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Abstract

Background: Circulating tumor cells (CTCs) are an independent prognostic factor in
metastatic breast cancer (MBC) patients treated by conventional dose chemotherapy. The
aim of this study was to determine the role of CTCs and CTCs undergoing epitheli-
al-mesenchymal transition (EMT) in metastatic breast cancer. We used the platform of
high-dose chemotherapy (HDCT) and autologous hematopoietic stem cell transplantation
(AHSCT) to study the CTCs and CTCs with EMT.

Patients and methods: CTCs were enumerated in 21 MBC patients before apheresis and
I month after AHSCT. CD34-depleted apheresis products were analyzed for CD326+ epi-
thelial and Aldefluor+ cancer stem cells (CSC) by flow cytometry and were depleted of
CD45+ cells and assessed for EMT-inducing transcription factors (EMT-TF) by quantitative
RT-PCR.

Results: Patients with 2 5 CTCs/7.5 mL of peripheral blood | month after AHSCT had
shorter progression-free survival (PFS) (P=0.02) and overall survival (OS) (P=0.02). Patients
with apheresis products containing high percentages of CD326+ epithelial cells or overex-
pressing EMT-TF had shorter PFS. In multivariate analysis, low percentage of CD326+ epi-
thelial cells and response to HDCT with AHSCT were associated with longer PFS, whereas
lower CTCs after AHSCT was associated with longer OS. High CTCs, | month after AHSCT
correlated with shorter PFS and OS in MBC patients undergoing HDCT and AHSCT, while
CTCs with EMT and CSCs phenotype in apheresis products are associated with relapse.

Conclusion: Our data suggest that CTC and CTCs with EMT are prognostic in MBC patients
undergoing HDCT followed by AHSCT.
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INTRODUCTION

Breast cancer is one of the most common malig-
nancies in women, and an estimated 207,090 new
cases were diagnosed in the United States in 2010 1.
Despite advances in breast cancer prevention, diag-
nosis, and therapy, 5-10% of patients with breast
cancer have metastatic disease at initial presentation,
and approximately 30% of patients with breast cancer
develop metastatic disease during the course of ther-
apy L

Circulating tumor cells (CTCs) are cancer cells of
epithelial origin that are found in the peripheral blood
(PB) and are believed to be shed from primary lesions.
In patients with metastatic breast cancer (MBC), the
number of CTCs in the PB before and during treat-
ment is an independent predictor of progression-free
survival (PFS) and overall survival (OS) 2 3. Superior
PFS and OS were observed among patients with fewer
than 5 CTCs per 7.5 mL of peripheral blood regardless
of primary tumor histology, hormone receptor and
HER2/neu status, sites of first metastases, or whether
the patient had recurrent or de novo metastatic dis-
ease 34 However, the prognostic value of CTC counts
in patients with MBC treated with high-dose chemo-
therapy (HDCT) followed by autologous hematopoi-
etic stem cell transplantation (AHSCT) has never been
examined.

CTCs can migrate to the bone marrow microen-
vironment, where they are known as disseminated
tumor cells and constitute a reservoir of occult breast
cancer > . In patients for whom HDCT and AHSCT is
planned, the cytokine granulocyte colony-stimulating
factor (G-CSF) is routinely administered to mobilize
hematopoietic progenitor cells from the bone marrow
into the peripheral circulation, where they can be
harvested for AHSCT 7. However, we hypothesized,
that this procedure, while useful in mobilizing hem-
atopoietic progenitor cells, may also inadvertently
mobilize disseminated tumor cells into the peripheral
circulation and increase the propensity for a shorter
time to relapse. Abundant evidence supports a role
for stromal cell-derived factor-1 and its receptor
CXCR4 in primary and metastatic breast cancer 8. We
suggest, that the mechanism underlying this phe-
nomenon is that G-CSF acts on hematopoietic pro-
genitor cells through the cell surface receptor CXCR4,
which is also found on MBC cells and thus mobilize
disseminated tumor cells as well 8 9.

We recently reported that a majority of dissem-
inated tumor cells express a cancer stem cell (CSC)

phenotype 1, and others have suggested that a subset
of disseminated tumor cells can be induced to become
CSCs 1112, To initiate metastases, disseminated tumor
cells with characteristics of CSCs must acquire the
ability to intravasate into and survive in the periph-
eral circulation. Induction of epithelial-mesenchymal
transition (EMT) results in the acquisition of mesen-
chymal traits, the expression of stem-cell markers,
resistance to chemotherapy and radiation therapy 12
and facilitates the entry of disseminated tumor cells
with CSC characteristics into the peripheral circula-
tion thereby promoting metastasis, dissemination,
and resistance to anoikis 4. Previously, we observed,
that CTC expressing EMT-inducing gene transcripts
are likely to be enriched in patients with primary
breast cancer who have received neoadjuvant chem-
otherapy (NAT) and that NAT is unable to eliminate
CTCs undergoing EMT 5.

In the study reported here, we studied the role
of CTCs and CTCs undergoing EMT by using a blood
sample collected from patients with MBC undergoing
HDCT followed by AHSCT.

PATIENTS AND METHODS

As part of a continuing study aimed at assessing
the prognostic value of the presence of CTCs in pa-
tients with MBC treated with HDCT followed by
AHSCT at The University of Texas MD Anderson
Cancer Center, a total of 21 patients with MBC were
studied from September 2007 to March 2010. Inclusion
criteria for the continuing study included informed
consent, age 18 to 60 years, MBC, histological confir-
mation of invasive breast carcinoma, and a complete
or partial response to pretransplantation stand-
ard-dose chemotherapy or hormonal therapy. Each
patient underwent a complete diagnostic examination
to determine the extent of disease. Patients with con-
current malignancy other than non-melanoma skin
cancer in the previous 5 years were excluded. For each
patient, age, tumor histology, hormone receptor sta-
tus, HER2 status, and details of systemic therapy were
recorded. The MD Anderson Institutional Review
Board approved this study.

Apheresis

Hematopoietic progenitor cells were collected
using chemo-mobilization plus G-CSF (10 patients) or
G-CSF alone (11 patients).

The chemo-mobilization regimen consisted of
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cyclophosphamide 1500 mg/m? given intravenously
[IV] over 24 hours for 3 days for a total dose of 4500
mg/m?; etoposide 250 mg/m? IV over 24 hours for 3
days for a total dose of 750 mg/m? and cisplatin 40
mg/m? IV daily for 3 days for a total dose of 120
mg/m?2 Also administered for chemo-mobilization
were mesna 500 mg/m?2 IV over 30 minutes before the
first dose of cyclophosphamide, mesna given as a
continuous 24-hour infusion for 3 days for a total dose
of 2000 mg/m?, and G-CSF (filgrastim) 5 pg/kg given
subcutaneously twice daily from the fourth day of
chemomobilization until aphaeresis was complete.
For subjects receiving G-CSF alone, G-CSF 5 pg/kg
was given subcutaneously twice daily until apheresis
was complete. In both groups (chemo-mobilization
and G-CSF alone), the dose of G-CSF could be in-
creased up to 10 mcg/ kg if collection of CD34-positive
(CD34+) hematopoietic progenitor cells during
apheresis was inadequate. The dose of G-CSF was
rounded to 300 mcg or 480 mcg according to patient
weight.

Apheresis was based on the standard collection
procedure and was performed daily until 5 x 10°
CD34+ cells/kg were collected. The minimal accepta-
ble cell dose for transplantation was 2 x 106 CD34+
cells/kg. If fewer than 2 x 106 CD34+ cells/kg were
collected by apheresis, additional apheresis was per-
formed, and nonpurged stem cell product was col-
lected for later infusion into the patient along with
CD34+ cells. The stem cell graft was processed using
an Isolex Magnetic Cell Separator 300i (Baxter, San
Diego, CA) to select CD34+ cells.

High-dose chemotherapy

Patients with at least the minimum acceptable
number of hematopoietic progenitor cells collected
underwent HDCT with cyclophosphamide, thiotepa,
and carboplatin as follows: 1) cyclophosphamide 1.5
gm/m?/day IV on days -6, -5, -4, and -3 prior to stem
cell infusion; 2) thiotepa 120 mg/m?2/day IV on days
-6, -5, -4, and -3 prior to stem cell infusion; 3) car-
boplatin to a total dose determined using the Calvert
formula with a target area under the curve of 20, di-
vided into 4 doses IV on days -6, -5, -4, and -3 prior to
stem cell infusion; and 4) mesna 500 mg/m? IV half an
hour before the first dose of cyclophosphamide and
mesna 2 gm/m? given as a continuous 24-hour infu-
sion for 4 days.

Posttransplantation management

Post-AHSCT therapy could be started at the
1-month  follow-up visit. Patients with
HER2-amplified tumors received either 1)
trastuzumab 2 mg/kg IV once a week or 2)

trastuzumab loading dose of 8 mg/kg IV followed by
trastuzumab 6 mg/kg IV every third week.
Trastuzumab therapy was continued until progres-
sion of disease. Patients with tumors positive for es-
trogen receptor and/or progesterone receptor re-
ceived hormonal therapy. If patients had responded
to hormonal therapy prior to registration for this trial,
the same hormonal therapy was continued. If patients
had a prior history of resistance to hormonal therapy,
they received a different class of hormonal therapy.
Hormonal therapy was continued until progression of
disease. Patients who had a single bone lesion and no
prior radiation therapy underwent radiation therapy
5 weeks after AHSCT. Patients with bone disease
could be treated with a bisphosphonate at the discre-
tion of their primary physician. Candidates for
bisphosphonates received them 5 weeks after AHSCT.
If clinically indicated, patients could receive radiation
therapy.

Enumeration of CTCs in peripheral blood

The CellSearch system (Veridex Corporation,
Warren, NJ) was used to enumerate CTCs in 7.5 mL of
PB, as previously reported 3. Briefly, PB samples were
subjected to enrichment with anti-EpCAM-coated
magnetic ferrous particles, and CTCs were defined as
nucleated cells (DAPI positive) lacking CD45 expres-
sion but expressing cytokeratin (CK)-8, -18, or -19 3.

Detection of CTCs with EMT phenotype in
apheresis products

Selection of CD45-depleted cell fraction

After depletion of CD34+ hematopoietic pro-
genitor cells, mononuclear cells (MNCs) were ob-
tained by density-gradient centrifugation using Fi-
coll-Hypaque 1.077 (Sigma) at 400xg for 30 minutes.
The MNCs were collected, washed twice with sterile
phosphate-buffered saline, and incubated with mag-
netic beads coated with anti-CD45 antibody (Mil-
tenyi-Biotec, Auburn, CA) before being processed
with an AutoMACS Pro Separator (Miltenyi-Biotec) to
select for CD45-negative (CD45-) cells, as previously
described 15.

RNA extraction and cDNA synthesis

The CD45-depleted cell fraction was mixed with
Trizol LS Reagent (Invitrogen Corporation, Carlsbad,
CA) and stored at -80°C until RNA extraction. Total
RNA isolation was performed using Trizol LS Rea-
gent according to the manufacturer’s instructions. The
isolated RNA was dissolved in diethylpyrocar-
bonate-treated water, treated with DNAse (Ambion
Inc., Austin, TX) to minimize contamination by ge-
nomic DNA, and subsequently stored at -80°C.
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All RNA preparations and handling were con-
ducted in a laminar flow hood under RNase-free
conditions. RNA concentration was determined by
absorbance readings at 260 nm. Total RNA isolated
from the CD45-depleted cell fraction was re-
verse-transcribed using a cDNA archive kit (Applied
Biosystems, Foster City, CA), as previously
described?.

Identification of EMT-inducing transcription
factor gene transcripts in unselected and
CD45-depleted MNC fractions

Synthesized cDNA was subjected to fluores-
cence-based quantitative real-time polymerase chain
reaction (QRT-PCR) for the detection of EMT-inducing
transcription factor (TWIST1, SNAIL1, and SLUG)
gene transcripts (EMT-TFs). In brief, 2.5 pL of cDNA
was diluted in 25 pL of reaction volume containing
12.5 pL of TagMan Universal PCR Master Mix, No
AmpErase UNG, 8.75 pL of water, and 1.25 pL of
primers. The primers were purchased from Applied
Biosystems (TWIST1: Hs00361186_m1, SNAILI:
Hs00195591_m1, SLUG: Hs00161904_m1). Primers
were designed to span exon-exon boundaries to ex-
clude possible amplification of genomic DNA.

Amplification was performed in an ABI Fast
7500 Real Time PCR system (Applied Biosystems)
using the following cycling program: 95°C for 10 min;
40 cycles of 95°C for 15 seconds, 60°C for 60 seconds.
All samples were analyzed in triplicate. Quantifica-
tion of target genes and an internal reference gene was
performed using qRT-PCR. Calibrator samples were
run with every plate to ensure consistency of PCR
reactions. PCR on the non-reverse-transcribed portion
of each sample was performed to assess DNA con-
tamination. For all fluorescence-based qRT-PCR as-
says, fluorescence was detected from 0 to 40 cycles for
the control and marker genes in single-plex reactions,
which provide the cycles at threshold (CT) value for
each PCR product. The CT value is a PCR cycle at
which a significant increase in fluorescence is detected
because of exponential accumulation of PCR prod-
ucts. Expression of the genes of interest was calibrated
against expression of the housekeeping gene GAPDH
and was quantified using the delta-CT method with
the following formula: %2 Ct (target-GAPDH). For
each gene, we calculated the ratio between the relative
expression in CD45-depleted MNC and the relative
expression in unselected MNC. We defined overex-
pression of EMT-TFs as at least twice the expression
observed in the CD45-depleted fraction, as previously
reported 15.

Detection of epithelial cells and CSCs in MNC
samples isolated from apheresis products

MNC samples were interrogated for aldehyde
dehydrogenase (ALDH) activity using the Aldefluor
assay and the manufacturer’s protocol (STEMCELL
Technologies, Vancouver, Canada). Briefly, 4 x 10°
MNCs from patients were suspended in Aldefluor
buffer, which contains a proprietary ATP-binding
cassette transport inhibitor. One-third of the cells
were reacted with 5 pL. of the ALDH inhibitor di-
ethylamino-benzaldehyde as a negative control. Both
the test reaction and the negative control were incu-
bated for 35 minutes at 37°C in a 5% CO; atmosphere.
Purified anti-CD44 monoclonal antibody (BD
Pharmingen, San Diego, CA) was conjugated with
Alexa700 using the Zenon antibody labeling kit (Invi-
trogen) prior to reaction with the Aldefluor-labeled
cells. Additionally, preconjugated antibodies to CD24
(PE) and CD45 (PE-Cy7), both from BD Pharmingen
(San Diego, CA), and CD326 (APC, Miltenyi Biotec)
were used to label cells at room temperature protected
from light for 30 minutes. An additional tube of Al-
defluor-labeled cells was stained with the appropriate
isotype-matched controls. The stained cells were spun
down, and the cell pellet was suspended in 200 puL of
Aldefluor buffer prior to analysis on an LSR-II flow
cytometer capable of discriminating 6-color fluores-
cence (BD Biosciences, San Jose, CA). Cellular debris
was excluded from the analysis based on low forward
light scatter. For analysis, epithelial cells in
CD34-depleted apheresis products were defined as
cells exhibiting the phenotype CD326+CD45dim. That
same definition is used throughout the rest of this
manuscript. Within the Aldefluor+ epithelial cell
population, a subset of CSCs was defined as cells with
a CD326+CD44+CD24'° phenotype as previously re-
ported 10,

Statistical considerations

Median follow-up period, calculated as the me-
dian observation time, was determined for all patients
and for patients alive at last follow-up. OS was de-
fined as the time from AHSCT to the time of death
due to any cause or to last follow-up. PFS was calcu-
lated from the time of AHSCT to the time of progres-
sion, death, or last follow-up. PFS and OS were esti-
mated using the Kaplan-Meier product limit method
and compared among groups using the log-rank test.
Cox’s proportional hazards regression analysis was
used to test the statistical significance of several po-
tential predictors of OS and PFS. This modeling was
done in a univariable fashion. From this model, we
estimated the hazard ratio for each potential prog-
nostic factor with a 95% confidence interval. All po-
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tential prognostic factors with P < 0.10 from the uni-
variable analysis were then included in a saturated
model, and backward elimination was used to remove
factors from the model on the basis of the likelihood
ratio test in the multiple regression analysis. For the
variables “Response to prior therapy”, “Response to
HDCT with AHSCT”, and “HER2/neu status”, since
in one of the categories no patient died, the Cox model
could not provide a reliable estimation. Therefore,
these particular variables were not included in the
Cox univariable and multivariable modeling for OS.
For comparison of two categorical variables, the
chi-squared test or Fisher’s exact test was used, as
appropriate. The Mann-Whitney test was used to
compare the differences between patient subsets in
the percentages of cells with CSC phenotype. All sta-
tistical tests were two-sided, and P values < 0.05 were
considered statistically significant.

RESULTS

Patient characteristics are listed in Table 1. The
median age of patients at the time of apheresis was 44
years (range, 30-60 years). Most patients had oli-
gometastatic disease (defined as one or small number
of metastatic sites), with bone as a predominant site of
metastases. The median number of lines of chemo-
therapy for metastatic disease before HDCT and
AHSCT was 2 (range, 0-5). Six patients (28.6%)
achieved a complete response to mobilization chem-
otherapy prior to AHSCT, and 3 additional patients
achieved a complete response to HDCT with AHSCT.
All patients enrolled in the study underwent AHSCT.
Median time between date of baseline CTC and date
of apheresis was 22 days; median time between
AHSCT and CTC measurement was 29 days. CTCs
were detected in 6 patients (range, 1-115 CTCs per 7.5
mL peripheral blood) prior to mobilization. We ob-
served a high degree of correlation between the
number of CTCs prior to HDCT with the number
CTCs after HDCT with AHSCT (Pearson correlation
coefficient = 0.99). At the median follow-up time of
14.4 months, 13 patients had experienced disease re-
lapse, and 7 patients had died due to progressive
disease. The median PFS was 10.6 months, and the
median OS was not reached.

Prognostic impact of CTC counts in peripheral
blood

Tables 2 and 3 summarize the Kaplan-Meier PFS
and OS estimates by patient, tumor, and treatment
characteristics. Patients with > 5 CTCs per 7.5 mL of
PB prior to HDCT had non-significantly shorter PFS
(HR = 3.4, 95% CI 0.65-17.85; P = 0.15) and OS (HR =
5.93, 95% CI10.96-36.76; P = 0.06) compared to patients

with <5 CTCs per 7.5 mL of PB (Figs. 1a and 1b). All
patients with <5 CTCs per 7.5 mL of PB prior HDCT
had < 5 CTCs per 7.5 mL of PB after AHSCT. One
(33.3%) patient with > 5 CTCs per 7.5 mL of PB prior
HDCT had a decrease in CTCs to <5 CTCs per 7.5 mL
of PB after AHSCT. CTCs were detected in 9 patients
at 1 month after AHSCT (range, 1-131 CTCs per 7.5
mL PB), and patients with > 5 CTCs per 7.5 mL of PB
after AHSCT had significantly shorter PFS and OS
(Figs. 1c and 1d) (HR = 8.91, 95% CI 1.46-54.26; P =
0.02 and HR = 8.37, 95% CI 1.38-50.88; P = 0.02, re-
spectively).

Table I. Patient characteristics

Variable No. of patients %
(n=21)
Median age at apheresis (range) 44 years (30-60
years)
Histology
Infiltrative ductal carcinoma 18 85.7
Other 3 14.3
Grade 23 11 524
ER and PR status
Positive for either 14 66.7
Negative for both 7 33.3
HER2/neu status
Positive 5 23.8
Negative 15 714
Unknown 1 4.8
History of inflammatory breast cancer 6 28.6
Visceral metastasis 12 57.1
Bone-only metastasis 4 19.0
Complete response to prior chemotherapy 6 28.6
Complete response to HDCT with 9 429
AHSCT
CTC count 25 per 7.5 mL PB
Before mobilization 3 14.3
1 month after AHSCT 2 9.5

Abbreviations: ER, estrogen receptor; PR, progesterone receptor; HDCT,
high-dose chemotherapy; AHSCT, autologous hematopoietic stem cell
transplantation; CTC, circulating tumor cell; PB, peripheral blood.

Prognostic impact of CD326+ epithelial cells
and CTCs with EMT phenotype

The median percentage of CD326+CD45- epithe-
lial cells in CD34-depleted apheresis products was
0.03%, and this value was used as a cut-off to classify
patients as CD326+CD45- high or CD326+CD45- low.
Patients with CD326+CD45- high had an insignifi-
cantly shorter PFS than those with CD326+CD45- low
(HR =3.3,95% CI 0.96-11.29; P = 0.06, Fig. 2a).

Patients with high expression of EMT-related
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transcription factors were significantly more likely to
have disease relapse (Fisher exact test, P = 0.017), and
high expression of EMT-TFs was predictive of shorter
PFS than low expression of these factors (HR = 4.29,
95% CI11.26-14.59; P = 0.02, Fig. 2b).

Prognostic impact of CSC-like cells

Among the 17 patients assessed for the presence
of Aldefluor+ cells, 9 patients achieved a complete
response with HDCT; these patients had a signifi-
cantly lower percentage of Aldefluor+ cells in their
CD34-depleted apheresis products than patients who
did not achieve a complete response (1.1% vs. 0.2%; P
= 0.016, Fig. 3a). In addition, apheresis samples with
high expression of TWIST1 had a significantly higher
percentage of CSCs (Aldefluor+CD326+CD44+
CD24) than samples with low expression of TWIST1

(10.2% vs. 2.9%; P =0.050, Fig. 3b). Overexpression of
TWIST1, but not overexpression of SNAIL1, was pos-
itively correlated with the percentage of CSCs in
CD34-depleted apheresis products (Spearman’s rho =
0.591, P = 0.02).

Findings on multivariate analysis

In multivariate analysis of potential prognostic
factors in patients treated with HDCT and AHSCT,
the percentage of CD326+CD45dim cells in
CD34-depleted apheresis products and response to
HDCT with AHSCT were significantly associated
with PFS (HR = 3.89, 95% CI 1.02-14.88; P = 0.04 and
HR = 4.80, 95% CI 1.16-19.90; P = 0.03, respectively).
The number of CTCs after AHSCT was the only in-
dependent prognostic factor for OS in the multivariate
analysis (HR = 8.37, 95% CI 1.38-50.88; P = 0.02).
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Figure |. Kaplan-Meier estimates of progression-free survival (A, B) and overall survival (C, D) according to the number of circulating

tumor cells (CTC).
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Figure 2. Kaplan-Meier estimates of progression-free survival according to the percentage of CD326+ epithelial cells (A) and overex-
pression of the epithelial-mesenchymal transition (EMT)-inducing transcription factors (EMT-TF) TWIST| and SNAILI (B).
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Figure 3. A. Patients with a complete response (CR) had a significantly lower percentage of Aldefluor+ cells than patients without a CR.
B. Patients with TWIST | -high tumors had a significantly higher percentage of breast cancer stem cells (Aldefluor+ CSC) than patients with
TWIST | -low tumors.
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Table 2. Kaplan-Meier estimates of progression-free survival of patients treated with HDCT and AHSCT

Variable No. of patients No. of relapses HR 95% ClforHR P
Age at AHSCT 21 13 1.05 0.98-1.13 0.15
ER and PR status

Positive for either 14 0.60 0.19-1.89 0.38

Negative for both 7 1.00 - -
HER2/neu status

Negative 15 10 1.00 - -

Positive 5 2 0.39 0.09-1.79 0.23
Tumor grade

lor2 6 3 1.00 - -

3 11 8 1.91 0.50-7.22 0.34

Unknown 2 1 0.99 0.10-9.66 0.99
Inflammatory breast cancer 3 1.00 -— -—
Noninflammatory breast cancer 15 10 1.24 0.34-4.52 0.75
Response to prior therapy

Complete remission 6 1.00 - -

Not complete remission 14 1.61 0.43-5.98 0.48
Response to HDCT with AHSCT

Complete remission 9 4 1.00 - -

Not complete remission 12 9 416 1.19-14.60 0.03
CTC count per 7.5 mL PB before HDCT with AHSCT

<5 18 11 1.00 - -

25 3 2 3.40 0.65-17.85 0.15
CTC count per 7.5 mL PB after HDCT with AHSCT

<5 19 11 1.00 - -

25 2 2 8.91 1.46-54.26 0.02
CD326+CD454im status*

Low 10 4 1.00 - -

High 10 8 3.30 0.96-11.29 0.06
SNAIL overexpression**

No 15 1.00 - -

Yes 4 2.92 0.82-10.43 0.10
TWIST overexpression**

No 14 8 1.00 - -

Yes 5 5 2.50 0.79-7.94 0.12
TWIST/SNAILoverexpression**

No 11 1.00 - -

Yes 8 8 4.29 1.26-14.59 0.02
Response to AHSCT 18 11 1.32 0.81-2.14 0.26

Abbreviations: HDCT, high-dose chemotherapy; AHSCT, autologous hematopoietic stem cell transplantation; HR, hazard ratio; CI, confidence interval; ER,

estrogen receptor; PR, progesterone receptor; CTC, circulating tumor cells; PB, peripheral blood.

*The median percentage of CD326+ epithelial cells in CD34-depleted aphaeresis products was 0.03%. This value was used as a cut-off to classify patients as

CD326+CD45¢im high or CD326+CD45dim Jow.

**QOverexpression was defined as at least twice the expression observed in the CD45-depleted fraction.

Table 3. Kaplan-Meier estimates of overall survival in patients treated with HDCT and AHSCT.

Variable No. of patients Deaths HR 95% CI for HR P
Age at AHSCT 21 7 1.08 0.98-1.18 0.11
ER and PR status
Positive for either 14 4 0.99 0.18-5.51 0.99
Negative for both 7 2 1.00 -

http://lwww.jcancer.org



Journal of Cancer 2012, 3

377

HER2/neu status
Negative 15
Positive 5

Tumor grade

lor2 6
3 11
Unknown

Inflammatory breast cancer
Noninflammatory breast cancer 15

Response to prior therapy

Complete remission 6

Not complete remission 14
Response to HDCT with AHSCT

Complete remission 9

Not complete remission 12
CTC count per 7.5 mL PB before HDCT with AHSCT

<5 18

25 3
CTC count per 7.5 mL PB after HDCT with AHSCT

<5 19

25 2
CD326+CD45- status*

low 10

high 10
SNAIL overexpression**

No 15

Yes 4
TWIST overexpression**

No 14

Yes 5
TWIST/SNAIL overexpression **

No 11

Yes 8
Response to AHSCT 18

6 NA NA NA
0 NA NA NA
2 1.00
3 0.81 0.13-4.91 0.82
1 1.86 0.17-20.64 0.62
1 1.00
6 2.24 0.27-18.65 0.46
0 NA NA NA
6 NA NA NA
0 NA NA NA
NA NA NA
1.00
5.93 0.96-36.76 0.06
1.00
8.37 1.38-50.88 0.02
1.00
2.64 0.47-14.89 0.27
5 1.00
2 248 0.44-13.99 0.30
4 1.00
3 1.75 0.39-7.85 047
3 1.00
4 2.10 0.46-9.55 0.34
6 1.78 0.99-3.18 0.05

Abbreviations: HDCT, high-dose chemotherapy; AHSCT, autologous hematopoietic stem cell transplantation; HR, hazard ratio; CI, confidence interval; ER,
estrogen receptor; PR, progesterone receptor; CTC, circulating tumor cells; PB, peripheral blood.

*The median percentage of CD326+ epithelial cells in CD34-depleted aphaeresis products was 0.03%. This value was used as a cut-off to classify patients as

CD326+CD45- high or CD326+CD45- low.

**Overexpression was defined as at least twice the expression observed in the CD45-depleted fraction.

DISCUSSION

In this study, we found that among patients with
MBC undergoing HDCT followed by AHSCT, pa-
tients with > 5 CTCs per 7.5 mL of PB 1 month after
AHSCT had shorter PFS and OS, and patients with
apheresis products containing high percentages of
CD326+ epithelial cells or overexpressing EMT-TFs
had shorter PFS. These findings suggest that addi-
tional therapy is needed in patients with these char-
acteristics to eliminate cancer-initiating cells.

HDCT failed to improve the prognosis in MBC
patients; thus, there is an urgent need to identify new

biomarkers that can be used to select patients who
might benefit from this approach . Numbers of CTCs
before and during treatment are independent predic-
tors of outcome in MBC patients 24. In MBC patients
treated with conventional-dose chemotherapy, we
observed that multi-agent chemotherapy was superi-
or to single agent treatment in terms of PFS both in
patients with < 5 CTCs per 7.5 mL of PB and in pa-
tients with > 5 CTCs per 7.5 mL of PB, although the
benefit provided by combination regimens was more
evident in patients with 2 5 CTCs V. In the current
study we observed a high degree of correlation be-
tween CTCs levels pre- and post-HDCT; however,
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HDCT with AHSCT was able to change the CTC
prognostic category in 1 of 3 patients with initially
poor prognosis (= 5 CTC). Despite the small sample
size, we found evidence that the presence of =5 CTCs
per 7.5 mL of PB 1 month after AHSCT predicted
shorter PFS and OS in patients receiving HDCT fol-
lowed by AHSCT. There was a trend toward the
presence of =25 CTCs per 7.5 mL of PB detected before
HDCT to predict shorter OS (P = 0.06). These data
suggest the independent prognostic value of CTCs
regardless of the dose intensity of the chemotherapy
regimen.

As the presence of disseminated tumor cells in
bone marrow predicts a poor prognosis in breast
cancer patients > 6, we evaluated CD34-depleted
apheresis products for the presence of epithelial cells
and expression of EMT-TFs to determine if the pres-
ence of these biomarkers had an impact on the clinical
outcome of MBC patients undergoing HDCT fol-
lowed by AHSCT. We speculate that the presence of
CD326+ epithelial cells in the CD34-depleted aphere-
sis products may reflect disseminated tumor cells in
the bone marrow mobilized with G-CSF. We found
that the presence of > 0.03% of CD326+ epithelial cells
in CD34-depleted apheresis products was predictive
of a shorter PFS in patients undergoing HDCT fol-
lowed by AHSCT, independent of other factors.

While the EMT-inducing transcription factor
TWIST1 was linked to metastasis 18 19, SNAIL1 was
linked to recurrence % in human cancers. TWIST1
contributes to metastasis by promoting EMT 18 and
directly targets BMI1 to cooperatively repress expres-
sion of E-cadherin . In our study, patients with
TWIST1-high cells in their CD34-depleted apheresis
products had a significantly higher median percent-
age of breast cancer stem cells with the Aldeflu-
or+CD326+CD44+CD24"° phenotype than did pa-
tients with TWIST1-low cells in their CD34-depleted
apheresis products (Table 2). These data suggest that
TWIST1 may play an important role in promoting
self-renewal, treatment resistance, and/or prolifera-
tion of breast cancer stem cells that leads to early dis-
ease relapse. Nevertheless, this study is limited as we
utilized a qRT-PCR method that does not allow visu-
alization of CTCs and the detection of CTCs under-
going EMT by qRT-PCR is an indirect approach.

The prognostic value of tumor cells within pe-
ripheral blood stem-cell harvests remains of great
clinical interest; however, the contribution of tumor
cells in the graft to systemic relapse after transplanta-
tion is still uncertain 2" 22, Studies have not consist-
ently demonstrated inferior outcomes for patients
whose autologous blood or bone marrow stem-cell
collections were contaminated by cancer cells 2. The

inconsistency in previous reports could be attributed
to the inability to detect tumor cells in stem-cell har-
vests due to the ability of tumor cells to undergo EMT
15, In the present study, we observed that high ex-
pression of EMT-TFs in CD34-depleted apheresis
products was predictive of shorter PFS. We suggest
that a CD34-enriched stem-cell harvest could be a
source of CTCs with EMT and/ or stem cell properties.
While reinfusion of viable cancer cells could be a pos-
sible source of tumor regrowth, other causes of re-
lapse are more likely linked to systemic disease that is
not eradicated by HDCT 21.

CONCLUSIONS

Finally, despite a small sample size, this is the
first study to demonstrate that the presence of > 5
CTCs per 7.5 mL of PB 1 month after AHSCT is a
prognostic factor for shorter PFS and OS in MBC pa-
tients undergoing HDCT and AHSCT. This observa-
tion is consistent with previous data in MBC and con-
firmed the robust prognostic value of CTCs detected
by the CellSearch system 3 4. This finding was also
supported by the association between a higher per-
centage of CD326+ epithelial cells in the apheresis
product and a shorter PFS. Moreover, following
G-CSF mobilization, the presence of CTCs undergoing
EMT as measured by the overexpression of TWIST1 or
SNAIL1 by qRT-PCR is predictive of early disease
relapse. Whereas epithelial cells undergoing EMT
correlated with the acquisition of stem cell traits by
epithelial cells 13, others have suggested that CSCs
expressing CXCR4 7 might be mobilized by G-CSF.
The current data corroborate these observations by
demonstrating a high percentage of Aldefluor+ CSCs
in CD34-depleted apheresis products that was asso-
ciated with expression of TWIST1 and lack of com-
plete response to HDCT and AHSCT. Collectively,
these observations suggest that additional therapy is
needed for patients with CD34-depleted apheresis
products to eliminate the cancer-initiating cells, i.e
CSCs and/or CTCs with EMT phenotype, responsible
for the shortened PFS and potential dissemination of
metastatic disease.

Abbreviations

AHSCT: Autologous hematopoietic stem cell
transplantation; CSC: Cancer stem cells; CTCs: Cir-
culating tumor cells; EMT: Epithelial-mesenchymal
transition; EMT-TF: EMT-inducing transcription fac-
tors; G-CSF: Granulocyte colony-stimulating factor;
HDCT: High-dose chemotherapy; NAT: neoadjuvant
chemotherapy.
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