here,
we used a minimum number of 10 CTC and or tdEV to assign
the HER2 status of a patient. This number is merely based on
stochastic noise?®>° to assure a level of certainty to assess a
patient’s HER2 status.

The actual HER2 expression threshold as well as HER2
fraction needed for a patient to respond to anti-HER2
agents can only be evaluated and determined in dedi-
cated trials where such agents are being administered. With
this information, the effectiveness of HER2 agents can be
improved, and informed decisions can be made as to
whether or not a patient can benefit from the therapy.

To measure BTL as a response biomarker, we compared
BTL scores of CRPC patients (n = 157) at baseline and first
follow-up (2-5 weeks) (Figure 5B). Several approaches have
been conducted to evaluate how to best interpret CTC
changes for evaluating treatment response.>** The low
number of CTC in most patients, however, prevents an ac-
curate assessment of treatment response. The addition of
tdEV provides a much higher number with which to eval-
uate response, such that decreases and increases can be
more reliably measured. How can a patient’s status with
both tdEV and CTC counts be interpreted? We solved this
by combining CTC and tdEV numbers in one value expressed
as BTL. At baseline and first follow-up, BTL improved the
prediction of favorable survival in patients, compared to
CTC and tdEV alone (Figure 5C). To observe the effect of
treatment on the BTL, patients were divided into those with
a decrease in BTL (45% of patients), suggesting a response
to therapy; those with no change in BTL (46% of patients),
suggesting no response to therapy; and an increase in BTL
(9% of patients), suggesting progression under treatment.
Although a change in BTL can be indicative of response to
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therapy, the best outcome is persistently low BTL regardless
of the decrease in BTL, similar to when CTC remains no
longer detectable post-treatment.®"*3

Combining biomarkers to simplify and improve its clinical
usage has been explored and used for prostate-specific
antigen (PSA). The prostate health index, for example,
combines the results of total PSA, free PSA, and proPSA.>*
In the 4Kscore test, the results of total PSA, free PSA, and
intact PSA are combined with human kallikrein 2 to improve
the identification of aggressive prostate cancer.*® The Iso-
PSA test uses different forms of PSA proteins to help
determine whether they came from cancer cells.®” In met-
astatic prostate cancer, CTC and tdEV have been proven
superior to PSA,”*%*%39 suggesting a better performance of
BTL in this disease setting. For non-metastatic prostate
cancer, the utility of CTC, tdEV or BTL is not yet established
and will need to be explored. A change in BTL over time,
may serve a similar role to PSA velocity,”” and maybe useful
in identifying patients with more aggressive disease.

Although one can use 1 CTC or 1 CTC + tdEV for BTL, to
determine marker expression this assessment surely will not
be accurate. Therefore, we used a minimum of 10 CTC or 10
CTC + tdEV to report the HER2 expression. Understanding
patient response to treatment targets will provide a basis to
determine the accuracy needed for assessment of the HER2
fraction of the BTL. Additionally, increasing the number of
CTC and tdEV can improve the accuracy. This can be ach-
ieved by increasing the number of CTC and tdEV detected in
the images through the use of StarDist image segmenta-
tion** and improving the accuracy and predictive value of
CTC and tdEV through the implementation of deep learning
algorithms.”>*® The BTL equation used in this study may
also need further optimization for different applications
such as finding the presence of clinically undetected met-
astatic disease.*** For early detection of disease, the
sensitivity and specificity of the biomarkers is of utmost
importance. For CTC and tdEV, sensitivity and specificity can
be increased by probing a large blood volume such as
leukapheresis.**>***” Alternatively, other biomarkers can be
added to the BTL equation. The inclusion of PSA in the BTL
equation may lead to a therapy management tool with
better specificity and sensitivity than PSA, CTC or tdEV on
their own. The presence of cell-free DNA may also aid BTL,
as the low copy numbers for CTC and tdEV in the sample
volume tested is a limitation.”® The most straightforward
manner to combine multiple biomarkers is to scale each
biomarker using a function suitable for that biomarker and
then divide by the number of biomarkers. This will ensure
high risk corresponding to BTL of 1, and low risk to BTL of 0.
For example, a scaling function for ctDNA could be a
threshold function like (z-score >5) x 1. BTL thus offers an
opportunity to combine various liquid-biopsy-obtained
biomarkers that can improve and individualize treatment
options. In support of this, efforts are required to further
evaluate and validate the proposed biomarker.

Although we demonstrate that BTL shows promise for
guidance of therapy in patients treated for metastatic
breast and prostate cancer, the size of the study population
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is relatively low and will need to be validated in larger
patient cohorts and expanded to other cancer types.
Thresholds used to define a response to therapy based on
BTL can be obtained from existing studies, provided that
both the CellSearch image data and clinical response data
are available. Establishing criteria to determine whether a
patient will respond to a targeted therapy such as HER2,
requires prospective studies. In these studies, patients will
undergo HER2-targeted treatment, and the response to this
therapy can be evaluated by using both BTL and clinical
evaluation. By correlating the response outcome to the BTL
HER2 expression, it would be possible to determine the
optimal BTL HER2 threshold for identifying patients who
should and should not receive this treatment.
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