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ABSTRACT: Clinical and biomedical research seeks single-cell Qdot-antibody labeling Multiplexed RTK quantification
quantification to better understand their roles in a complex,
multicell environment. Recently, quantification of vascular
endothelial growth factor receptors (VEGFRs) provided impor-
tant insights into endothelial cell characteristics and response in
tumor microenvironments. However, existing technologies for

quantifying plasma membrane receptor tyrosine kinases (RTKs)
lack multiplexing capabilities, limiting detailed characterization. 9 g g g
Here, we use the unique spectral properties of quantum dots

(Qdots) to optimize and dually quantify VEGFR1 and VEGFR2
on human umbilical vein endothelial cells (HUVECs). To enable 9> g % %’;
this quantification, we reduce nonspecific binding between Qdot- Y o ° ' e ) o

conjugated antibodies and cells via buffer optimization. Second,

we identify optimal labeling conditions by examining Qdot-conjugated antibody binding to five receptors: VEGFRs (VEGFR1
and VEGFR2), their coreceptor neuropilinl (NRP1), and platelet-derived growth factor receptor (PDGFRa and PDGFR).
We establish that 800—20 000 is the dynamic range where accurate Qdot-enabled quantification can be achieved. Through
these optimizations, we demonstrate measurement of 1100 VEGFRI and 6 900 VEGFR2 per HUVEC. We induce ~90%
upregulation of VEGFR1 and ~30% downregulation of VEGFR2 concentration via 24 h VEGF-A 45 treatment. We observe no
change in VEGFR1 or VEGFR2 concentration with 24 h VEGF-B ¢, treatment. We further apply Qdots to analyze HUVEC
heterogeneity and observe that 24 h VEGF-A s treatment induces a ~15% decrease in VEGFR2 heterogeneity, but little to no
change in VEGFRI heterogeneity. We observe that VEGF-B g, induces little to no change in either VEGFRI or VEGFR2
heterogeneity. Overall, we demonstrate experimental and analytical strategies for quantifying two or more RTKs at single-level
using Qdots, which will help provide new insights into biological systems.

yrosine kinase receptors (RTKs) are transmembrane signal to number of molecules via fluorescent calibration

proteins that initiate signaling events that regulate cell standards.”"** The precision and accuracy of qFlow cytometry
survival, proliferation, differentiation, and motility. Here we has been rigorously tested.”>*° Furthermore, this quantifica-
examine two RTK families, vascular endothelial growth factor tion method has been apphed to many Cell types that express
receptors (VEGFRs) and platelet-derived growth factor VEGEFRs and PDGFRs, including glioblastoma patient-derived
receptors (PDGFRs), both of which are critical to angiogenesis xenograft (PDX) cells,”® breast tumor PDX cells,’ human
and upregulated in many cancers.'  Signaling through umbilical vein endothelial cells (HUVECs),” human dermal

VEGFRs and their coreceptors neuropilin (NRP) *“~* on
endothelial cells (ECs) induces the sproutmg angiogenic
hallmarks: EC prohferatlon and migration.” PDGFR s1gna11n§
regulates vascular stablhty, "' stimulates wound- heahng, !
and induces vascular growth and reperfusion.'> We and others
have also discovered cross-family signaling between VEGFR
and PDGFR, 1619 hich may affect tumor vascularization.*° L . o .
Therefore, the coordinated analysis of VEGFR and PDGFR 'receptor binding and mternahza_tlon predicted that small
signaling would advance our knowledge for RTK signaling increases <<1 000 receptors/cell) in plasma memeane -RTalf
while uncovering novel approaches for controlling cell cor'lcentratlon may double nucleus-base.d RTK SIgnah.ng,

behaviors during sprouting angiogenesis. which further implicates RTK concentration as a determinant

Quantitative flow (qFlow) cytometry offers a powerful tool

microvascular ECs,” human dermal lymphatic microvascular
ECs,” ECs from mouse hind limb skeletal muscles,” human
dermal fibroblasts (HDFs),'® and mouse smooth muscle
cells.”” Finally, qFlow cytometry advances systems biology by
providing the quantitative data needed for computational
studies.”® " For instance, a computational model of ligand—

for analyzing RTKs and other plasma membrane proteins at Received: January 14, 2019
the single-cell level. Compared to traditional flow cytometry, Accepted: May 15, 2019
gFlow cytometry has the advantage of converting fluorescent Published: May 15, 2019

ACS Publications  © 2019 American Chemical Society 7603 DOI: 10.1021/acs.analchem.9b00238
L2 4 Anal. Chem. 2019, 91, 76037612


pubs.acs.org/ac
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.9b00238
http://dx.doi.org/10.1021/acs.analchem.9b00238

Analytical Chemistry

Qdot-antibody labeling

Qdot calibration beads

oegn
OB

[VEGFR]

VEGFR1

Cell-by-cell

qFlow cytometry

Heterogeneity

Figure 1. Overview of the workflow for characterizing plasma membrane VEGFR1 and VEGFR2 concentrations and heterogeneity on HUVECs.

of signal transduction. In another computational model, we
predicted that anti-VEGF efficacy depended on VEGFRI1
plasma membrane concentrations on tumor endothelial cells,**
which was further supported by a clinical post-hoc analysis of
anti-VEGF efficacy in colorectal cancer.”” Thus, single-cell
quantification methods like qFlow cytometry is pivotal, as it
provides sensitive measurements that can help develop new
therapeutic strategies.

A complete understanding of the biological system response
to environmental stimuli requires examining multiple signals at
once; however, few technologies provide absolute quantifica-
tion at the single-cell level.’”* Indeed, current qFlow cytometry
provides only one absolute quantitative readout at a time due
to the wide emission spectra of organic fluorescent dyes, such
as phycoerythrin (PE).”"** In contrast, the narrow, largely
symmetric emission spectra of Qdots” allows multiple Qdots
to be applied simultaneously. As demonstrated by Lee-Montiel
et al,*° the percentage of spillover of Qdot525, Qdot60S,
Qdot655, and Qdot705 between their respective fluorescence
channel is 1.3—3.3%. Our lab recently optimized Qdot-
antibody labeling for imaging VEGFRs on ECs.*® Particularly,
we demonstrated that Qdot-labeled VEGFR1 on HUVECs had
the lowest fluorescence level and NRP1 had the highest, which
correlates with their respective receptor concentrations on
HUVEC plasma membranes. Furthermore, colocalization
analysis of Qdot-labeled RTKs confirmed that NRP1 is a
coreceptor of VEGFR2, and that VEGFR1, VEGFR2, and
VEGFR3 can form heterodimers, all of which were reported in
prior studies. To translate Qdot fluorescence signal to receptor
concentrations, our lab engineered Qdot calibration standards
for receptor quantification.’” Here, we advance toward
multiplexed absolute receptor quantification by combining
these calibration standards and Qdot—antibody conjugates
(Figure 1). The receptor concentrations obtained using our
method can be further analyzed to characterize the cell-by-cell
heterogeneity within a biological system and how cell
heterogeneity responds to environmental stimuli.
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To achieve multiplexed absolute receptor quantification, we
investigate and optimize Qdot labeling and analysis via two
advancements. First, nonspecific binding is a hurdle for
applying Qdot-conjugated antibodies.”®*” Conventional block-
ing buffers, like PBS buffers containing BSA,”*"* serum,*'
may not effectively minimize nonspecific binding without
modification of Qdot materials.*”** So, we increase binding
specificity by identifying an ideal blocking buffer. Second,
researchers have reported that receptor densities affect
antibody binding efficiency.***> However, no study has
quantitatively characterized the effect of receptor density on
binding between Qdot-antibody and receptors. So, we have
identified the dynamic range for Qdot receptor quantification.
Ultimately, we present multiplexed VEGFR1 and VEGFR2
quantification and heterogeneity analysis, as few multiplexed
technologies provide absolute quantification at the single-cell
level.

B EXPERIMENTAL SECTION

Cell Culture. The human umbilical vein endothelial cells
(HUVECs) and human adult dermal fibroblasts (HDFs) were
obtained from individual donors (Lonza, Allendale, NJ).
HUVECs were cultured up to passage 6 as described
previously.'® HDFs were cultured in Fibroblasts Growth
Medium (FGM)-2 (Lonza) for the first passage and in
DMEM/high-glucose medium supplemented with 5% (v/v)
FBS and 1% (v/v) penicillin and streptomycin for passages 2—
12. The media was filtered using Nalgene Rapid-Flow Sterile
Disposable Bottle Top Filters (Nalge Nunc International
Corp., Rochester, NY). All cultures were incubated at 37 °C in
5% CO, upon confluency.

Growth Factor Application. Near-confluent HUVECs
were cultured in EGM-2 media supplemented with 25 ng/mL
VEGF-Aj; and 25 ng/mL VEGEF-By; (Shenandoah Bio-
technology, Warmack, PA) prior to cell labeling.7

Qdot Calibration Standards. The Qdot calibration
standards were established as described previously.>” Briefly,
biotin-functionalized polystyrene beads (Spherotech, Lake
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Forest, IL) were labeled with a dilution series of Innovator’s
Tool Kit (ITK)-streptavidin Qdots (Invitrogen, Carlsbad, CA)
at 500, 5000, 20 000, 60 000, and 100 000 Qdots per bead.

Antibodies. PE-conjugated human antibodies: anti-
VEGFRI1-PE (clone 49560, FAB321P from R&D Systems),
anti-VEGFR2-PE (clone 7D4-6, 359902 from Biolegend), anti-
PDGFRa-PE (clone PRa292, FAB1264P from R&D Systems),
and anti-PDGFRS-PE (clone PR7212, FAB1263P from R&D
Systems) were applied using their respective optimal
concentration as previously described.'®*" The specificity
and saturability of these PE-conjugated antibodies have been
tested and confirmed.'®*" We chose the following human
monoclonal antibodies with the same clones as PE-conjugated
ones to conjugate with Qdots: anti-VEGFR1 (MAB321 from
R&D Systems), anti-VEGFR2 (clone 7D4-6, 359902 from
Biolegend), anti-PDGFRa (clone PRa292, MAB1264 from
R&D Systems), anti-PDGFRf (clone PR7212, MAB1263 from
R&D Systems).

Qdots—Antibody Conjugation. We conjugated four
Qdots CdSe/ZnS nanocrystals with 525, 605, 655, and 705
nm emission (Invitrogen, Carlsbad, CA) to monoclonal human
antibodies using the SiteClick Qdot—antibody conjugation kits
(catalog numbers $10449, S10450, S10469, $10453, S10454).
The conjugation relies on copper-free click chemistry to
covalently link the label containing the dibenzocyclooxtyne
(DIBO) moiety with the azide-modified antibody without
reducing the protein. The molar ratio of antibodies to the
Qdots at mixing is ~3:1. Free antibodies in conjugates with
bigger Qdots (Qdot605 and Qdot705) were excluded by
ultrafiltration. Qdot conjugates were stored at 4 °C upon
usage.

Cell Labeling. HUVECs and HDFs of 85—90% confluency
were harvested from flasks and dissociated as described.'®”'
Dissociated cells were resuspended using Blockaid blocking
solution (Thermo Fisher Scientific) for 30 min on ice prior to
staining. Then we added 25 uL aliquots of cell suspension
containing 1 X 10° cells to S mL polystyrene round-bottom
tubes (BD Biosciences, NJ). Phycoerythrin (PE)-conjugated
antibodies were added to cell suspension at previously
established concentrations.'®”'  Qdot-conjugated antibodies
were titrated at various concentrations from 0.5 nM to 200
nM and added to the cell suspension. Samples were incubated
on ice for 40 min in the dark. Samples were then washed twice
and resuspended in 300 L of stain buffer (PBS containing
0.2% FBS and 0.05% sodium azide) and kept on ice.

Quantitative Flow Cytometry. Flow cytometry was
performed on a LSR Fortessa (BD) Flow cytometer; BD
FACSDIVA software was used for data acquisition, and FlowJo
(TreeStar) software was used for data analysis. Upon analysis,
S pg/mL Sytox Blue (for PE, Qdot655, and Qdot705) or Sytox
Red (for Qdot525 and Qdot 605) live/dead cell stain
(Invitrogen) was added to all samples. Tubes were vortexed
immediately prior to placement in the flow cytometer. A total
of 8000—10 000 live cells were collected from each tube. For
each experiment, we collected 2—4 tubes of Qdot-labeled cell
samples for each receptor under each condition, i.e., control
and treated. To subtract cell autofluorescence and background
noise, 1—2 tubes of unlabeled cell samples were collected as
well. Qdot 525, 605, and 655 and Sytox Blue were excited with
a 403 nm violet laser; Qdot 705 was excited with a 488 nm
blue laser; and Sytox Red was excited with a 640 nm red laser.
Fluorescence of Qdot 525, 605, 655, and 705 and Sytox Blue
and Sytox Red were obtained with band filters at 525/30 nm,
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610/20 nm, 670/30 nm, 695/40 nm, 450/50 nm, and 670/30
nm, respectively. Qdot calibration beads, along with the
QuantiBRITE PE calibration beads (Becton Dickinson), were
analyzed by flow cytometry under the same setting as cell
samples. Using data from qFlow cytometry, we calculated
number of Qdots per cell, receptor concentration, cell-by-cell
receptor distribution, and cell heterogeneity in receptor
number (see the Supporting Information).

Saturation Study and Kp. Binding of the conjugated
antibody to the receptor follows the law of mass action;
therefore, equilibrium binding characteristics including the
dissociation constant and maximum number of binding sites
can be determined from saturation binding studies.””~*" This
method is often used to assess binding characteristics of
radiolabeling ligands or to determine whether a given drug acts
as a competitive antagonist to a receptor of interest.*® Here, we
adapted the method to quantitatively characterize Qdot-
conjugated antibody binding to receptors. Briefly, the
ensemble-averaged number of bound antibody—receptor
pairs and the corresponding antibody concentrations were
fitted using OriginLab software to the equation

B_. x

max

x + Kp

y:

where x is the concentration of Qdot or PE-conjugated
antibody, B, is the maximal density of binding sites for the
conjugated antibody, and K, is the equilibrium dissociation
constant, which is a measure of the binding affinity (ratio of
unbinding, off, to binding, on, rates) between conjugated
antibody and the targeted receptor.

B RESULTS AND DISCUSSION

Minimize Nonspecific Binding by Optimizing Stain-
ing Buffer. Ensuring antibody specificity is the first step to
accurately quantify receptor density and characterize novel
receptor-targeting biosensors. If the antibody binds to targeted
receptors specifically, the number of antibody binding sites
should be saturable, since a finite number of receptors is
present on each cell plasma membrane.*® To assess
saturability, HDFs at a fixed concentration (4 X 10° cells/
mL) were labeled with increasing concentrations of Qdot-
conjugated anti-PDGFRa. As shown in Figure 2, when using
Qdot-conjugated PDGFR antibody, binding sites on HDFs,

?‘} 16000 m Stain buffer
5 1400014 gjockaid
2.12000(0 Nonspecific
2 10000
g 8000
£ 6000
2 4000
2 2000
o ——o——o—9
3 0
0 20 40 60 80 100

[Qdot655-anti-hPDGFRa] (nM)

Figure 2. Saturation binding studies show difference between specific
versus nonspecific cell labeling. Saturation curves of Qdot655-anti-
PDGFRa on PDGFRa-expressing human dermal fibroblasts
preincubated with Blockaid buffer vs stain buffer (PBS supplemented
with 0.2% BSA and 0.05% sodium azide). Blockaid buffer reduced
nonspecific Qdot-cell labeling demonstrated by a saturated curve.
Nonspecific binding was characterized by applying Qdot655-anti-
PDGFRa on mouse 3T3 fibroblasts, resulting in a linear-like curve.
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Figure 3. Quantification of VEGFRs, NRP1, and PDGFRs concentrations on HUVECs and HDFs and Qdot-antibody binding affinity. (A—E) K,
the equilibrium dissociation constant for Qdot-antibody binding to cell surface receptors, and B,,,, maximal density of binding sites for the
conjugated antibody, were determined by fitting the saturation binding data to the Lineweaver—Burk equation. Optimal Qdot-antibody
concentrations (>2-fold of Kp,) were indicated by arrows. (F) Single staining of Qdot-antibodies provides accurate quantification for plasma
membrane VEGFRs on HUVECs and PDGFRa on HDFs when compared with previously established phycoerythrin (PE)-antibodies. Significance

tests were conducted using ANOVA where *** indicates p < 0.001.

blocked with a traditional stain buffer, did not saturate (as
indicated by a steeper slope); whereas, binding sites on HDFs
incubated with Blockaid buffer (Thermo Fisher) saturated (as
indicated by a plateau). At the saturating concentration of
Qdot-conjugated PDGFRa antibody (~40 nM), we measured
~7800 total binding sites per stain buffer-blocked HDF and
~4 000 specific binding sites per Blockaid-blocked HDF.
Therefore, we reduced ~49% nonspecific binding by using
Blockaid buffer. These results showed that optimizing the
blocking buffer has a significant impact on increasing
saturability and reducing non-specificity of Qdot-conjugated
antibody.

We further assessed nonspecific binding by applying Qdot-
conjugated human antibodies on cells of a different species;
therefore, the number of binding sites detected will be due to
nonspecific binding between Qdot-antibodies and cells. We
observed that nonspecific binding is a linear function of
conjugated-antibody concentration when Qdot655-conjugated
human PDGFRa antibody (Qdot655-anti-hPDGFRa) is
applied to mouse 3T3 fibroblasts (Figure 2). We measured
~250 nonspecific binding sites per mouse 3T3 cell at antibody
concentrations lower than 40 nM (where Qdot655-anti-
hPDGFRa plateaued on HDFs). Similarly, we assessed
Qdot-conjugated human antibodies for VEGFR1, VEGFR2,
and PDGFRp and observed less than ~800 nonspecific
binding sites per plasma membrane (Figure S1). By
comparison, mouse antibodies conjugated with PE measured
~3200 mouse VEGFRI1, ~21500 mouse PDGFRaq, and
~32 800 mouse PDGFRf, confirming that the low receptor
counts measured via Qdot-antibody conjugates was not due to
low concentrations of receptors present but high specificity of
the antibodies.

Nonspecific binding poses an challenge to accurate receptor
quantification on cell plasma membranes.”” We showed that

7606

the number of nonspecific binding sites increased as Qdot-
antibody concentration increased, as nonspecific binding is
usually linear with the labeling concentration.”® More
quantitatively, Healey et al. suggest that nonspecific binding
for the radioligand should be less than 50% of the total binding
to be considered “not too high”.>® Here, we reported ~2—25%
of the total binding sites on HDFs for nonspecific binding sites
between Qdot-conjugated human antibody and mouse 3T3
cells, ensuring specific binding between Qdot-conjugated
antibodies and targeted receptors. The low number of
nonspecific binding sites measured using the optimized
blocking buffer Blockaid, suggests that optimizing buffer can
increase Qdot-antibody specificity.

Determining Optimal Labeling Concentration and Ky
from Saturation Binding Studies. Importantly, we verified
antibody saturation to ensure accurate receptor quantification.
We identified the saturating concentration (optimal staining
concentration) at the plateau of the saturation curves of Qdot-
conjugated antibodies: Qddot525-anti-VEGFR1 30 nM
(Figure 3A), Qdot605-anti-VEGFR2 = 40 nM (Figure 3B),
Qdot655-anti-NRP1 = 40 nM (Figure 3C), Qdot655-anti-
PDGFRa = 40 nM (Figure 3D), and Qdot705-anti-PDGFRf
=200 nM (Figure 3E). These results established the optimal
staining concentrations for Qdot-conjugated antibodies. The
optimal staining concentrations for Qdot-conjugated antibod-
ies aligned with previously established PE-conjugated antibod-
ies (20—40 nM)”'**" except for PDGFRS. This similarity is
expected because the same human monoclonal antibody clones
were used in PE-conjugates and Qdot-conjugates. The higher
Qdot-conjugate concentration required than PE-antibody to
saturate PDGFRf may be due to the lower binding efficiency
of larger Qdots, i.e., Qdot70S. We will discuss the effect of
steric hindrance and other implications with larger Qdots in
later sections.
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We derived Kp of Qdot-conjugated antibodies from
saturation binding curves (Figure 3A—E): QdotS25-anti-
VEGFR1 13.8 nM, Qdot605-anti-VEGFR2 3.2 nM,
Qdot655-anti-NRP1 = 9.1 nM, Qdot655-anti-PDGFRa = 5.0
nM, Qdot705-anti-PDGFRf = 64 nM. Previous study showed
that monoclonal IgG antibody-receptor binding affinity can
range from several picomolar to several nanomolar,” which
aligns with what we observed except for Qdot705-anti-
PDGERB.

Kp of Qdot705-anti-PDGFRS can be affected by several
factors including the intrinsic binding affinity of the
monoclonal IgG antibody to the targeted receptor,”’
fluorophore conjugation,”® antibody conjugate size and
shape,”"*>** receptor density,*>® the valency of the
conjugates or “degree of labeling”, and the mean number of
fluorophores per antibody.””**>> Some of these factors affect
each other, for example, if receptor density is low, and the
valency of the Qdot—antibody conjugates would matter less
than if the receptor density is high. Another example is that if
the size of Qdot—antibody conjugate is too large, steric
hindrance may prevent a conjugate from binding to multiple
receptors even when the antibody/Qdot ratio is higher than 1.

Single-Qdot Labeling Provides Accurate Quantifica-
tion of VEGFRs and PDGFRa. Using the optimized buffer
and Qdot-antibody saturating concentrations (Figure 3A—E),
we quantified VEGFR1, VEGFR2, and NRP1 on the HUVEC
surface and PDGFRs on the HDF surface, as these receptors
were previously located on the two cell types.”'® For VEGFRI,
VEGFR2, and PDGFRa, Qdot-conjugated antibodies yielded
similar quantification compared to PE-conjugated antibodies
(p > 0.05, Figure 3F): 1520 + 120 VEGFRI per HUVEC,
3030 + 110 VEGFR2 per HUVEC, and 4440 + 190
PDGFRa per HDF. We observed ~2-fold lower NRP1
concentrations quantified using Qdot-conjugated antibodies
than PE-conjugated antibodies and ~14-fold lower for
PDGFRf (p < 0.01, Figure 3F). The quantification disparity
for NRP1 and PDGFRf may be due to Qdot multivalency, as
our previous reports found a ~ 4:1 IgG antibodies to the Qdot
ratio per each Qdot565—antibody conjugate.”® These results
show that the Qdot—antibody used in this study may be able
to accurately measure receptor concentration within a dynamic
range.

Impact of Receptor Density on Qdot-Antibody
Quantification. To determine the dynamic range for accurate
Qdot-conjugated antibody measurement, we applied Qdot-
conjugated antibodies on HUVECs having various plasma
membrane NRP1 concentrations. We chose NRP1 because it
is highly present on HUVECs (~50 000 NRP1/HUVEC”'¢),
and its concentration can be manipulated via serine protease
exposure.”'® By incubating HUVECs with PBS buffer
containing 0%, 10%, 20%, 40%, and 80% TrypLE at 37 °C
for S min, we measured 5900—50900 NRP1 per HUVEC
using PE-conjugated antibody. Qdot605-conjugated NRP1
antibody can only measure ~60% NRP1 comparing to PE-
conjugated antibody (p < 0.05, Figure 4) on HUVECs having
>20 000 plasma membrane NRP1/cell. Conversely, Qdot-anti-
NRP1 bound to 85—100% plasma membrane NRPI on
HUVECs having fewer than 20 000 plasma membrane NRP1
per cell (p > 0.0, Figure 4). Altogether, we conclude that
Qdot-conjugated antibodies can ensure accurate receptor
quantification of plasma membranes having 20 000 receptors
or lower.
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Figure 4. Receptor concentration affects accurate quantification of
Qdot-conjugated antibodies. HUVECs were pretreated with increas-
ing concentrations of TrypLE, an enzymatic cell dissociation buffer
that cleaves NRP1 antibody epitope. Quantified NRP1 concentrations
via Qdot-antibody was compared with PE-antibody. Significance tests
were conducted using ANOVA where * indicates p < 0.05 and ***
indicates p < 0.001.

The correlation between receptor concentration and Qdot-
antibody labeling suggests that receptor clustering may also
cause steric hindrance and therefore prevent Qdot-conjugated
antibodies from binding to receptor targets. Clustering is a
common 6phenornenon among highly expressed membrane
proteins.”® For example, epidermal growth factor receptors
(EGFRs) form clusters of 2—3 receptors on BAF/3 or COS7
cells, which express 50000 EGFRs/cell.”” In another study,
A431 cells, a cancer cell line that express abnormally high
concentrations of EGFR (2 X 10® EGFR/cell), form clusters of
10—15 receptors.” Similarly, we observed inhomogeneous
NRP1 distribution on HUVEC (50900 NRP 1/cell),
indicating receptor clustering (Figure S2A). In comparison,
we observed low levels of autofluorescence of nonlabeled
HUVECs (Figure S2B) and low nonspecific binding of
conjugated human NRP1 antibodies on 3T3 mouse fibroblasts
(Figure 3C). These results confirmed that the small
fluorescence puncta observed on stained HUVECs were not
from autofluorescence or nonspecific binding. Therefore, when
applying Qdot-conjugated antibodies, researchers should use
similar methods as we have outlined to ensure antibody
specificity and determine the measuring range for receptor
density.

In addition to receptor clustering, receptor concentration
itself can affect antibody binding and therefore may affect
measurement accuracy. A study measured immunoglobulin G
(IgG) antibody apparent binding affinity on tumor cells
expressing varying levels of EGFR and showed a correlation
between antibody apparent affinity and receptor concen-
tration.” Therefore, when developing antibody-based nano-
sensors, it is important to quantitatively determine the
measuring limit to ensure accurate quantification. This study
and our results also suggest that antibodies of different
apparent binding affinities can be tested to achieve the optimal
pairing between antibody and receptor concentrations.

Impact of Qdot Size on Qdot-Antibody Quantifica-
tion. To investigate whether smaller Qdots can exceed the
measuring limit in receptor concentration, we conjugated
Qdots of different sizes to human PDGFRf antibody and
applied these conjugates along with PE-conjugated PDGFRf
antibody on HDFs (Figure S3A). The emission maxima of
Qdots are dependent on their size; the emission maxima for
large Qdots, e.g.,, Qdot705 are in the red end of the spectrum,
and smaller Qdots, e.g., Qdot52S are closer to the blue end of
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Figure 6. Characterizing receptor heterogeneity on single HUVECs treated by VEGF-A,4; and VEGF-B¢;. (A) 3D cell-by-cell analysis shows
increase in VEGFRI1 and VEGFR2 heterogeneity on HUVECs treated with VEGF-A, 45 and no significant change induced by VEGF-B¢; treatment.
(B) Quantification of cell heterogeneity using quadratic entropy. Significance tests were conducted using ANOVA where * indicates p < 0.05 and

*#* indicates p < 0.001.

the spectrum.” Binding affinity of antibody conjugates
decreases as Qdot size increases due to the reduced steric
hindrance; in turn, higher binding efficacy of smaller Qdots
leads to a higher number of bound cell-surface receptors.
Indeed, we detected ~4-fold higher plasma membrane
PDGFRf using smaller Qdots, Qdot525 or Qdot605-
conjugated antibody, than larger Qdot, Qdot70S (Figure
S3B). However, neither of the smaller Qdots we tested
exceeded the measuring limit (20 000 receptors per cell), while
PE-conjugated antibody measured ~78 800 PDGFRS per cell.

The differences in detected receptor concentrations with
Qdots of various sizes may be due to steric hindrance, which
prevents larger Qdot—antibody conjugates from binding to
some high-density membrane receptors. Furthermore, larger
Qdots with larger surface areas may conjugate to more
antibodies than smaller Qdots. In turn, the multivalency of
larger Qdots results in decreased detection signal and lower
number of cell-surface receptors quantified. Therefore, it is
important to use a quantification control, such as PE-
conjugated antibodies, when using larger Qdots, i.e,
Qdot705. Additionally, the recent development of smaller,
monovalent Qdots®”° will help surpass the limit of
quantifying high-density membrane receptors.

Multiplexed VEGFR Quantification Reveals Receptor
Surface Regulation by VEGF-A,¢; but Not VEGF-B,4;. In
order to validate the performance of our Qdot—antibody
conjugates, we recapitulated the VEGFR regulation induced by
24 h VEGF-A -treatment.” We observed that 20—24 h
VEGF-A 4;-treatment induced an increase of ~990 VEGFR1s
and a downregulation of ~2300 VEGFR2s per HUVEC
plasma membrane via Qdot525-anti-VEGFR1 and Qdot605-
anti-VEGFR2 costaining (p < 0.05, Figure SA). To test
whether the change in VEGFR concentrations can be induced
by any VEGF ligands, we treated HUVECs with VEGF-B;, a
VEGE-B isoform. In contrast, long-term, 20—24 h VEGF-B 4,
treatment did not induce significant changes in plasma
membrane VEGFRI1 and VEGFR2 concentrations using either
PE-based or Qdot-based quantification (p > 0.0S, Figure SB).
Together, these results demonstrate Qdot-conjugated antibod-
ies can quantify at least two types of receptors within the
measuring limit at once.

Multiplexed cell-by-cell analysis reveals changes in
bivariate receptor distribution by VEGF-A,s but not
VEGF-B,4;. In addition to regulating VEGFR1 and VEGFR2
concentrations, VEGF-A ¢ induced changes in cell hetero-
geneity. We observed a shift of cell frequency distribution on a
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two-dimensional surface mapped by VEGFR1 and VEGFR2
plasma membrane concentrations, when HUVECs were
treated with VEGF-A ¢ but not VEGF-B,¢, (Figure 6A). To
quantitatively understand these changes in cell heterogeneity at
receptor-level, we employed quadratic entropy (QE). QE
provides a quantitative measure of the diversity of cellular
phenotypes in cancer tissue sections for diagnostic applica-
tions®’ and drug discovery.”*®> QE requires equally spaced
bins; here we chose 500 bins from each log-scaled cell-by-cell
distribution. QE then sums the weighted differences of the
means between two bins.*”® Thus, QE is a measurement
of the random variation among cells in their response. Prior to
VEGEF treatment, the QE of VEGFR1 and VEGFR2 was 0.06
and 0.07, respectively; QE of the dual-receptor distribution was
0.14 (Figure 6B). VEGF-A ¢ induced little to no change in
VEGFRI1 heterogeneity and an ~15% decrease in QE of
VEGFR2. The dual-receptor distribution of HUVECs showed
an ~8% decrease in QE when treated with VEGF-A 4. Here,
we observed an ~3—11-fold decrease in receptor QE on
healthy ECs and human fibroblasts using Qdot-antibody
conjugate compared to PE-based quantification. Previously,
we have shown that healthy ECs and human fibroblasts in vitro
have QE within 0.2—0.7 '®. This discrepancy in QE may be
due to that Qdot-antibody has a narrower measurable receptor
density range than PE-conjugated antibody. Therefore, it is
important to establish a baseline for multiplexed heterogeneity
using standard cell lines.

To test whether the change in cell heterogeneity can be
induced by any VEGF ligand, we treated HUVECs with
VEGF-B 4, an isoform of VEGF-B ligand. We showed little to
no changes in either VEGFRI or VEGFR2-dependent
heterogeneity. Changes in the dual-receptor heterogeneity
highly correlated with VEGFR2 heterogeneity, despite the
changes in receptor density of both receptors. Together, this
analysis revealed, for the first time, changes in endothelial
heterogeneity upon VEGF activation, defined by dual-receptor
distribution of VEGFR1 and VEGFR2.

Our observation of VEGF-A 4-induced downregulation of
cell heterogeneity in VEGFR2 concentration aligns with
previous ﬁndings;7 however, we did not observe a significant
upregulation of cell heterogeneity in VEGFRI concentration.
This is likely due to the fact that the heterogeneity analysis
done in this study is based on log-scaled receptor distributions,
whereas the previous study was done on linear-scaled
distributions.

B CONCLUSION

In summary, we have established a receptor quantification
method for multiplexing more than one receptor, using Qdots.
In particular, we optimized and established the buffer to
minimize nonspecific binding between Qdot-antibody con-
jugates and cells; we identified the measuring range of our
Qdot-antibody conjugates to be 800—20 000 receptors per
cell; we confirmed significant changes in VEGFR1 and
VEGFR2 concentrations and heterogeneity when cells were
treated with VEGF-A4s and found no significant change
induced by VEGF-B,y; and we validated the method by
comparing our results to previously established PE-based
gFlow cytometry.

The Qdot-based qFlow cytometry has several advantages
and limitations among cytometry-based proteomic technolo-
gies. The wide usage of flow cytometry in both clinical and
laboratory settings permits easier and cheaper access than
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more advanced technologies, e.g., mass cytometry (CyTOF).*
In addition, the commercial availability of Qdot-antibody
conjugation kits allows for easy development of protein-specific
nanosensors that requires little to no training. The Qdot-based
qFlow cytometry could potentially be expanded to 3—5 RTKs,
depending on their plasma membrane concentrations, whereas
CyTOF can provide measurement of over 40 parameters at the
single-cell level®® Despite these features for multiplexed
measurements, both technologies are limited by their reliance
on antibodies.

Here, we identified a 20 000 receptors per cell measuring
limit for the commercial Qdots, thus PE-based qFlow
cytometry is preferred over Qdots when receptor concen-
trations are above the measuring limit. Qdots can still enable
heterogeneity measurements, as has previously been re-
portecl,67_69 and multiplexed quantification can still be
achieved by using a calibration standard for each Qdot.
Given our previous reports of a 4:1 ratio of IgG antibody:Qdot
per Qdot—antibody conjugate,*® advancements toward higher-
ranged receptor quantification may be achieved via monovalent
Qdot—antibody conjugates.”’ Similarly, smaller and superior
Qdot probes™”"”* may overcome steric hindrance and/or
multivalency to accurately measure high-density cell receptors.

qFlow cytometry has enabled computational modeling;***°
multiplexed qFlow cytometry should improve the accuracy of
such models, because model parameters such as RTK
concentrations of each cell or cell population will be more
accurate. For example, our previous model predicted tumor
resistance with high VEGFRI plasma membrane concen-
trations to anti-VEGF drugs;6 with multiplexed qFlow
cytometry, models will be able to incorporate concentrations
of other RTKs that may contribute to drug resistance for a
more accurate prediction. Other researchers have shown that
in quantitative models of RTK signaling, small changes in cell-
specific parameters including receptor concentrations and rate
constant for receptor activation can drastically influence
modeling outcome, thus significantly affecting the accuracy
of the model prediction.”””* Therefore, the cell-specific,
quantitative receptor concentrations obtained via multiplexed
gFlow cytometry will advance computational models for
receptor signaling.

In order to apply this technology to clinical tissue samples, it
is important to establish RTK concentration on cells under
normal and diseased conditions in preclinical models. qFlow
cytometry has been applied toward quantifying key angiogenic
receptors (VEGFRs, PDGFRs, Tie receptors) on several
preclinical models,*””'**® and multiplexed qFlow cytometry
should be able to expand these quantitative data. Ideal models
for using Qdot-based qFlow cytometry requires RTK
concentrations to be lower than 20000 receptors/cell. For
VEGFRI and VEGFR2, human ECs in vitro,’ mouse ECs from
nonischemic limb and ischemic limb,"* tumor cells and tumor
ECs from breast cancer xenografts,6 and human EC-like cells in
glioblastoma 39 xenografts”® are ideal models. Human EC-like
cells in glioblastoma 39 xenografts’® showed PDGFRs and
NRP1 concentrations within the ideal measuring range of
Qdot-based qFlow cytometry. For RTKs having concentra-
tions higher than 20 000 receptors per cell in these preclinical
models, PE-conjugated antibodies can be used alone or in
combination with Qdots. The application of quantitative Qdot
probes to these preclinical models will provide us valuable
insights into the RTK profile in clinical models.

DOI: 10.1021/acs.analchem.9b00238
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Other preclinical applications of our multiplexed RTK
quantification method include stem cell biology and tissue
engineering. Stem cells have become a popular target for
researchers due to their wide applications including cancer
therapy’>’® and regenerative biomaterials;””® however, there
is a critical need for better identification and isolation of stem
cells from tissues.””*" Our multiplexed qFlow cytometry can
help establish a “barcode” of RTK plasma membrane
concentrations for stem cells, aiding in the isolation and
understanding of these cells. To help guide tissue engineering,
multiplexed RTK quantification can be used to assess
biomaterials such as 3D hydrogel matrixes®' and carbon
nanotubes,”” and their impact on cell receptors.

The mechanisms and impact of VEGFR dimerization or
oligomerization has been widely debated.**~*® Qdots are ideal
for studying receptor dimerization due to their superior
brightness, narrow spectrum, and high photostability. Pre-
viously, we have labeled cells with Qdot-conjugated antibodies
and confirmed NRP1 is a coreceptor of VEGFR2 and that
VEGFRI, VEGFR2, and VEGFR3 form heterodimers using
colocalization analysis.’® However, colocalization analysis is
often limited by imaging resolution,’® as the distance between
receptor dimers can be as low as 4—7 nm®”* while the
maximum resolution of a confocal microscope system is ~180
nm.* Forster resonance energy transfer (FRET), on the other
hand, is a more powerful tool to study receptor dimerization
due to its sensitivity to molecular distance.”’”® Recent
development of FRET between Qdot donors and Qdot
acceptors”* or Qdot donors and fluorescent protein accept-
ors”” shows potential application of Qdot FRET in studying
receptor dimerization and oligomerization. Furthermore, the
relationship between receptor dimerization and receptor
density has been controversial;*® hence, tools that allow
quantification of receptor density and receptor dimerization at
the single-cell level can be useful. Particularly, imaging flow
cytometry, where an image is captured as a cell flows past an
excitation source and a charge-coupled device (CCD)
detector,”””® would be ideal for high-throughput quantification
of receptor concentration and receptor dimerization when
combined with Qdot-based FRET and Qdot -calibration
standards.
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