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3D Imaging Detection of HER2

Based in the Use of Novel
Affibody-Quantum Dots Probes
and Ratiometric Analysis

Abstract

Patients with breast cancer (BC) overexpressing HER2 (HER2+) are selected for Trastuzumab treatment, which
blocks HER2 and improves cancer prognosis. However, HER2+ diagnosis, by the gold standard, immunohis-
tochemistry, could lead to errors, associated to: a) variability in sample manipulation (thin 2D sections), b) use of
subjective algorithms, and c) heterogeneity of HER2 expression within the tissue. Therefore, we explored HER2 3D
detection by multiplexed imaging of Affibody-Quantum Dots conjugates (Aff-QD), ratiometric analysis (”RMA£) and
thresholding, using BC multicellular tumor spheroids (BC-MTS) (~120 um of diameter) as 3D model of BC. HER2+,
HER2- and hybrid HER2+/— BC-MTS (mimicking heterogeneous tissue) were incubated simultaneously with two
Aff-QD probes (anti-HER2 and negative control (NC), respectively, (1:1)). Confocal XY sections were recorded
along the Z distance, and processed by automatized AMAf (anti-HER2 Aff-QD/ NC). Quantifying the NC
fluorescence allowed to predict the fraction of non-specific accumulation of the anti-HER2 probe within the thick
sample, and resolve the specific HER2 level. HER2 was detected up to 30 um within intact BC-MTS, however,
permeabilization improved detection up to 70 um. Specific HER2 signal was objectively quantified, and HER2 3D-
density of 9.2, 48.3 and 30.8% were obtained in HER2—, HER2+ and hybrid HER2+/— permeabilized BC-MTS,
respectively. Therefore, by combining the multiplexing capacity of Aff-QD probes and AMAf, we overcame the
challenge of non-specific probe accumulation in 3D samples with minimal processing, yielding a fast, specific
spatial HER2 detection and objective quantification.
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Introduction Society of Clinical Oncology/ College of American Pathologists
Human Epidermal Growth Factor Receptor 2 (HER2) is a member  (ASCO/CAP) guidelines [9], where HER2 in the plasma cell
of the transmembrane tyrosine kinase receptors, which, under normal  pembrane is recognized by a primary monoclonal AB and detected
conditions, participate in regulating cell growth, survival, differenti-  with a secondary AB and a chromogen reaction, using FDA aproval
ation, proliferation, substrate adhesion, motility, etc. [1,2]. Never-  testing kits [10]. Nevertheless, IHC methods could lead to errors on
theless, HER2 overexpression (HER2+), which is present in nearly HER2 status diagnosis [8,10—12], with a discordance degree of nearly
20% of all breast cancer (BC) cases [3,4], is associated with bad 209 observed between local and central laboratories [8]. The main

prognosis for the patient due to increased proliferation, invasiveness,  causes of IHC errors identified are I) variability in procedures and
regional and distal metastasis and reduction of apoptosis [1,2].
Speciﬁc anti-HER2 therapy, based on the use of the monoclonal  Addressall correspondence to: Julio Altamirano, Tecnologico de Monterrey, Escuela de

antibody (AB) Trastuzumab, could improve BC prognosis [5]. Medicina, Av. Morones Prieto No. 3000 Pte., Monterrey, NL, Mexico, 64710.
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However, the use of Trastuzumab is correlated with hlgh incidence of Received 21 December 2017; Revised 8 March 2018; Accepted 12 March 2018

cardiotoxicity [6,7], therefore, its recommendation is highly
© 2018 Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open access

dep endent on acc.urat.e dlagHOSls of the HER2 S.tatus [8]. . article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
HER2+ BC is diagnosed following a primary screening by  1936.5233

immunohistochemistry (IHC) methods, according to the American  hrtps://doi.org/10.1016/j.tranon.2018.03.004
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extensive sample manipulation to obtain thin 2D sections (3—5 pum)
from the formalin-fixed, paraffin-embedded (FFPE) thick tissue
samples, deparaffinization, blocking, long staining process and wash
off, all of which can alter the sample; II) the operator-dependent semi-
quantitative score system used to manually assess the result [8,9,11—
13]; and III) BC tumor heterogeneity, where HER2 density could
present a variability of ~17% within the same tissue section [13,14].

Efforts in the search of novel reporters and recognition molecules
to achieve rapid and more accurate HER2 status for BC diagnosis,
with less sample processing, preferentially in thick specimens, or that
could be applied directly iz wvivo, without major disturbances,
continue to be an important challenge, where false positive signals
produced by non-specifically accumulation of the probes could be a
typical problem [15,16]. In this context, the use of Quantum Dots
(QD), as fluorescent reporters, conjugated with AB, have been used
to explore specific HER2 detection [17-20]. QD are fluorescent
nanoparticles (10-20 nm), made from inorganic semiconductors,
characterized by their unique optical properties, like a large stokes
shift, high quantum yield and stability against photobleaching and,
more importantly, their multiplexing capacity (since different color
QD could be excited simultaneously with the same wavelength, while
emitting in different regions of the spectrum), allowing the
simultaneous detection of multiple molecular targets using QD
with different emission wavelengths [21]. Multiplexing of QD has
been widely applied for the simultaneous detection of HER2 and/ or
other molecular targets [17,19,20,22], however, most of those studies
have focused on the use of primary AB antigen recognition, followed
by a secondary detection based in the use of streptavidin or AB
conjugated with QD, and analysis of 2D samples is a commonplace.

More recently, QD-based probes have been developed upon
conjugation with novel synthetic, molecular recognition proteins,
called Affibody molecules (Aff), and have been successfully used for 7
vivo recognition of HER2 in mice with BC xenotransplants [23], or
for in vitro assessment of HER2 overexpression in monolayer cell
cultures [24]. Aff have emerged as a prominent promise for health
sciences and biotechnology, because, they are endowed with high
affinity and specificity, comparable with traditional monoclonal AB,
but with smaller size (6 kDa, compared with the 150 kDa of a typical
AB) and simpler structure (three-helix bundle of 58 amino acids, a Z
domain) [25,26]. The latter allows its production by recombinant
engineering or chemical synthesis, which implies a less expensive
recognition molecule available for cancer diagnosis and therapy, when
compared with the high cost of monoclonal AB production [25,26].
Although Aff have been extensively explored for in vivo HER2
diagnosis [25,27-29], to the best of our knowledge, probes based in
Aff and QD have not been used for HER2 assessment in 3D
biological samples with minimum processing, aiming to supersede
IHC techniques applied in 2D samples, which until now remains as
the gold standard for HER2 detection [9].

We took advantage of the multiplexing optical capability of QD,
combined with the promising recognition Aff, to objectively detect
and quantify HER2 in 3D biological samples. First, using
commercially available Aff and QD, we generated two hybrid Aff-
QD probes; one specific for HER2 (AffantiHER2-QD605) and other
that recognizes the Taq polymerase, and was used as negative control
(Affneg-QD545). Both probes were used simultaneously, and the
negative control Aff-QD allowed to infer the non-specific accumu-
lation of the probes within the sample. Multicellular tumor spheroids

(MTYS) of BC cell lines (BC-MTS) were used as 3D model of BC,
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where the cell—cell and cell-matrix interactions allowed us to approach
the complex structure of relatively thick biological samples, as tumors
biopsies [30]. The fluorescence signal produced by non-specific
accumulation of both Aff-QD probes within BC-MTS was removed
by ratiometric analysis (RMAgy), and thresholding, allowed the
objective and specific HER2 signal quantification in 3D regions of
BC-MTS (HER2 3D-density), where the physical sectioning, in
typical IHC, was replaced by optical scanning of 2D sections in the Z
distance of the BC-MTS by confocal microscopy.

Material and Methods

Cell Lines and Materials

Estrogen receptor (ER) negative/ HER2 overexpressed
(HCC1954) and ER positive/ HER2 basal-expressed (MCF-7) BC
cell lines were acquired from the American Type Culture Collection
(ATCC) (VA, USA). QDot 605 ITK amino PEG (QD605) (Cat.
Q21501MP) and QDot 545 ITK amino PEG (QD545) (Cat.
Q21591MP) were obtained from Invitrogen (CA, USA). And-
ERBB2 Affibody molecule imaging agent (Aff anti HER2 (Affanti-
HER?2)) (Cat. AB89832), Affibody molecule imaging agent negative
control (Aff negative control (Affneg)) (Cat. AB214799), Anti-
ERBB2 Affibody molecule (dimeric Aff anti HER2 (AffandHER2-
dim)) (Cat. AB31889) and DRAQ5 fluorophore (Cat. AB108410)
were obtained from Abcam (MA, USA). Ultraview universal DAB
detection IHQ kit (Cat. 760-500) and the Pathway anti-HER-2/neu
(4B5) rabbit monoclonal primary AB (CAT. 790-2991) were
acquired from Ventana medical system Inc. (AZ, USA). NAP-5
columns (Cat. 17-0853-01) and NAP-10 columns (Cat. 17-0854-
01) were obtained from GE Healthcare (Little Chalfont, UK).
Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12
(DMEM/ F-12) (Cat. 12,500-062), Gibco RPMI 1640 medium
(Cat. 23,400,021), Phosphate Buffered Saline (PBS) pH 7.2 (10X)
(Cat. 70,013-032), Gibco Anti-Anti (100X) solution containing
10,000 U Penicillin/ 10 mg Streptomycin/ 25 ng Fungizone/ ml
(Cat. 15,240-062), and laminin mouse protein (Cat. 23,017,015)
were purchased from Thermo Fisher Scientific (MA, USA). Fetal
Bovine Serum (FBS) (Cat. 35-010-CV) and ultra-low attachment 6
wells plates (Cat. CLS3471) were obtained from Corning (NY, USA).
4-(N-Maleimidomethyl) cyclohexanecarboxylic acid N-hydroxysuc-
cinimide ester (SMCC) (Cat. M5525), Dimethyl sulfoxide (DMSO)
(Cat. D4540), 1,4-Dithiothreitol (DTT) (Cat. 10,197,777,001),
ethylene diamine tetra-acetic acid (EDTA) (Cat. EDS), Paraformal-
dehyde (PFA) (Cat. 158,127), bovine serum albumin (BSA) (Cat.
A2058) and fFmercaptoethanol (Cat. M6250) were purchased from
Sigma-Aldrich (MO, USA). Cover glasses 25 mm (Cat. C5-25R)
were obtained from Warner Instruments (CT, USA) and 0.22 pm
membrane filters (Cat. GSWP) from Merck Millipore (MA, USA).

Monolayer Cells and Breast Cancer Multicellular Tumor
Spheroids Culture

BC cell lines HCC1954 and MCF-7 were used as HER2+ (positive
for HER2 overexpression) [31,32] and HER2— (negative for HER2
overexpression) [33,34], respectively. Both cell types were selected for
their capacity to grow in monolayer culture when attached to a
substrate, and to grow in suspension culture [35,36]. Cells were
cultured in monolayer (1.5 x 10°) in sterile cover glasses previously
treated with laminin (1.5 pg/ cm?). HCC1954 cells were grown in
RPMI-1640 medium supplemented with 10% FBS and 1% Anti-
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Anti [31]. MCF-7 cells were cultured in DMEM/ F-12 supplemented
with 10% FBS and 1% Anti-Anti [33]. HER2+ and HER2— BC-
MTS were obtained from 1 x 10> HCC1954 and MCF-7 cells,
respectively. Hybrid HER2+/- BC-MTS were produced by co-
culturing 5 x 10* HCC1954 and MCE-7 cells, respectively. The BC-
MTS were grown in ultra-low attachment 6 wells plates with
DMEM/ F-12 supplemented with 10% FBS [37]. BC-MTS were
used during the first 3 to 6 days of culture, when their diameter was
between 50 to 200 pm. All cell cultures were grown in the dark at
37 °C/ 5% CO,/ 95% air, using a CO, incubator MCO-18AIC(UV)
(Sanyo Scientific, ILL, USA).

Aff and QD Conjugation

AffantdtHER2-QDG605 probe for HER2 detection and the negative
control, Affneg-QD545 probe, were obtained by the irreversible
conjugation between a reduced sulthydryl group, present in the
unique C-terminal cysteine of Aff, and the primary amine groups
covering the QD surface, using the heterobifunctional cross-linker
SMCC. QD (75 pl, 8 uM) were activated with 1.8 mM of SMCC
dissolved in DMSO, during 1 h at room temperature (RT). Aff
(100 pl, I mg/ ml) were reduced with 20 mM of DTT, during 1 hat
RT, in order to obtain free sulthydryl groups. Excess of DTT and
SMCC in the reduced Aff and the activated QD suspensions,
respectively, were removed using NAP-5 desalting columns and PBS-
EDTA (2 mM, pH 7.2) as exchange buffer. The reduced Aff and the
activated QD were mixed and incubated for 1 h at RT with constant
gently shaking, to achieve the conjugation reaction. The conjugation
was quenched by fFmercaptoethanol (110 uM). The resulting Aff-
QD conjugates (probes) were purified using a Nap-10 desalting
column and stored in PBS (pH 7.2) at 4 °C in the dark, and were
used within the first 21 days after their production. The concentra-
tions of AffandHER2-QD605 and Affneg-QD545 were obtained
from fluorescence standard curves of QD545 and QD605 (excited at
485 nm and emission recorded at 528 and 590 nm, respectively),
using a multi-mode microplate Reader Synergy HT and a Take3 plate
(BioTek Instruments, Inc., VT, USA). Fluorescence of SMCC-
activated QD605 and QD545, and absorbance at 280 nm of reduced
Affanti-HER2 and Affineg, were analyzed to obtain the concentration
of both Aff and QD after the desalting process. The hydrodynamic
size of Aff-QD probes was assessed by dynamic light scattering (DLS)
using a Zeta sizer nano S (Malvern instruments, Worcestershire, UK)
equipped with He-Ne Laser 633 nm. Aff-QD probes were filtered
through 2 0.22 um filter before DLS analysis. The hydrodynamic size
was obtained from the intensity size distribution parameter [38,39].

Flow Cytometry

To determine the affinity of conjugated Aff-QD probes,
HCC1954 cells (2 x10° cells) were incubated with increasing
concentrations (0 to 40 nM) of either AffanciHER2-QDG605 and
Affneg-QD545 probes. MCE-7 cells were used as a negative control,
to determine the HER2 specificity or non-specificity of both probes.
After 1 h of incubation at 4 °C, cells were washed three times and
resuspended in PBS, propidium iodide was added to exclude death
cells, and suspensions were analyzed in a BD FACS Canto II (BD
Biosciences, CA, USA). For data acquisition and analysis, we used the
software FACSDiva (BD Biosciences, CA, USA) and FlowJo (Tree
Star Inc., OR, USA), respectively. The median fluorescence intensity
(MFI) was plotted as a function of probe concentration, and the
dissociation constant (Ky) of AffantiHER2-QD605 was calculated
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with a one-specific binding equation using GraphPad Prism V. 2.0
(GraphPad Software Inc., CA, USA) [27].

Confocal Imaging

For specificity analysis of conjugated Aff-QD probes we used
monolayer cultures of HER2+ and HER2- cells, at 60% of
confluency. Cells were washed 3 times with PBS (pH 7.4), and
gently shaken during 5 min, thereafter, they were fixed with 4% PFA
for 10 min, washed again 3 times with PBS and blocked with 6%
BSA during 2 h. Fixed cells were incubated with 10 nM of Aff-QD
probes/ 6% BSA during 1 h, followed by 3 washes with PBS. To
confirm the specificity of AffandHER2-QD605 in HER2+ cells, an
additional experiment was carried out where the cells were primarily
incubated with a non-fluorescent unconjugated AffandHER2-dim
250 pg/ ml/ 6% BSA, in order to block HER2. Thereafter, the cells
were incubated with 10 nM of AffantiHER2-QD605/ 6% BSA.
Finally, the cells nuclei were marked with 5 uM of DRAQS5.
Confocal imaging was performed as described below.

For 3D HER2 analysis using Af-QD probes, HER2+, HER2—
and hybrid HER2+/- BC-MTS were obtained from 1 well and
washed 3 times with PBS (pH 7.4) at 1500 rpm during 5 min, fixed
with 4% PFA for 20 min, washed again 3 times with PBS and
blocked with 6% BSA during 2 h. To permeabilize BC-MTS, they
were incubated with 0.3% Triton X-100 (Triton) for 30 min before
BSA blocking. Fixed BC-MTS were incubated with a mix (1:1) of
40 nM AffandHER2-QD605 and Affneg-QD545 during 4 h with
gentle shaking, and washed three times with PBS. Aff-QD probes
incubation was carried out in the dark at RT. Fluorescence imaging of
monolayer cultures was performed using a confocal microscope Leica
TCS SP5 (Leica Microsystems, Wetzlar, DEU) equipped with two
photomultipliers (PTM) for simultaneous data acquisition of both
probes. QD545 and QD605 were excited with an Argon laser at
488 nm, and emission was collected between 520-560 and 590-
640 nm, respectively. DRAQS5 was excited with a Helium/Neon laser
at 633 nm and fluorescence emission was collected at 650700 nm.
Confocal images of fixed monolayer cultures were acquired in the XY
scan mode (512 x 512 pixels) at 400 Hz, with a pinhole optimized for
a resolution of ~1 pm in the Z distance, using a HCX PL APO 40x/
1.3 NA oil immersion objective. Fluorescence signal of AffantiHER2-
QD605 in HER2+ and HER2— monolayers cultures was analyzed by
selecting two different regions of interest (ROI) of 80 x 80 pwm, where
cells nuclei were observed. Two additional ROIs of 30 x 30 pm
devoid of cells, considered as background, were analyzed, and the
mean value from both ROIs was subtracted from the AffantiHER2-
QD605 signal. For confocal imaging of BC-MTS, simultaneous
emission of both probes was collected with the same gain parameters
(800 arbitrary units (A. U.)). Stacks of confocal sections (XY; 512 x
512 pixels), separated by 5 pm in the Z distance covering the whole
thickness of the BC-MTS, starting at the bottom of the coverslip,
were acquired in the XYZ scan mode at 400 Hz, with a section
thickness of 5.5 um, using an HC PL APO 20x/ 0.75 IMM
objective. All confocal images were digitalized at a resolution of 8 bits.

Ratiometric Analysis of Breast Cancer Multicellular Tumor
Spheroids Images

Assessment of the non-specific accumulation of AffFQD probes
within the complex 3D structure of HER2— BC-MTS was performed
by RMA gy, as proposed by Liu et al., 2009 [15], applying the formula:
FIAﬁmtz’HERZ»QD605 /F]Aﬁ,,gg_QD545 = RMAFI. Where FI stands for
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fluorescence intensity. On the one hand, Flygnirierz-opeos
corresponds to the summation of two components: FI of the specific
binding of AffantiHER2-QDG605 to the HER2 receptor, plus FI of
the non-specific accumulation of AffandHER2-QD605. On the
other hand, Flyp,.,.qpsss should be due only to its non-specific
accumulation, because Affneg-QD545 does not recognize any
epitope in mammal cells (Aff designed for Taq polymerase
recognition [40]). Subtracting the non-specific fluorescence from
the RMAyy (see below) allowed us to assess HER2 specific detection
within HER2+ BC-MTS (Z distance). HER2+ and HER2- BC-
MTS with a diameter between 100-150 pm were selected for RVMAz;
analysis. XY optical sections were processed using Fiji, the public
domain software from Image] [41], which allowed us to select three
ROI (12 x 12 pum) (Figure 4C), one in the center of the XY plane of
the BC-MTS (labeled 1) and two more (labeled 2 and 3) positioned
toward the BC-MTS periphery, with 8 pm of distance between them.
Different color QD vary in their quantum yield and molar extinction
coefficient (e.g. orange-red emission QD have higher brightness than
green QD), therefore a scaling factor (SF) was required to normalize
the FI of both probes for appropriate mathematical imaging
processing [17,42]. The SF was assessed from the ratio between
standard curves of the FI of QD605 and QD545 recorded with
different concentrations of the probes (0, 10, 20, 40, 50, 80 nM of
every QD) in a chamber at the stage of the confocal microscope used
for cell imaging. With this procedure, a SF of 14.9 was obtained and
it was also confirmed with the standard curves acquired in a
microplate reader. Therefore, QD545 FI data in BC-MTS was post-
processed by multiplying it by the SF, for figures presentation and for
further analysis. Finally, RMA g was calculated using the mean values
of FI of both Aff-QD probes obtained from each ROI along the Z
distance recorded in the BC-MTS (100 pm).

For removal of the non-specific signal, due to AffFQD probes
accumulation within the BC-MTS, to allow specific HER2 signal
quantification, from the signal of AffantiHER2-QDG605 specifically
bound to HER2, an ROI of 30 x 30 um was selected in the optical
sections acquired every 5 um within the first 30 pm of the Z distance
recorded. The Flyp,.,-ops4s Was processed applying the SF of 14.9,
and thereafter, FI of both Aff-QD probes were used to yield RMAg.
Thereafter, we subtracted a unit from the RMAy;. This is because a
ratio equal to 1 is obtained when Flyg,irizr2-opsos = Flageg-qps45)
therefore, we can assume that a ratio of 1 represents the non-specific
probe accumulation. This operation (RMAg-1) was performed in
every pixel contained within the ROI selected in the optical sections.
Fluorescence in individual pixels might be affected by noise, due to
random variations due to the low signal intensity collected by the
PMT. This intrinsic noise might affect quantification of positive
pixels for HER2, therefore, a threshold (T) was assessed, and
subtracted from every pixel (RMAg-1-T). For this purpose, the mean
FI of the pixels quantified after RMAy-1 in the HER2— and HER2+
BC-MTS was obtained, and was fitted with Gaussian distribution
functions, and the intersection of both functions was selected as T.
Thereafter, pixels with positive values for FI in a confocal section were
considered specific for HER2+, quantified and presented as HER2
density (%). The sum of HER2 density (%) for every optical section
analyzed in the Z distance was reported as HER2 3D-density (%).
Since the resultant values of RMAg-1-T are small, for illustration
purposes, the values of every pixel showed in the images were achieved
by multiplying RMAg-1-T by 30, to enhance their visibility. The
mathematical processing was performed pixel-by-pixel in the optical
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sections (RMA -1, RMAy-1-T, HER2 density (%) and HER2 3D-
density (%)), and was automatized using MATLAB Software (The
MathWorks, MA, USA).

Breast Cancer Multicellular Tumor Spheroids Immunohisto-
chemistry

HER2 expression in HER2—, HER2+ and HER2+/- BC-MTS
was analyzed by IHC by the pathology service of Hospital San José,
Tecnologico de Monterrey, Mexico. Briefly, BC-MTS were fixed
with PFA 4% during 20 min at RT, followed by three washes with
PBS. The BC-MTS where extended on a slide positive charged for
improved BC-MTS adhesion, and alcohol dehydration and immu-
nostaining was performed using the automatized platform Bench-
mark GX (Ventana Medical Systems Inc., AZ, USA) with the
Ultraview universal DAB detection IHQ kit and the Pathway anti-
HER-2/neu (4B5) rabbit monoclonal primary AB. Counterstaining
was made with hematoxylin. HER2 expression level was evaluated in
the stained BC-MTS by a pathologist expert in BC, following the
ASCO/CAP guidelines.

Statistical Analysis

Statistical comparison between groups was assessed with unpaired
Student's t-test. and performed with Microsoft Excel (2016, WA,
USA). A P value < .05 was considered significant. Data were
presented as mean + standard error of the mean (SEM). The number
of individual experiments or total of replicates is represented by N.

Results

Aff-QD Probes Characterization: Size, Affinity and Specificity
Conjugation of Aff and QD was efficiently performed by the
maleimide reaction, since both hybrid particles Af-QD showed a
significant increase in their hydrodynamic size; from 20.77 + 0.34 to
30.43 + 0.75 nm (N =4) for QD545 and Affneg-QD545,
respectively; and from 26.08 + 0.17 to 30.69 = 0.95 nm (N = 3/
4) for QD605 and AffandHER2-QDG605, respectively (P < .05).
Nevertheless, there was not significant size difference between
AffandHER2-QDG605 and Affneg-QD545, P> .05). Since during
the conjugation process, loss of reduced Aff and SMCC-activated QD
could occur (due to retention in the column during the desalting
step), and this could affect the expected Aff:QD ratio, we analyzed the
Aff and QD total amount after the desalting step. We found that the
Affanti-HER2 and Affneg amount was reduced by ~15 and ~10%,
respectively (12.39 + 1.56 nmole and 13.04 + 1.59 nmole (N = 4),
for AffandHER2 and Affneg, respectively, compared with their
respective Aff initial value of 14.5 nmole). The total amount of
QD605 and QD545 was reduced by ~18 and 15%, respectively (0.49
+ 0.01 nmole and 0.51 + 0.0 nmole (N = 4), for QD605 and
QD545, respectively, compared with their respective QD initial value
of 0.6 nmole). This resulted in a Af:QD ratio of 25.3 and 25.6 for
AffantiHER2-QDG605 and Affneg-QD545, respectively. The above
results suggest that both probes should have comparable penetrability
within BC-MTS, and therefore should satisfy the condition of similar
non-specific probe accumulation for correct RMA; performance.
Binding affinity and specificity of the Aff could be altered by the
chemical reaction involved in the conjugation process. The reported
Ky for unconjugated AffantiHER2 was ~0.032 nM [43], however,
we found that upon conjugation with the QD605, the AffantiHER2
affinity, obtained from a saturation binding curve in HER2+ cells
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Figure 1. Affinity binding and specificity of Aff-QD probes assessed by flow cytometry. (A) Saturation assay, pooled data of the median
fluorescence intensity (MFI) signal in HER2+ cells (HCC1954) incubated with increasing concentrations of AffantiHER2-QD605 (black
circles) and Affneg-QD545 (white circles). AffantiHER2-QD605 MFI was fitted with a one-site specific binding equation (black line). (B)
Pooled data of MFI in HER2+ cells incubated with AffantiHER2-QD605 and Affneg-QD545 at 0 and 40 nM (left panel). Pooled data of
MCF-7 cells (HER2- ) incubated with AffantiHER2-QD605 and Affneg-QD545 (right panel). A. U., arbitrary units.

(Figure 1A), decreased (1.10 + 0.38 nM, N =3 independent
experiments). Nevertheless, the Ky of the conjugated probe remained
within the nM range, therefore, it is still considered high affinity.
Probe specificity assessed by flow cytometry analysis showed that
HER2+ cells presented significant (-17.2-fold) increase in MFI upon
incubation with AffandtHER2-QD605 (40 nM), compared with cells
without incubation (95.4 + 6.4 A. U. and 1641.3 + 265.4 A. U, for 0
and 40 nM, respectively. N = 4, P < .05) (Figure 1B, left panel). In
the case of HER2— cells, a significant increase in MFI was also found,
however, this was only ~3.8-fold higher when incubated with 40 nM
of AffantHER2-QD605, compared with non-incubated cells (40.0 +
0.9 A. U. and 151.4 + 24.6 A. U., for 0 and 40 nM, respectively.
N = 4, P <.05) (Figure 1B, right panel). Despite that we observed

an increase in MFI in HER2- upon incubation with 40 nM of
AffandtHER2-QD605, this increase was much smaller than that
observed for HER2+ cells, even when it was compared with the MFI
increase observed with a lower AffantiHER2-QD605 concentration
(5 nM) in HER2+ cells (~13 fold higher than without incubation,
obtained from the saturation curve). There was not difference in the
MFI acquired in HER2+ and HER2— cells incubated with Affneg-
QD545, compared with cells without incubation with the probe
(HER2+:98.9 £ 6.2 A. U. and 99.6 + 4.4 A. U.; and HER2—: 28.3 +
1.1A.U.and 31.0 + 1.8 A. U., for 0 and 40 nM, respectively. N = 3/
4, P> .05) (Figure 1B).

The specificity of AffandHER2-QD605 and lack of specificity of
Affneg-QD545 probes were also assessed by confocal microscopy in

Figure 2. Confocal images of monolayer BC cells cultures incubated with Aff-QD probes.(A) HER2- cells (MCF-7) incubated with
AffantiHER2-QD605 (red signal). Scarce fluorescence signal is observed in HER2- cells. (B) HER2+ cells (HCC1954) incubated with
AffantiHER2-QD605. (C) Magnification of the ROl indicated in the image of HCC1954 cells with AffantiHER2-QD605 in panel B to highlight
the specific pattern of HER2 distribution. (D) HER2- cells incubated with Affneg-QD545. (E) HER2+ cells incubated with Affneg-QD545.
(F) HER2+ cells were blocked with AffantiHER2-dim, and thereafter incubated with AffantiHER2-QD605. Dragb (blue signal) is observed in

the nucleus in all panels. Scaling bars represent 20 um.
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monolayer cell cultures. Fluorescence signal of the AffantiHER2-
QD605 probe was mostly located, in a specific pattern, at the level of
the plasma membrane of HER2+ cells (Figure 2B and C). This
pattern of HER2 detection, around the cell, obtained with the Aff-
QD probe, is similar to that observed with AB conjugated with QD
[17]. In this study, we used the AffantiHER2-dim (dimeric variant of
ZHER2:477 Aff [43,44]) at a concentration of 250 pg/ml, which is
50-fold higher compared to the concentration used to detect HER2
in a similar overexpressed HER2 cell line (5 pg/ ml) in monolayer
culture [44]. Using this high AffandHER2-dim concentration, we
assured complete HER2 blocking in HCC1954 cells, and since no
signal was observed after incubation with conjugated AffanttHER2-
QD605 (based in the monomeric modified variant of ZHER2:477
Aff) we confirmed the specificity of this conjugated probe (Figure 2F).
In HER2- cells, scarce and non-organized fluorescence signal was
observed, mostly in the cytosol (Figure 24), and, it was on average
only ~15% of that observed in HER2+ cells (31.1 + 2.4 A. U. and 4.8
+ 0.4 A. U. for HER2+ and HER2—. N = 5/ 4 experiments, 26/ 22
images analyzed. P < .05). These results confirmed that the MFI and
confocal fluorescence signals of AffantHER2-QD605 in HER2+
cells were due to specific HER2 recognition. In the case of Affneg-
QD545, the confocal fluorescence signal was negligible in HER2—
cells (Figure 2D) and in HER2+ cells (Figure 2E), since it did not
bind to any epitope, and the probe was completely washed off,
supporting the lack of specific binding of this probe to HER2, and

>

HER2- HER2+

Figure 3. Multiplexed confocal images of breast cancer multicel-
lular tumor spheroids incubated with two Aff-QD probes.(A)
Merged image of signal of AffantiHER2-QD605 (red) and Affneg-
QD545 (green) observed in optical sections acquired at a depth of
25 um within a HER2- BC-MTS (Notice the non-specific accumu-
lation of both Aff-QD probes) and HER2+ (intense AffantiHER2-
QD605 due to HER2 recognition, and non-specific accumulation of
both Aff-QD probes) non-permeabilized BC-MTS. (B) Similar image
presentation, as in panel A, for Triton-permeabilized BC-MTS.
Scaling bar represents 30 um.

Permeabilized w Non-permeabilized
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confirming the flow cytometry results. Therefore, Affneg-QD545

could be used as a negative control.

HER?2 Detection Within Breast Cancer Multicellular Tumor
Spheroids

The previous studies were done in suspended individual cells and
monolayers, therefore, few diffusion barriers complicate HER2
detection with the specific probes. Nevertheless, poor probe
penetration and wash off process could complicate HER2 detection
within thick biological samples due to diffusional barriers created by
cell junctions and extracellular matrix components. Therefore, as a
3D model of BC, we used BC-MTS, and assessed the non-specific
signal accumulation and the maximal Z distance at which HER2
could be specifically detected. For this purpose, HER2+ HER2—and
BC-MTS (non-permeabilized and Triton-permeabilized) were
incubated with a 1:1 mixture of Aff-QD probes. Figure 34 shows
representative optical sections, at 25 pm in the Z distance within
non-permeabilized HER2- and HER2+ BC-MTS, of the spatial
distribution of the fluorescence signals for both, AffantiHER2-
QD605 and Affneg-QD545. Figure 3B shows representative
Triton-permeabilized HER2— and HER2+ BC-MTS, incubated
with the Aff-QD probes, as indicated above. It is clear from those
images that diffuse fluorescence signal of both probes was observed
in HER2—- BC-MTS (merging of red and green signals, from
AffandHER2-QDG605 and Affneg-QD545, respectively), where
fluorescence could be attributed to non-specific accumulation.
Interestingly, diffuse fluorescence of both probes was also observed
in HER2+ BC-MTS, although stronger signal of AffanciHER2-
QD605 was clearly present surrounding the cells, which should be
related with the specific HER2 detection in the cell membranes
within the BC-MTS.

Furthermore, to assess whether Affneg-QD545 and Affanti-
HER2-QD605 are non-specifically accumulated within the BC-
MTS, we performed RMAz in HER2— BC-MTS, where most of
the fluorescent signal should correspond to non-specific accumu-
lation of both probes. RMA gy was processed from the mean FI of an
ROI localized in the center of BC-MTS (in the XY plane; ROI 1,
Figure 4C). In HER2— BC-MTS, RMA gy yielded values close to 1
throughout the whole Z distance recorded (100 pm), in non-
permeabilized and permeabilized BC-MTS (Pooled data are shown
in Figure 44 and B, black circles). Therefore, most of the signal of
AffantiHER2-QD605 observed in the HER2— BC-MTS should be
similar to that of the Affneg-QD545 probe (if AffantiHER2-
QD605 = Affneg-QD545, then the RMAg; = 1). Therefore, based
on these results, we assumed that both probes accumulated in
similar way within the BC-MTS, supporting our RMA r; analysis.
On the other hand, in HER2+ BC-MTS we found significantly
higher RMAp; values than those in HER2— BC-MTS, closely
correlating with the higher FI observed of AffantiHER2-QD605
surrounding the cells. Nevertheless, in the non-permeabilized
HER2+ BC-MTS, those higher values in ROI 1 only were found in
the most superficial optical sections (<30 pm and at >70 pm;
Figure 44, white circles). Furthermore, in the most internal optical
sections (from 35 to 65 um of Z distance) no significant difference
was found between the two types of BC-MTS, suggesting limited
probe penetration. Similar trend in RMAy; distribution along the
thickness of the BC-MTS was also observed when we assessed two
additional ROIs, located in eccentric positions (Supplementary
Figure 1A). Nevertheless, as expected, since those ROIs were closer
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z=30 pm

Figure 4. HER2 detection within Z distance of non-permeabilized and Triton-permeabilized HER2+ and HER2- breast cancer multicellular
tumor spheroids.(A) Pooled data of the Flamnirero-apsos IFlammeg-apsas (RMAg) analyzed in a region of interest (ROI) positioned in the
center of BC-MTS in the XY plane (ROl labeled 1 in panel C) of a stack of optical sections separated by 5 um in the Z distance. Data were

obtained from non-permeabilized HER2+ (white circles) and HER2—

(black circles) BC-MTS (N = 4 experiments/ 26 BC-MTS for HER2+

and 5/ 25 for HER2-), P < .05. (B) Similar analysis as in panel A, in both types of BC-MTS permeabilized with Triton (see methods) (N = 4
experiments/ 33 BC-MTS for HER2+ and 5/ 36 for HER2-), P < .05. (C) Representative optical sections acquired at a depth of 50 um within
the non-permeabilized and permeabilized BC-MTS (left panels), and their respective orthogonal view (right panels). AffantiHER2-QD605
signal is observed in red. Scaling bar represents 30 um and z represents Z distance.

to the BC-MTS surface, higher RMAy; values in more internal
optical sections were observed, presumably because probe pene-
tration was better in those regions. These results show that Aff-QD
probes presented limited penetration within the center of non-
permeabilized BC-MTS, and this could be better appreciated in the
orthogonal view of a representative non-permeabilized HER2+ BC-
MTS in Figure 4C (upper panel). Therefore, RMA r; only allowed
specific HER2 detection up to -30 pm of depth in non-
permeabilized BC-MTS. In contrast, in permeabilized BC-MTS
(Figure 4B), the RMAg; of ROI 1 in the HER2+ group was
significantly higher throughout the whole Z distance analyzed,
compared with the HER2— group. Similar to non-permeabilized
BC-MTS, the optical sections in the most internal layers (center) of
the permeabilized HER2+ BC-MTS presented lower RMAg;,
nevertheless, the RMA zyvalues were always at least two-fold higher.
In the orthogonal views of HER2 +, non-permeabilized and Triton-
permeabilized BC-MTS (Figure 4C), we could notice that in
deeper regions (beyond ~70 pm), reduced FI is observed, which
could be related to the intrinsic optical limits of confocal
microscopy. Nevertheless, the results presented in Figure 4B
demonstrate that Aff-QD probes have better penetration within
permeabilized BC-MTS, and most important, HER2 could be
specifically detected within the whole Z distance recorded (Figure
4C, lower panel). Similar pattern of HER2 detection of HER2+
permeabilized BC-MTS was observed in two additional eccentric

ROIs (Supplementary Figure 1B).

3D Quantification of HER2 in Breast Cancer Multicellular
Tumor Spheroids

Since both probes shared similar non-specific accumulation, we
explored the removal of the non-specific signal, pixel-by-pixel using
RMA -1, in non-permeabilized and permeabilized BC-MTS. In the
first 7 optical sections, where HER2 was clearly detected in both
groups (30 pm of depth; see Figure 44-B), a central region (XY plane;
30 x 30 um), was subjected to RMAg-1.

To accurately yield HER2 3D-density, avoiding false positive due
to noise fluctuations in pixels close to a ratio of 1, thresholding of
RMA -1 was required, as described below. We found HER2 3D-
density of 18.7 + 2.5% and 39.8 + 2.1% (N = 5 experiments, 22/
35 BC-MTS) for HER2- non-permeabilized and Triton-perme-
abilized BC-MTS, respectively. Nevertheless, HER2 3D-density was
significantly higher in both, the HER2+ non-permeabilized and
Triton-permeabilized BC-MTS, compared with HER2— BC-MTS,
under similar conditions (33.8 + 5.1% and 72.8 + 1.7% respectively.
N =4 experiments, 22/ 33 BC-MTS. P <.05). For the non-
permeabilized BC-MTS, we found that those HER2+ pixels
quantified as a HER2 3D-density in HER2+ BC-MTS had a mean
FI of ~1.5 times higher than that of HER2— BC-MTS (1.49 = 0.11
and 0.99 + 0.06, for HER2+ and HER2—, respectively. P < .05).
While in the permeabilized BC-MTS the difference was significantly
higher, with a mean value ~3.2 times higher in HER2+ BC-MTS
compared with HER2— BC-MTS (2.7 + 0.22 and 0.85 + 0.04, for
HER2+ and HER2-, respectively. 2 < .05). Since such a significant
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Figure 5. Mathematical removal of the signal corresponding to non-specific accumulation of Aff-QD probes within breast cancer
multicellular tumor spheroids.(A) Optical sections recorded at a depth of 25 um within non-permeabilized HER2— and HER2+ BC-MTS.
AffantiHER2-QD605 signal (red) is observed in the same BC-MTS before Flamanirierz-opeos IFlameg-opsas—1-T (RMAF-1-T) (upper panels)
and after RMA£-7-T (lower panels). (B) Similar data presentation, as in panel A, for Triton-permeabilized BC-MTS, before and after RMAg-1-
T.(C) 3D projection of AffantiHER2-QD605 signal after RMA£-7-T in a non-permeabilized (upper panel) and in a Triton-permeabilized HER2
+ BC-MTS (lower panel). Scaling bars represent 30 um for all panels.

difference in mean FI values, after RMA -1, was found between the  contained in the optical sections analyzed, and the non-specific
HER2- and HER2+ groups, the intersection of Gaussian distribution  fluorescence was efficiently removed.

fittings of both groups allowed us to objectively determine the value After RMAp-1-T, the remaining signal in HER2+ BC-MTS was
of T. Thresholding (RMAp-1-T) was performed in every pixel specifically localized surrounding the cell, at the level of the cell
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Figure 6. HER2 quantification in breast cancer multicellular tumor spheroids. (A) Pooled data of the percent of HER2+ signal (HER2 3D-
density) (see methods) quantified after Flagansirierz-opeos IFlasneg-apsas—1-T (RMAF-1-T) in non-permeabilized HER2+ and HER2- BC-MTS
(upper panel). Pooled data of HER2 3D-density in Triton-permeabilized HER2+ and HER2—- BC-MTS (lower panel). (B) AffantiHER2-QD605
signal (red) and Affneg-QD545 signal (green) observed in a 3D projection of a permeabilized hybrid HER2+/— BC-MTS (see methods),
before (Left) and after (Right) RMAL-7-T. Scaling bar represents 30 um. (C) Pooled data of the percent of HER2+ signal (HER2 density)
quantified after RMA£-1-T from each optical section acquired every 5 um in the Z distance within permeabilized hybrid HER2+/— BC-
MTS. Dashed lines represent the HER2 3D-density assessed in permeabilized HER2+ (red) and HER2— (blue) BC-MTS.
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membrane, in both the non-permeabilized and permeabilized groups
(Figure 54 and B, lower panels, right). Nevertheless, higher signal of
RMAp-1-T was observed in the permeabilized group along the
complete Z distance recorded (Figure 5C, lower panel and
Supplementary Figure 2), while in the non-permeabilized group the
signal was reduced in the internal regions of the BC-MTS (Figure 5C,
upper panel). Importantly, in both groups of HER2— BC-MTS the
non-specific signal was almost eliminated upon RMAg-1-T, and
sharper images were obtained (Figure 54 and B, lower panels, left).
These results demonstrate that false positive signals of Aff-QD
probes, due to the non-specific accumulation, could be efficiently
removed by RMAp-1-T. The magnitude of HER2 3D-density was
re-calculated considering the positive HER2 pixels obtained after
RMAg1-T, and we found that HER2 3D-density was -3 times
higher in non-permeabilized HER2+ BC-MTS compared with
HER2- (23.5 + 2.6% and 8.0 + 0.7% for HER2+ and HER2—,
respectively. P < .05) (Figure 64, upper panel). Furthermore, in
permeabilized BC-MTS a significantly higher value of -5 times
HER?2 density was observed in the HER2+ group (48.3 + 3.3% and
9.2 £+ 1.1% for HER2+ and HER2—, respectively. P < .05) (Figure
64, lower panel). These results demonstrate that HER2 could be
efficiently assessed after RMAg-1-T in BC-MTS, as a model of 3D
cancer culture, mimicking thick tumor tissue samples. Furthermore,
in permeabilized HER2+ BC-MTS, the HER2 3D-density was -2
times higher (P < .05) than in non-permeabilized HER2+ BC-MTS.
These results demonstrate that diffusion barriers even in those regions
closer to the BC-MTS surface (since the HER2 quantification was
performed in the first 30 wm recorded), could affect HER2 detection
and quantification in relatively intact biological samples. Neverthe-
less, more efficient HER2 detection and quantification were assessed
in Triton-permeabilized BC-MTS, which removed the diffusion
barriers, allowing efficient detection within the whole thickness of the
sample.

All the experiments presented so far, were performed in cell
cultures of independent cells lines, where the pattern of protein
expression (e.g., HER2) should be relatively homogeneous among the
cells. Nevertheless, tumors normally show high level of heterogeneity,
therefore, to mimic this heterogeneity in vitro, we created a model of
hybrid HER2+/- BC-MTS, by co-culturing both cell lines (MCE-7
and HCC1954). Growth of HER2+/- resulted in BC-MTS with
more irregular shapes, where some BC-MTS showed spheroid form,
while others were more elongated, however, they did not disaggregate
during the wash steps or when mechanical force was applied with a
pipette tip. Triton-permeabilized HER2+/— BC-MTS were incubated
with AffandHER2-QDG605 and Affneg-QD545, (1:1). Combined
signal of AffantiHER2-QDG605 and Affneg-QD545, presented
irregular distribution, in the non-processed sample (Figure 6B, left
panel), with some regions richer in combined signals than others.
These large regions of non-specific signal (associated to clusters of
HER2- cells) were observed along the complete Z distance recorded
(Supplementary Figure 3) and are consistent with heterogeneous
growth of the co-culture. Nevertheless, more intense fluorescence,
corresponding with the specific binding of AffanciHER2-QD605,
were observed in some regions (Figure 6B, left panel) and after
mathematical processing (RMAg-1-1), the broadly distributed, non-
specific signal, was efficiently removed and clusters of HER2+ cells
where identified within the hybrid BC-MTS (Figure 6B, right panel).
In each of the optical sections, acquired between 10 to 70 pm of the
Z distance, HER2 density was calculated, yielding values between
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~30 to ~40% (Figure 6C). Nevertheless, from 70 to 100 pm (further
away from the coverslip surface), we observed a decrease in the
magnitude of HER2 density, which should be related to the maximal
imaging depth of confocal microscopy. Therefore, a more reliable
HER2 3D-density was calculated considering only the values for the
optical sections <70 um of depth. The resulting magnitude of HER2
3D-density was 30.8 + 2.1% (4 experiments/ 18 BC-MTS) in the
permeabilized HER2+/- BC-MTS, which corresponds to slightly
over half (-64%) of the HER2 3D-density found in permeabilized
HER2+ BC-MTS. These results confirmed that RAMAg-1-T, could
efficiently remove non-specific signal and allowed objective quanti-
fication of HER2 3D-density in a hybrid 3D model of BC, which
resemble the biomarker heterogeneity typically found in tumors
growth.

In order to confirm, the results of the pattern of HER2 3D
distribution found in the different BC-MTS using Aff-QD probes,
conventional IHC analysis was performed in these 3D samples.
MCEF-7 BC-MTS showed some low staining in the cytoplasm,
however, specific membrane staining was not observed (Figure 7A4),
and were classified as HER2— with an IHC score of 0. In HCC1954
BC-MTS, intense staining was observed at the level of the membrane
but also in the cytosol (Figure 7B), which could be attributed to the
processing of the 3D sample and imaging, which is not confocal and
collects light from the whole thickness of the sample. These BC-MTS
were classified as HER2+, with an IHC score of 3+. On the other
hand, hybrid BC-MTS showed a heterogeneous distribution of
clusters with intense staining, identified as HER2+, and other clusters
with no membrane staining identified as HER2- (Figure 7C).
Nevertheless, since in the hybrid BC-MTS, more than the 10% of the
cells observed were identified as HER2+, according to the ASCO/
CAP guideline [9], these were classified as HER2+, with an THC score
of 3+. These results confirmed that these BC-MTS could be
considered as appropriate 3D models of different HER2 overexpres-
sion levels (HER2—, HER2+ and hybrid HER2+/-), which is in
agreement with the HER2 3D-density assessed with Aff-QD probes
and the RMAz-1-T.

Discussion

In this study, using simultaneously two Aff-QD probes, RMAg;
analysis and thresholding, objective and specific HER2 detection was
assessed in a 3D model of BC. Preparation of Aff-QD probes, with
retention of their high affinity (Ky ~1.1 nM) and specificity, was
efficiently achieved by conjugation of commercially available Aff and
QD, by a maleimide reaction, typically applied for AB-fluorophore
and AB-QD conjugation [17,45,46]. The K4 of the conjugated
AffandHER2-QDG605 was close to that of AffantitHER2 conjugated
with a conventional fluorophore (DyLight) (K4 -3.7 nM) [27].
Although, both Ky values are higher than the reported for the anti-
HER2 monoclonal AB Trastuzumab (Herceptin; Ky of ~0.09 nM)
[47], they are within the range of other anti-HER2 monoclonal AB
(~0.09 to 26 nM) [47,48]. Nevertheless, a decrease in affinity of the
conjugated probe does not necessarily translates to lower detection
efficiency of HER2 in a 3D tissue. In in vivo studies, it has been
documented that higher affinity of monoclonal AB could reduce
tumor intake of the probe, which is related with a decrease of the free
AB available to diffuse into the tumor, known as the model of
“binding site barrier”, or due to antigen expression and internalization
of bound probe [47,49]. For example, Trastuzumab had significantly
lower penetration, compared with a lower affinity AB (K, of 23 nM
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Figure 7. Immunohistochemistry of breast cancer multicellular tumor spheroids with different HER2 expression.Expression of HER2
evaluated by IHC in BC-MTS with different HER2 expression (A-C). (A) HER2 overexpressed (HCC1954). (B) HER2 basal-expressed (MCF-
7). (C) Hybrid HCC1954/ MCF-7 BC-MTS. Right images: Magnification of the ROl indicated in the main images on the left, to highlight the
expression pattern of HER2 in the respective samples. Scaling bar represents 50 um.

[47]). Furthermore, in our study, the conjugated AffantHER2-
QD605 probe with a Ky of ~1.1 nM yielded appropriate penetration
in Triton-permeabilized BC-MTS, and allowed us to perform 3D
reconstructions of HER2 distribution up to a Z distance of ~70 pum.

In this study, we used BC-MTS, as a 3D model of BC growth.
MTS, are cell aggregates which grow forming spheroid structures,
where their intercellular interactions and protein expression profiles
resemble those observed in ex vivo or in vivo tissue samples [30,37].
For 3D imaging of molecular target detection within BC-MTS, the
probe must have appropriate penetration in the inner layers of cells
within the sample. However, diffusional barriers could prevent
adequate penetration, and also limit appropriate wash off process of
unbound probe, which causes that a fraction of the probe remains

accumulated within the sample, in a non-specific manner, and hence,
leading to false positive signal, complicating quantification accuracy.
Non-specific probe accumulation has been a particular problem for
molecular target detection in studies in vivo [16,50], in processed
tissue samples and in 3D cancer models [15,38]. In a multiplexed
study of 3 molecular targets, performed by Park er al. (2014), in a
mouse thick tissue model of colon cancer, the anti-carcinoembryonic
antigen AB-QD probe yielded false positive signal, comparable to that
of the non-specific signal obtained with an isotype control IgG-QD.
False positive detection was confirmed by histopathology, and
attributed to non-specific accumulation of the AB-QD probe [38].
In order to reduce the effect of non-specific probe accumulation
within BC-MTS, in this study, we took advantage of the multiplexing
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capacity of QD and confocal microscopy to simultaneous record two
Aff-QD probes; one HER2 specific (AffantiHER2-QDG605) and the
second as negative control (Affneg-QD545), within HER2—, HER2+
and hybrid HER2+/- BC-MTS. Mathematical post-acquisition
processing (RMAg-1-T) allowed us to remove the non-specific
probe accumulation and uncover the specific HER2 distribution
pattern within whole BC-MTS.

Since similar fluorescence pattern of AffandHER2-QDG605 and
Affneg-QD545 was observed along the whole depth of permeabilized
and non-permeabilized MCE-7 BC-MTS (Figure 44 and B), which
have basal expression of HER2 [17,33,34], and was confirmed by
IHC analysis as HER2— (Figure 7A), classified according to the
pathologist as 0, although in various publications is recognized as 0 or
1+ [33,51], we demonstrated that both probes are non-specifically
accumulated in a similar way within a relatively thick sample,
validating our RMA gy processing method. In contrast, in HCC1954
BC-MTS, where there is a well-documented HER2 overexpression
[31,32], the AffantiHER2-QDG605 yielded higher signal, with a
distinctive spatial pattern (Figure 3, right panel), than that of the
Affneg-QD545, and with RMAg; values >1 (Figure 44 and B).
Therefore, only a small fraction of AffantiHER2-QD605 signal in the
HER2+ BC-MTS (similar to the Affneg-QD545 signal) is caused by
non-specific probe accumulation, while the larger fraction, highly
localized at the level of the cell membrane, corresponds to specific
HER2 recognition by the AffandHER2-QD605. Both commercial
QD used in this study present the same functionalization in the
surface (amino-PEG), and the two Aff used have similar molecular
composition and structure (changes in only 11 amino acids of the
Affneg scaffold [40]). Both conjugated Aff-QD were achieved with a
similar reaction ratio (~25:1), and the resulting final size for both was
~30 nm. Therefore, it was expected that both probes presented similar
non-specific accumulation patterns, when used at the same
concentration. Furthermore, since Aff affinity and specificity were
retained, AffanttHER2-QD605 presented different accumulation
within HER2+ BC-MTS, due to specific molecular target
recognition.

RMAp; analysis demonstrated that HER2 detection was not
propetly achieved in the inner central layers of non-permeabilized
HER2+ BC-MTS, which represents ~1/3 of the average thickness of
the BC-MTS analyzed (-120 um) (Figure 44 and C, upper panel).
Nevertheless, improved HER2 detection, within the whole BC-MTS
Z distance analyzed was achieved using Triton (Figure 4C, lower
panel), a non-ionic surfactant typically used for plasma membrane
permeabilization of individual cells, 2D or 3D cultures [52-54].
Despite that Aff-QD are larger than AB conjugated with conventional
fluorophores, they displayed similar penetration in Triton-perme-
abilized BC-MTS, when compared with secondary AB-fluorophore
probes used for detection of primary AB bound to other molecular
targets in permeabilized spheroids, however, in that study 3D
detection required an extended period of time (4 days) [53]. As
expected, in HER2— Triton-permeabilized BC-MTS an increase in
the fluorescence signal of Affneg-QD545, along the full BC-MTS
thickness, was also observed, which was related to the non-specific
accumulation of the probe (Figure 3B). The signal of the negative
probe was essential during the post-acquisition image processing, for
which we developed an automatized algorithm, since it allowed us to
quantify specific HER2 signal (see below).

When working with 3D biological samples, and specific signals
need to be resolved and quantified in all the 2D sections within the
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thickness of the sample, then the non-specific fluorescence signal due
to accumulation within the sample represents a problem. In order to
mathematically remove the signal of non-specifically accumulated
probes, assessment of the proportion between the signal of the non-
specific probe and the specific one has been explored in iz vivo studies
using dual probes, where complete wash out of unbound probes is not
feasible, and therefore they would contribute to the detected signal
[16]. In tissue samples or 3D models of cancer, a simple calibration
ratio between the fluorescence recorded from the specific and the
negative control probes (similar to our RMAg-1 procedure), has been
proposed for the removal of fluorescence due to non-specific
accumulation of both probes [15]. Nevertheless, those studies have
used conventional fluorophores, and their optical properties could be
different, particularly their excitation spectra, which requires the use
of different sources of excitation light, with different intensities,
penetration and scattering patterns. All these could complicate
accurate assessment of the ratio between both probes [15,16]. In this
study, we assessed iz vitro, in the confocal stage, the ratio between the
FI of both probes based in QD. The multiplexing capacity of QD and
confocal microscopy allowed us to acquire their fluorescence
simultaneously, in two different channels with similar photomulti-
pliers gain, using the same excitation laser and settings. Nevertheless,
a SF needed to be applied to the dimmer QD545 signal in order to
normalize its FI to that of the QD605 [17,42], and appropriately
perform the RMAy; procedure. RMAp-1 yields an estimate of the
specific binding of the probe and its spatial distribution in whole BC-
MTS optical sections or large ROIs, where the empiric SF, which is
an average value from the whole field of view in the microscope, was
applied uniformly, yielding accurate estimates. However, when the
procedure was applied to single pixels, the intrinsic random variability
of the signal (see methods) implies that removal of the non-specific
fluorescence might not be 100% accurate for each pixel. Therefore,
some pixels which were slightly above 1, upon quantification, could
be considered as HER2+ (false positive) and skew the HER2 3D-
density, consequently thresholding was required (RMAg-1-T). This
allowed us to quantify the pixels presenting the higher contribution of
the HER2+ populations, providing an objective HER2 density
calculation. By applying RMAg-1-T, pixel-by-pixel, images with
minimal non-specific fluorescence, and improved HER2 resolution,
were efficiently obtained (Figure 5). Importantly, appropriate
removal of non-specific fluorescence with this threshold was
supported by the results, since HER2 3D-density in HER2— BC-
MTS was ~-8-9% in both, the non-permeabilized and the
permeabilized groups (Figure 64). The HER2 3D-density in
HER2- BC-MTS was attributed to the basal HER2 expression in
the MCE-7 cells, which could be resolved due to the high affinity/
high quantum yield of the Aff-QD probe, and it is within the range
reported by others in these cells. For example, Yezhelyev ez al. (2007)
[17] showed that MCE-7 cells could present up to 24% of HER2
expression, when compared with the HER2+ cell line, BT-474,
analyzed by single cell spectroscopy using AB-QD probes. Further-
more, the HER2 3D-density in HER2+ permeabilized BC-MTS was
~48%, which, as expected, was significantly higher than that in the
HER2- cells mentioned above. (Figure 64), and which was associated
with an IHC score of 3+ (Figure 7B), typically observed in this cell
line [32].

We showed that two different HER2+ BC-MTS populations,
cultured independently, were efficiently discriminated by HER2 3D-
density calculation. Nevertheless, a particular problem for HER2
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overexpression diagnosis in BC tumors arises from heterogeneity of
the protein expression among the cells of the same tissue, which is also
a problem for the analysis of other molecular targets in several cancers
[14]. Therefore, in order to mimic a heterogeneous HER2 model of
BC, a co-culture of HER2— and HER2+ cells was used to yield stable
hybrid heterogeneous BC-MTS. 3D co-cultures haven been explored
mixing cancer cell lines of specific type and properties, with cell lines
of different kind, like macrophages or fibroblast, in order to study
tumor migration and proliferation [55,56]. Nevertheless, in this study
we contribute with the novelty of co-culture exploration of two cancer
cell lines with different molecular targets expression to assess specific
HER?2 signal quantification in a heterogeneous 3D model of BC. The
heterogeneity of the two HER2 populations cells, within the BC-
MTS, was confirmed because distinctive cell clusters with non-
specific signal, almost completely lacking specific signal (HER2—
cells), were present, while other clusters displaying high Affanti-
HER2-QDG605 signal (HER2+ cells), were observed, within the BC-
MTS along all the Z distance recorded (Figure 68 and Supplementary
Figure 3). This heterogeneous distribution of HER2+ cells within the
hybrid BC-MTS was confirmed with conventional IHC analysis
performed in parallel experiments (Figure 7C). Importantly, after
RMAp-1-T, HER2 3D-density in the hybrid BC-MTS yielded an
intermediate value between those found in single HER2— and HER2+
populations. Relatively constant values of mean HER2 density were
found in every optical section recorded along the Z distance up to
70 pm from the coverslip surface (Figure 6C). Although, specific
detection of HER2 was achieved in HER2+ Triton-permeabilized BC-
MTS up to 100 pm of depth, reduced signal-to-noise ratio beyond
70 um, due to optical limitation of the confocal microscope [57],
could affect the automatized RMAg;-1-T analysis performed pixel-by-
pixel, obscuring the true fraction of HER2+ pixels. Therefore, an
appropriate specific and objective HER2 analysis in BC-MTS, or other
thick samples, can only be achieved up to 70 pm of depth. Recently,
using secondary detection with AB-fluorophore probes in a protocol
which takes ~1.5 days, and exploring the fluorescence using a light
sheet-based microscope (which has better penetration than confocal
microscopy), specific fluorescence signal up 200 pm within spheroids
was described [54]. Since in our study, we were limited by the depth
which could be observed by confocal microscopy, using techniques like
light sheet-based microscopy or two-photon microscopy, could
improve the depth detected for the AffFQD probes [54,57]. On the
other hand, using smaller size QD, could be explored to decrease the
size of the resulted AflF-QD probe and assess their penetration within
thick samples.

Tumors are complex and heterogeneous 3D structures, where large
variability occurs in different locations [14], therefore, accurate
assessment of epitopes expression in single optical planes (XY), as well
as along the Z distance (to get a 3D distribution), is highly desirable.
In this study, the use of BC-MTS allowed us to mimic the complex
3D structure of a human biopsy sample. BC-MTS, are easy to grow
and approximate the structure of solid tumors, and provide an
opportunity to assess the effect of novel pharmacological tools and
epitope detection strategies, and have had solid impact in developing
new therapies against cancer [58]. However, less effort has been
applied for 3D molecular target screening, where more accessible
imaging detection, quantification and automatization in these models
remain a challenge [58,59], since visualization of external layers of the
3D model using cytospin procedure [60], or complicate and time-
consume histological detection of 2D FFPE sections have been used
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[61,62], nevertheless, they do not allow a complete 3D reconstruc-
tion. Our study was a proof of concept for the automatized detection
of HER2+ expression in 3D BC-MTS using multispectral conjugates
of Aff and QD to address the subjectivity of HER2+ detection and
reduce the processing of the samples. This study demonstrated that
HER2 could be efficiently quantified with direct incubation of two
Aff-QD probes in minimally processed 3D models of BC, where the
typical time-consuming and extensive processing-requiring physical
sectioning performed in 2D FFPE sections, was replaced by confocal
optical sectioning. With the post-acquisition image processing
presented here, objective quantification of HER2 could be achieved
in homogenous and heterogeneous BC-MTS, up to ~70 pum of depth.
HER2 detection process could be performed within 8 h, from the
fixation process of the BC-MTS until the HER2 3D-density
calculation by the automatized mathematical process of RMAg-1-
T, using the widely available MATLAB software.

Nevertheless, since our study was limited to BC-MTS, to assess the
translational capacity of the proposed method, to discriminate HER2
signals in thick samples, these procedures must be assessed in human
biopsies, where a more complex environment occurs, and which might
determine different accumulation patterns of the AffFQD probes.
Furthermore, typical human biopsies samples are larger (in the XY
plane), when compared with BC-MTS, therefore optical magnification
of the field used in this study, did not allow to make an extended
exploration, affecting the HER2 overexpression detection due to the
intrinsically heterogeneity of the sample. Therefore, to avoid missing
HER2 expressing areas in large samples, random confocal ROI
sampling could be performed, or by sequentially recording multiples
RO, for post-acquisition reconstruction of the complete XY confocal
planes, and this could be performed manually using a grid pattern
[63,64] or with an automatized mosaic function [65].

Conclusions

Specific and objective detection of HER2 in a 3D model of a BC
sample, with minimal processing, was achieved using novel Aff-QD
probes, and mathematical processing by RMAg-1-T for signal
quantification. Conjugation of QD with Aff resulted in nanoscale
AfF-QD, highly specific probes that presented excellent penetration
properties within BC-MTS. The multiplexing detection of a negative
control (Affneg-QD545) and a specific probe for HER2 (Affanti-
HER2-QDG605), in relatively thick BC-MTS, allowed us to assess the
non-specific accumulation of the probes within the sample, which
otherwise would lead to false positive signals. RAAgrand thresholding
efficiently removed this non-specific signal, allowing specific HER2
detection and objective quantification in homogeneous and hetero-
geneous BC-MTS. The study proposed here, provided the bases for
fast an accurate 3D HER?2 detection, with the potential to be applied
in research laboratory practice for assessment of drugs effects on
HER2 overexpressing cells. More importantly, the method has the
potential of clinical translation for detection of HER2 overexpression
in thick BC tissue samples or even in vivo, where, washing off the
probes could be complicate.
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