
REPORT

High-throughput optofluidic screening of single B cells identifies novel cross-reactive 
antibodies as inhibitors of uPAR with antibody-dependent effector functions
André Luiz Lourençoa*, Shih-Wei Chuoa*, Markus F. Bohna, Byron Hannb, Shireen Khanc, Neha Yevalekarc, Nitin Patelc, 
Teddy Yangd, Lina Xud, Dandan Lvd, Robert Drakase, Sarah Livelyc, and Charles S. Craik a,b

aDepartment of Pharmaceutical Chemistry, University of California San Francisco, San Francisco, California, USA; bHelen Diller Family Comprehensive 
Cancer Center, University of California San Francisco, San Francisco, California, USA; cChemPartner, South San Francisco, California, USA; dShanghai 
ChemPartner Co Ltd, Shanghai, China; eShangPharma Innovation Inc, South San Francisco, California, USA

ABSTRACT
The urokinase-type plasminogen activator receptor (uPAR) is an essential regulator for cell signaling in 
tumor cell proliferation, adhesion, and metastasis. The ubiquitous nature of uPAR in many aggressive 
cancer types makes uPAR an attractive target for immunotherapy. Here, we present a rapid and successful 
workflow for developing cross-reactive anti-uPAR recombinant antibodies (rAbs) using high-throughput 
optofluidic screening of single B-cells from human uPAR-immunized mice. A total of 80 human and 
cynomolgus uPAR cross-reactive plasma cells were identified, and selected mouse VH/VL domains were 
linked to the trastuzumab (Herceptin®) constant domains for the expression of mouse-human chimeric 
antibodies. The resulting rAbs were characterized by their tumor-cell recognition, binding activity, and 
cell adhesion inhibition on triple-negative breast cancer cells. In addition, the rAbs were shown to enact 
antibody-dependent cellular cytotoxicity (ADCC) in the presence of either human natural killer cells or 
peripheral blood mononuclear cells, and were evaluated for the potential use of uPAR-targeting anti-
body-drug conjugates (ADCs). Three lead antibodies (11857, 8163, and 3159) were evaluated for their 
therapeutic efficacy in vivo and were shown to suppress tumor growth. Finally, the binding epitopes of 
the lead antibodies were characterized, providing information on their unique binding modes to uPAR. 
Altogether, the strategy identified unique cross-reactive antibodies with ADCC, ADC, and functional 
inhibitory effects by targeting cell-surface uPAR, that can be tested in safety studies and serve as potential 
immunotherapeutics.
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Introduction

A key feature of tumor cells is their enhanced ability to degrade 
extracellular matrix (ECM), allowing tumor cell motility, inva-
sion, and metastasis. The urokinase-type plasminogen activa-
tor receptor (uPAR) is an integral membrane protein tethered 
to the plasma membrane via a glycosylphosphatidylinositol 
(GPI) anchor. This well-studied receptor is involved in the 
binding of various partners, such as urokinase-type plasmino-
gen activator (uPA), vitronectin (VN), and transmembrane 
receptors, to regulate a wide variety of cellular processes 
including extracellular proteolysis, angiogenesis, cell adhesion, 
migration, and downstream signaling events.1 Several studies 
have demonstrated that the overexpression of uPAR is tumor- 
specific,2,3 making it a prominent biomarker for identifying 
tumor aggressiveness4–6 and an attractive target for cancer 
treatment,7 particularly breast cancer.8–11

Growing evidence suggests that uPAR and human epider-
mal growth factor receptor-2 (HER2) are co-amplified in both 
in situ and metastatic breast cancer, and they work coopera-
tively for tumor progression toward the onset of a metastatic 
phenotype.12,13 Moreover, the downregulation of uPAR using 
RNAi with an anti-HER2 antibody induces synergistic effects 

in inhibiting breast cancer cell growth, highlighting the poten-
tial of a combined therapy as an effective treatment for breast 
cancer.14 Although clinical outcomes have shown that US 
Food and Drug Administration-approved anti-HER2 antibo-
dies are effective in metastatic HER2-positive breast cancer, 
several mechanisms of resistance to anti-HER2 therapy have 
been identified.15,16 In addition, HER2 is not an effective target 
for triple-negative breast cancer (TNBC) patients because of 
the absence of HER2 expression,9 so development of novel 
treatment strategies is needed. Several groups have developed 
a series of antagonists, such as recombinant antibodies (rAbs), 
small molecules, and peptides, to block the interaction of 
uPAR with its partners.17–22 Some of these uPAR-targeted 
agents have also been designed as novel preclinical 
immunotherapeutics,17,23,24 diagnostic imaging tools,17,25,26 

and drug delivery vehicles,24 validating uPAR as a potential 
therapeutic target.

Despite the important role of uPAR as an anti-cancer target, 
no species cross-reactive anti-uPAR antibodies with efficient 
antitumor effect in vivo have been developed. Previously, fully 
human rAbs, 2G10 and 3C6,27 were identified from a human 
naïve Fab library using phage display technology and were 
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shown to be effective against human TNBC cells in xenograft 
models,17 but they lacked cross-reactivity. This lack of species 
cross-reactivity of the inhibitors has hindered human efficacy 
studies and, in particular, safety studies in non-human pri-
mates. Since cynomolgus monkeys (cyno) are genetically simi-
lar to human compared to other species, they are the most 
relevant non-human primate model for conducting preclinical 
studies of antibody drugs.28 We, therefore, established a high- 
throughput discovery approach to develop novel human and 
cyno cross-reactive rAbs by using a microfluidic platform and 
opto-electropositioning (OEP) technology to screen uPAR- 
primed mouse B lymphocytes. Selected cross-reactive rAbs 
were shown to exhibit antibody-dependent cellular cytotoxi-
city (ADCC), antibody-drug conjugate (ADC) cytotoxicity, 
and inhibitory effects on cell adhesion against human breast 
cancer cells. Furthermore, lead antibodies showed their ther-
apeutic efficacy in reducing tumor growth in an orthotopic 
animal model of human breast cancer, providing promising 
antibodies for further study. Finally, a binding model of the 
lead antibodies was proposed showing their binding epitopes 
that contribute to their unique activities against uPAR.

Results

High-throughput B-cell screening for human and cyno 
uPAR cross-reactive antibodies

Swiss Jim Lambert (SJL/J) mice (n = 8) were subjected to a 60- 
day immunization campaign by using a recombinant human 
soluble uPAR (suPAR), which lacks a GPI anchor, as an 
immunogen with seven buffering days between bleeds and 
boosts (Figure 1(a)). The suPAR antigen was prepared by 
endotoxin removal to reduce nonspecific pyrogenic reactions 
to immunized animals, and further characterization was per-
formed using SDS-PAGE, immunoblot, and liquid chromato-
graphy-mass spectrometry (LC-MS)/MS (Suplementary Figure 
S1). Immunized mice were monitored with bi-weekly bleeds, 
followed by the determination of their antibody titers. Antisera 
binding curves demonstrated increased production of anti- 
uPAR antibodies within the first week of immunization, and 
sustained antibody production was maintained throughout the 
campaign with an antibody titer saturating at a 1 × 107 dilution 
of mouse antisera (Supplementary Figure S2). Although the 
titer from some of the mice dropped at the third bleed, later 

Figure 1. (a) Mouse immunization campaign pipeline. (b) A workflow for high-throughput discovery of cross-reactive anti-uPAR antibodies using the bacon platform. 
(c) Each ASC was cultured in individual nanopens to allow secreted antibodies to be accumulated. After culturing cells for 1–2 hours, anti-mouse IgG (H+L)-coated 
beads are imported into the channel along with fluorescently labeled uPAR (AF488-human suPAR, green; and AF647-cyno uPAR, red). As the secreted antibodies are 
immobilized on the beads, antigen recognition allows for a time-dependent accumulation of fluorescent signals immediately above each nanopen. (d) The increased 
signal in AF488 and AF647 channels was observed between T0 and T11, suggesting the antibodies were able to recognize human/cyno uPAR.
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time points permitted in vivo affinity maturation and the 
generation of anti-uPAR antibodies with increased affinity 
and selectivity. With the confirmed maturation of uPAR- 
primed plasma B cells, spleens, and bone marrow from each 
animal were harvested to allow the isolation of CD45R(B220)-/ 
CD138high antibody-secreting cells (ASCs) using magnetic 
beads and fluorescence-activated cell sorting (FACS).

To screen and select cross-reactive antibodies against 
human and cyno uPAR, we performed a high-throughput 
screening of single B cells on the Beacon platform,29 which 
uses microfluidics combined with OEP technology to screen 
thousands of B cells from immunized animals.30 A total of 
49,127 mouse ASCs were imported into nanopens on 
OptoSelect™ 3500 and 14k chips, and screened against 
human, mouse, and cyno uPAR. Overall, 225 binders were 
identified against human uPAR, from which 80 were cross- 
reactive to cyno uPAR, and no cells were able to produce 
reactive binders to mouse uPAR (Figure 1(b–d)). 
Interestingly, eight ASCs produced specific binders to cyno 
uPAR, and 137 ASCs were specific to human uPAR. It is 
possible the eight cyno-uPAR specific antibodies are false- 
positive. However, it is possible that these antibodies recognize 
an epitope where even a single amino acid difference affects 
the antigen binding and leads to more cyno uPAR-specific 
binding than human uPAR binding.

Human and cyno uPAR cross-reactive rAbs were 
generated and characterized with the trastuzumab 
constant region

VH/VL sequencing, cloning, and recombinant IgG 
expression
A total of 225 individual mouse B cells were exported from the 
Beacon, and 80 pairs of VH and VL sequences from human 
and cyno uPAR cross-reactive binders were then recovered 
using the rapid amplification of cDNA ends (RACE) 
protocol.31 A total of 60 clones showed the amplicons within 
500–700 bp with 78% recovery and these amplicons were 
sequenced using next-generation sequencing (NGS), resulting 
in 46 pairs of VH and VL sequences.

Previous studies have shown that trastuzumab 
(Herceptin®), a humanized IgG1 monoclonal antibody that 
targets the HER2 protein, is able to promote tumor cell death 
by evoking ADCC through the interaction with IgG1 Fc and 
Fcγ receptors on human immune cells.32–34 In order to convey 
this effector function to our anti-uPAR antibodies, mouse VH 
and VL domains were fused to the constant domains of tras-
tuzumab IgG1 to produce rAbs in a mouse/human chimeric 
antibody format. From the recovery pool, 43 initial rAbs were 
successfully expressed. A phylogenetic tree constructed for 
their complementarity-determining region (CDR) sequences 
indicated that they have>1% amino acid difference 
(Suplementary Figure S3).

Cell-surface uPAR recognition and binding affinity of 
antibody candidates
Since suPAR lacks the cell surface anchoring motif, antibodies 
generated by immunizing animals with suPAR can target 
protein regions that are not accessible for membrane-bound 
uPAR. Nonetheless, effective targeting of cell surface receptors 
benefits from recognizing both solvent-exposed epitopes and 
also native conformational states displayed on the cell 
surface.35 Although the Beacon platform allows on-cell screen-
ing, we preferred a more quantitative methodology. Thus, we 
applied FACS to evaluate the cell-surface uPAR recognition by 
each antibody in the triple-negative breast cancer cell line, 
MDA-MB-231, that expresses uPAR endogenously 
(Figure 2). Human isotype IgG1 (hIgG1) served as a negative 
control, and all antibodies were benchmarked against 2G10, 
3C6, and trastuzumab (Tras). The binding curves demon-
strated 11 antibodies recognized cell-surface uPAR in a dose- 
dependent manner and are comparable to trastuzumab bind-
ing to HER2 (EC50 = 3.6 nM) (Table 1 and Figure 2),36,37 show-
ing a more potent ability to recognize cell-surface uPAR than 
2G10 and 3C6.

The binding activity of 11 antibodies to human uPAR was 
further characterized using biolayer interferometry (BLI). All 
antibodies were prepared in IgG format to provide avidity in 
binding and showed equilibrium dissociation constant (KD) 
values in the pM range. One thing to be noted is that 2G10 and 

Figure 2. Binding curves for initial antibodies to MDA-MB-231 cells expressing human uPAR on the cell surface. MFI indicates median fluorescence intensity. Tras: 
trastuzumab. hIgG1: human isotype control.
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3C6 IgGs displayed KD values in the double-digit nanomolar 
range (Suplementary Table S1).17 These results demonstrate 
the advantage of screening B cells that produce affinity 
matured antibodies capable of binding uPAR tightly and exhi-
bit slow off rates.

Cross-reactivity profiles were confirmed by ELISA
To ensure the cross-reactivity of the 11 antibodies was main-
tained in the mouse/human chimeric format with the trastu-
zumab constant domains, we evaluated their binding reactivity 
to human and cyno uPAR by ELISA (Figure 3(a)). Our results 
demonstrated that all antibodies displayed cross-reactivity to 
both human and cyno uPAR with EC50 values ranging from 
0.1–0.8 nM and 0.2–1.1 nM, respectively. The binding curves 
also revealed that 2G10 and 3C6 exhibited specificity of 

binding only for human uPAR, but not cyno uPAR 
(Figure 3(a) and Table 1).

Antibody-dependent cellular cytotoxicity
With the confirmation of cell-surface uPAR recognition and 
cross-reactivity of the antibodies, 11 antibodies identified with 
>5% amino acid difference in CDR sequences were evaluated 
for their ADCC activity as a uPAR-targeted immunotherapy 
approach. The ADCC assay for the 11 antibodies was first 
performed using MDA-MB-231 cells as target cells in the 
presence of NK-92 MI CD16a effector cells. The resulting 
dose-response curves demonstrated that, except for 11513, 10 
antibodies were able to induce ADCC with better or compar-
able EC50 values compared to 2G10, and no cytotoxicity was 
observed for the hIgG1 (Figure 3(b)). Seven antibodies (3159, 

Table 1. In vitro characterization of novel anti-uPAR antibodies. Tras: Trastuzumab. hIgG1: Human isotype control. Dash (-): Not determined. NA: Not applicable.

Anti-uPAR 
antibody Cellular recognition

Human uPAR 
binding

Cyno uPAR 
binding

ADCC 
NK-92

ADCC 
PBMCs

ADC 
Cytotoxicity

Adhesion 
blocking

ID number
Max 
MFI EC50 (95% CI, nM) EC50 (95% CI, nM) EC50 (95% CI, nM)

Max 
%

EC50 

(nM)
Max 

%
EC50 

(nM)
Max 

%
EC50 

(nM) IC50 (95% CI, µM)

1474 1740 0.51 (0.22–1.07) 0.14 (0.11–0.21) 0.20 (0.15–0.29) 15.56 0.73 NA NA NA NA NA
3159 1830 0.92 (0.20–5.60) 0.53 (0.38–0.87) 0.27 (0.20–0.42) 28.18 0.89 47.41 0.11 32.02 0.75 1.61 (0.71–3.45)
3639 2053 1.42 (0.50–5.32) 0.52 (0.39–0.80) 0.19 (0.17–0.21) 34.09 5.95 57.06 0.53 2.32 - >10
5016 2429 0.51 (0.16–1.27) 0.75 (0.58–1.08) 0.11 (0.10–0.15) 23.73 3.12 49.56 0.12 0 - >10
6312 1809 4.53 (2.07–11.22) 0.28 (0.22–0.40) 0.21 (0.18–0.27) 16.44 4.03 NA NA NA NA NA
6553 2353 3.76 (1.74–9.17) 0.33 (0.26–0.46) 0.21 (0.16–0.29) 17.44 5.6 NA NA NA NA NA
8163 2330 0.69 (<53.38) 0.41 (0.28–0.79) 0.15 (0.13–0.19) 18.81 1.14 57.55 0.09 28.7 0.57 5.40 (2.11–31.5)
9538 1270 0.46 (0.25–0.80) 0.67 (0.59–0.78) 1.12 (0.96–1.37) 29.71 50.2 45.64 13.01 4.26 - 3.51 (1.80–8.40)
11513 1642 0.39 (0.29–0.51) 0.75 (0.58–1.08) 0.28 (0.22–0.39) 21.60 - NA NA NA NA NA
11857 1936 2.07 (0.52–16.00) 0.52 (0.39–0.80) 0.18 (0.16–0.22) 27.16 5.59 52.04 0.35 35.16 0.76 0.94 (0.17–76.9)
13706 1669 7.61 (4.09–14.66) 0.53 (0.38–0.87) 0.30 (0.26–0.39) 54.56 4.85 65.66 0.79 3.24 - >10
2G10 2204 16.65 (12.87– 

21.56)
0.26 (0.19–0.46) - 33.92 22.53 65.45 8.65 4.9 - 3.46 (0.96–33.0)

3C6 971 - 0.28 (0.22–0.40) - NA NA NA NA 1.42 - 0.81 (0.43–1.50)
hIgG1 155.3 - NA NA 0.47 - 4.8 - NA NA NA
Tras 841.8 3.65 (0.67–70.55) NA NA NA NA NA NA NA NA NA

Figure 3. (a) Cross-reactivity profile of 11 antibodies evaluated by ELISA, showing they are cross-reactive to human and cyno uPAR, and 2G10 and 3C6 are specific 
binders for human uPAR. (b) ADCC activity of 11 antibodies and 2G10 in the presence of NK-92® MI CD16a effector cells against MDA-MB-231 cells. Two-way ANOVA 
followed by posthoc tukey test reveals significant activity over human isotype IgG1 (hIgG1). * = p≤0.001.
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3639, 5016, 8163, 9538, 11857, 13706), which exerted effective 
ADCC response in NK-92 cells, were further tested for ADCC 
activity in the presence of human peripheral blood mononuc-
lear cells (PBMCs) from three different healthy donors. Due to 
the intrinsic characteristics of effector cells from each PBMC 
donor,38 the inherent donor-to-donor variability was observed 
as expected between the seven antibodies, and the results 
showed they all facilitated effector cell function against MDA- 
MB-231 cells in a dose-dependent manner in the presence of 
healthy PBMCs (Figure 4). The mean maximum percentage of 
ADCC response for seven antibodies ranges from 46 to 66%, 
and six of them are more potent than 2G10 with 11 to 96-fold 
lower EC50 values from 0.1 to 0.8 nM (Table 1).

Cytotoxicity as ADCs and antibody internalization
In addition to Fc-mediated ADCC as a strategy for providing 
antitumor cytotoxicity, ADCs have been developed rapidly in 
recent decades to selectively deliver cytotoxic payloads directly 
to the targeted cancer cells.39 To determine if the ADC 
approach can be applied to the selected seven antibodies, 
ADC efficacy was assessed in vitro against the MDA-MB-231 
cells with Fab-αHFc-CL-MMAE, which recognizes the trastu-
zumab Fc moiety and has a cathepsin-cleavable linker con-
necting to monomethyl auristatin E (MMAE). Although all 

selected antibodies recognized cell-surface uPAR, only three of 
them (3159, 8163, and 11857) exhibited a concentration- 
dependent increase in ADC cytotoxicity in the presence of 
Fab-αHFc-CL-MMAE with low EC50 values from 0.57 to 
0.76 nM. (Figure 5(a)). The control experiment without treat-
ment of Fab-αHFc-CL-MMAE showed low cytotoxicity 
(Figure 5(b)).

To investigate whether the ADC cytotoxicity was due to the 
internalization of the uPAR-antibody complex, confocal 
microscopy and colocalization analysis were performed. 
MDA-MB-231 cells were treated with Alexa Fluor 568- 
conjugated antibody and co-stained with LysotrackerTM 

Green, a pH-dependent fluorescent dye that selectively stains 
lysosomes. The internalization of the three antibodies (3159, 
8163, and 11857) and their localization into lysosomes were 
observed by overlaying the images from their respective fluor-
escence channels and brightfield microscopy (Figure 6(a)). 
Negative controls were conducted with mouse and human 
non-relevant isotype IgG, and no internalization was observed 
(Supplementary Figure S4). In addition, the colocalization of 
antibodies and lysosomes was analyzed quantitatively using 
the Manders’ coefficient to determine the percentage of over-
lap between the red and green fluorescent signals, revealing 
that 53–60.5% of the three antibodies were internalized to the 

Figure 4. Selected seven antibodies were able to induce dose-dependent cell death in MBA-MB-231 cells in the presence of human PBMCs from three healthy donors. 
Two-way ANOVA followed by posthoc tukey test reveals significant activity over human isotype IgG1 (huIgG1). * =p≤0.05, ** = p≤0.001.
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lysosomal compartment (Figure 6(b)). These results indicated 
that three antibodies (3159, 8163, and 11857) were able to 
target uPAR in a distinct complex and induce efficient 
internalization.

Validation of antibody’s specificity using small interfering 
RNA knockdown and flow cytometry
To validate the specific binding of three antibodies (3159, 
8163, 11857) to uPAR in MDA-MB-231 cells, uPAR expres-
sion was knocked down in the MDA-MB-231 cell line using 
small interfering RNA (siRNA). A significant reduction 
(~86%) in the uPAR expression was shown by immunoblot 

(Figure 6(c) and Supplementary Figure S5A). Flow cytometry 
was further performed for these three antibodies and 2G10, 
which served as a positive control, against MDA-MB-231 and 
uPAR-knockdown MDA-MB-231 cells (Figure 6(d)). The 
results indicated 14% of relative mean fluorescent intensity 
(MFI) was observed from uPAR-knockdown MDA-MB-231 
cells and is consistent with the immunoblot results 
(Supplementary Figure S5B-C). The non-relevant isotype con-
trol antibodies (P2B2,40 human IgG1; P3.6.2.8.1, mouse IgG1) 
showed no significant shift in flow cytometry, suggesting that 
the 14% of relative MFI is from the residual uPAR expression 
from the uPAR knockdown experiment. These data show that 

Figure 5. (a) Dose-dependent cytotoxicity was observed for antibodies (3159, 8163, and 11857) in MDA-MB-231 cells in the presence of anti-human Fc Fab conjugated 
to cytotoxic MMAE through a cathepsin-cleavable linker. (b) Low cytotoxicity was observed for all antibodies without the treatment of secondary ADC.

Figure 6. (a) Lead antibodies were internalized by MDA-MB-231 cells and colocalized with lysosomes. Scale bars = 10 µm. (b) Fluorescent signal overlap between 
antibodies and lysosomes is represented quantitatively using the manders’ coefficient. A high degree of overlap is observed for all lead antibodies, suggesting active 
lysosomal uptake. (c) Quantification of relative uPAR expression in MDA-MB-231 and uPAR-knockdown MDA-MB-231 cells from the immunoblot result. (d) On-target 
binding of uPAR on MDA-MB-231 and uPAR-knockdown MDA-MB-231 cells by flow cytometry.
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our anti-uPAR antibodies displayed on-target binding of 
uPAR in MDA-MB-231 cells.

Inhibition of cell adhesion to vitronectin
The binding of VN to uPAR is known to induce intracellular 
signaling events that activate integrins to promote cancer cell 
adhesion and communication to the extracellular matrix.41 To 
investigate whether the seven antibodies have any functional 
inhibition on the tumor cell by targeting cell-surface uPAR, we 
evaluated their ability to block uPAR-mediated cell adhesion 
to VN. The results demonstrated that the seven antibodies 
were able to inhibit the adhesion of MDA-MB-231 cells to VN- 
coated plates in a dose-dependent manner (Table 1 and 
Supplementary Figure S6). Antibody 3159 showed the stron-
gest inhibitory effect and is comparable to 3C6, which was 
identified as an inhibitor to abrogate uPAR-mediated cell 
adhesion in our previous study.42 Overall, the in vitro char-
acterization of the antibodies highlighted three lead antibodies 
(3159, 8163, and 11857) are the most promising antibodies 
with ADCC activity, ADC cytotoxicity by inducing efficient 
uPAR-antibody internalization, on-target binding, and the 
functional inhibition on cell adhesion (Table 1), leading us to 
investigate their therapeutic efficacy in an orthotopic animal 
model of breast cancer. The CDR sequences of the three lead 
antibodies are shown in Supplementary Table S2.

Therapeutic efficacy in an orthotopic animal model of 
human breast cancer
To determine the in vivo therapeutic efficacy of the three lead 
antibodies, MDA-MB-231 cells were orthotopically implanted 
in the mammary fat pads of Foxn1nu nude mice, and animals 
with tumors (75–100 mm3 in volume) were treated weekly via 
intravenous injection with each antibody (30 mg/kg). Close 
monitoring of tumor growth across treatment groups revealed 
that all antibodies were able to reduce tumor burden relative to 
the untreated control (Figure 7(a)). Our data demonstrated 
11857 exhibited the most potent efficacy with a 3.1 ± 0.4-fold 
smaller tumor burden on day 21 (p = 0.0039) compared to the 
untreated control. Such activity was maintained on Days 25 

and 28 with a 3.3 ± 0.3 (p = 0.0058) and a 3.6 ± 0.6 (p = 0.0125) 
fold smaller tumor burden than that of the untreated control 
group, respectively (Figure 7(a)). Although 3159 and 8163 had 
little effect in reducing tumor volume in comparison with 
11857, they were nonetheless effective in reducing tumor 
growth rates relative to the untreated control (Figure 7(b)). 
The superior antitumor activity of 11857 was also reflected in 
its ability to impair tumor growth rates in comparison to the 
untreated control (p = 0.0002), which was far superior to that 
of 3159 (p = 0.0141) and 8163 (p = 0.0267) (Figure 7(b)).

Epitope binning using biolayer interferometry
The decrease in tumor growth rate along with the ability of the 
three lead antibodies (3159, 8163, and 11857) to impair cell 
adhesion led us to investigate their binding epitopes on uPAR. 
The epitope binning was first performed to test whether the 
three lead antibodies could inhibit the binding of VN to uPAR 
by BLI. uPAR was immobilized on a biosensor, and the first 
association was performed with each lead antibody or no anti-
body, followed by the second association of VN. Compared 
with the binding response of VN to uPAR alone, the BLI 
measurements showed that 3159 completely abolished subse-
quent VN binding, 11857 significantly reduced the binding of 
VN to uPAR, and 8163 displayed a weaker inhibitory effect 
(Figure 8(a)). This is consistent with the result from our 
adhesion assay showing 3159 exhibited the strongest inhibition 
on VN-mediated cell adhesion, suggesting 3159 interfered 
with the interaction of VN and uPAR by blocking the VN- 
binding site. A previous report has shown that the binding 
affinity of VN to uPAR is in the 1 μM range.43 By changing the 
order of adding 3159 and VN, 3159 with stronger binding 
affinity and avidity competed with VN for binding to uPAR 
(Supplementary Figure S7). An epitope competition assay was 
also performed in different pairs of antibodies to identify if 
they have distinct binding epitopes. Interestingly, both 3159 
and 8163 could bind to uPAR at the same time, but neither one 
of them was able to interact with uPAR once an antibody- 
uPAR complex was formed with 11857, suggesting 11857 has 
a partially overlapping epitope with 3159 and 8163 

Figure 7. (a) The therapeutic efficacy of novel antibodies was determined in an orthotopic mice model of human breast cancer using MDA-MB-231 cells. Animals 
showed reduced tumor size in comparison to untreated controls, and significant tumor growth suppression was observed in animals treated with 11857 after 21 days 
of treatment. (b) A significant reduction in tumor growth rates was observed for antibody-treated animals throughout the 30-day treatment, whereas 11857 was the 
most active agent. Data are shown as mean ± standard deviation. Statistical analysis as two-way ANOVA, with a posthoc multiple comparisons using dunnett’s test. * 
p<0.05; ** p<0.01; *** p<0.001.
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(Figure 8(b)). In addition, the BLI measurements also showed 
the binding epitopes of these three antibodies are distinct from 
2G10 and 3C6, which are known to block uPA and integrin 
αVβ1 binding to uPAR, respectively (Supplementary 
Figure S8).

Discussion

The growing understanding of uPAR and its molecular part-
ners in tumorigenesis, cancer progression, and metastasis has 
provided the basis for developing uPAR-targeted diagnostic, 
prognostic, and therapeutic strategies to treat a wide variety of 
tumors.44,45 Currently, no cross-reactive anti-uPAR antibodies 
with potential as a clinical candidate have been reported, pre-
venting the evaluation of uPAR in non-human primates such 
as cynomolgus monkeys, which serve as a valuable model to 
provide the most relevant information on the safety, efficacy, 
and pharmacokinetic profiles of translational therapeutics for 
human use.46,47 Thus, this study presents a high-throughput 
antibody discovery pipeline allowing the identification of 
cross-reactive antibodies against human and cyno uPAR. The 
60-day immunization campaign using recombinant human 

suPAR enabled in vivo affinity maturation in SJL mice to 
generate uPAR-primed B cells, and the Beacon platform 
allowed the culture, manipulation, and screening of single 
B cells in one day. A similar approach has recently been used 
for the successful development of neutralizing antibodies 
against SARS-CoV and SARS-CoV-2.48 Our approach pro-
vides an example of using immunization to bias the immune 
response coupled with the screening of antigen-primed B cells 
for identifying cross-reactive antibodies with strong binding 
affinity and antitumor activity, showing the power of in vivo 
development and affinity maturation in B cells for antibody 
selection.

Effective tumor-targeting antibodies induce direct and 
indirect effects on tumor cells, mediated by their Fab variable 
and Fc constant domains, respectively.49 The targeted thera-
pies for HER2-positive breast cancer in clinical use (i.e., tras-
tuzumab (Herceptin®) and pertuzumab (Perjeta®)) involve 
ADCC by targeting HER2 and recruiting immune effector 
cells through the Fc domain as part of their mechanism for 
killing tumors.50 To confer the ADCC activity to the mouse 
antibodies identified from the Beacon platform, we fused their 
Fab variable domains to the trastuzumab constant domains for 

Figure 8. (a) BLI epitope binning of three lead antibodies and vitronectin to uPAR. The binding of each antibody to uPAR resulted in a decreased wavelength shift in the 
last association step (VN-added) demonstrating the competitive blocking of VN binding by each antibody. (b) BLI competition assay reveals 8163 and 3159 have distinct 
binding sites, and 11857 has a partially overlapping epitope with 8163 and 3159.
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expressing antibodies in a mouse/human chimeric format. 
Interestingly, different amplitudes of ADCC were observed in 
the presence of NK-92 cells, suggesting the epitope recognition 
of antibodies is critical to modulate ADCC activity. These 
findings corroborated previous studies that antigen binding 
altered an IgG conformation and affected the recognition of 
the Fc region by the FcγRIIIa and FcγRIIIb receptors on the 
surface of NK cells and PBMCs.51–53 In addition, the angle of 
its Fc domain relative to the target cell surface could govern the 
accessibility of the Fc region for the interaction with effector 
cells to induce ADCC.54,55

Although ADCC is one of the primary mechanisms for 
most antitumor mAbs currently in the clinic, recent findings 
suggested having antibodies with both ADCC-based and direct 
biological effects would benefit an effective anti-tumor 
response.56,57 Previous studies have shown that VN deficiency 
strongly impairs tumor growth in an orthotopic xenograft 
model of breast cancer.58 In addition, the binding of uPAR to 
VN has been shown to regulate cell adhesion and further 
trigger changes in cell morphology, migration, and 
signaling.59–61 A reported mAb 8B12 was found to inhibit 
the VN binding to uPAR and effectively reduce uPAR- 
mediated cell migration on the VN-coated surface.18 These 
studies revealed how inhibiting the interaction of cancer cells 
with the ECM can affect their pro-proliferative communica-
tion in the tumor microenvironment and overall tumorigen-
esis, supporting the idea that the inhibition of cell adhesion 
demonstrated by our lead antibodies provides an additional 
advantage to impair tumor growth.41,62

In addition, several therapeutic antibodies have been redeve-
loped as ADCs to deliver cytotoxic drugs to antigen-positive 
tumor cells.63 Here, selected antibodies were evaluated with 
a secondary ADC killing assay against MDA-MB-231 cells, and 
lead antibodies (3159, 8163, and 11857) showed the potential use 
of uPAR-targeting ADCs. Further confocal microscopy analysis 
revealed that the antibody-uPAR complex was internalized and 
delivered to the lysosome for the proper release of MMAE in the 
low pH and protease-rich environment. According to previous 
studies, uPAR can be internalized by tumor cells via clathrin- 
mediated endocytosis or via a clathrin-independent mechanism 
mediated by LRP-1, both of which are responsible for trafficking 
uPAR to the lysosome for degradation and recycling.64,65 This 

could provide an additional advantage because all known inter-
nalization mechanisms of uPAR cause it to dissociate from its co- 
receptors, which include matrix-engaged integrins and other 
bonafide ligands, and therefore abrogate the downstream 
signaling.66

Finally, we propose a binding model for three lead antibo-
dies (3159, 8163, and 11857) to uPAR. Human and cyno uPAR 
share 96% sequence identity, where most of the sequence 
variation between the homologs lies at the uPA-binding site 
(Figure 9(a)), resulting in the species-specific interaction 
between uPA and uPAR.67,68 On the other hand, the VN- 
binding site is located on the opposite side and is more con-
served between uPAR homologs (Figure 9(a)). Based on the 
BLI epitope binning results, the binding epitopes of lead anti-
bodies (3159, 8163, and 11857) are close or on the VN-binding 
site, and they are distinct from the previously reported uPAR- 
binders, 2G10 and 3C6. The binding epitopes of 3159 and 8163 
on uPAR are independent, and the 11857 binding epitope 
overlaps considerably with their binding sites, but is not iden-
tical (Figure 9(b)). All of them exhibited an inhibitory effect on 
cell adhesion, and 3159 binds to an epitope on the VN-binding 
site and therefore showed the strongest inhibitory effect. 11857 
binds to a spot resulting in a synergistic effect on ADCC, uPAR 
internalization, and blocking cell adhesion, showing the 
advantage of having antibodies with ADCC and direct biolo-
gical effects for impairing tumor growth.

In conclusion, we used the Beacon platform to screen single 
B cells from uPAR-immunized mice to identify novel cross- 
reactive antibodies against human and cyno uPAR. Selected 
antibody candidates were characterized in vitro and shown to 
recognize uPAR on human breast cancer cells and induce tumor 
cell killing via ADCC. In addition, lead antibodies showed 
potent ADC cytotoxicity against breast cancer cells in the pre-
sence of secondary ADCs by inducing receptor internalization 
to lysosomes. The lead antibodies were also capable of inhibiting 
cell adhesion by blocking VN binding to uPAR, thus resulting in 
the functional effect on cancer cell adhesion. Moreover, an 
in vivo study demonstrated three lead antibodies (3159, 8163, 
and 11857) were able to inhibit tumor growth in an orthotopic 
mouse model of human breast cancer. Finally, a binding model 
for our lead antibodies was proposed, providing a better under-
standing of their interactions to uPAR.

Figure 9. (a) Molecular surface representation of human uPAR-ATF-SMB complex. The uPA N-terminal fragment (ATF) is shown as a ribbon diagram in gray, and the 
somatomedin-B like domain of VN is shown as a ribbon diagram in blue. (PDB ID: 3BT1).69 Mutation variants between human and cyno uPAR are highlighted in yellow. 
(b) Proposed binding model for lead antibodies to uPAR, highlighting their inhibitory effects for vitronectin binding and distinct binding epitopes compared to 2G10. 
3159 and 8163 recognize distinct epitopes on uPAR, and 11857 has a partial overlapping epitope with 3159 and 8163.
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Materials and methods

Antigen production

A HEK293 cell line, stably expressed human suPAR, was gen-
erously provided by the Chapman Lab at the University of 
California, San Francisco. For suPAR production, 3.7 × 107 

cells were seeded in a 5-stack Corning® CellSTACK® Culture 
Chamber and maintained in the DMEM complete medium 
supplemented with 10% fetal bovine serum (FBS), 100 U/mL 
penicillin, and 100 μg/L streptomycin (Gibco) at 5% CO2 and 
37°C. The protein was harvested at day 5 and purified using 
a Ni-NTA column followed by gel-filtration using a Hiload 16/ 
600 Superdex 200 prep-grade column. The production of 
suPAR was confirmed by immunoblot analysis using a mouse 
anti-human uPAR monoclonal antibody clone R-3 (Invitrogen, 
#MON R-3-02) and a horseradish peroxidase (HRP)- 
conjugated goat anti-mouse IgG (H + L) antibody (Biorad, 
#1706516). Purified suPAR samples were also characterized by 
LC-MS/MS and further subject to endotoxin removal using 
Pierce™ High-Capacity Endotoxin Removal Spin Columns. 
After endotoxin removal, samples were characterized for their 
total endotoxin level and only those not exceeding 0.5 U/mL 
were approved for the preparation of immunogen injections.

Animal immunization strategy

The immunization strategy consisted of a primary intraperito-
neal injection with 50 μg of antigen prepared as an emulsion in 
Freund’s Complete Adjuvant (FCA). Eight SJL mice (6–8  
weeks old) received a boost injection containing 25 μg of anti-
gen every other week for three boosts, with bleeds being inter-
calated to each boost injection for 60 days. A pre-bleed was 
performed for each mouse prior to the start of the immuniza-
tion campaign in order to control for non-anticipated expo-
sure to the antigen. All blood samples were allowed to clot and 
100–200 μL of serum was stored at −80°C for antibody titer 
determination. All animal studies were conducted under an 
animal use protocol (IACUC ID: AN179937) approved by the 
University of California, San Francisco animal care and use 
committee approved on February 7, 2022.

Harvest and enrichment of mouse antibody-secreting cells

Animals were euthanized in accordance with approved 
IACUC protocols. Spleens and bone marrows were harvested 
and processed into single-cell suspension in RPMI. Total 
B cells were isolated by magnetic negative selection using 
EasySep Mouse Pan-B Cell Kit (StemCell) to deplete non-B 
cells from the single-cell suspension. ASCs were enriched from 
single B cell suspensions by magnetic positive selection using 
EasySep Mouse CD138+ Kit (StemCell) and a FACS-based 
positive selection through the gating of CD45R(B220)-/ 
CD138high cells, which are traditionally used to broadly define 
the population of plasma cells.70

Nanofluidic opto-electropositioning for screening of 
single B cells

Direct screening of secreted antibodies from ASCs was 
achieved with the Beacon platform. Enriched ASCs were 
injected into OptoSelectTM 3500 and 14k chips. The platform 
utilizes OEP technology to effectively isolate single ASCs into 
nanopens. ASCs were individually cultured for 1 hr within the 
chip and screened for both IgG secretion and antigen specifi-
city using an in-channel multiplex bead-based fluorescent 
assay. Briefly, beads coated with rabbit anti-mouse IgG (H 
+L) (Biorad, #5180–2104) were imported to the chip where 
active accumulation of secreted antibodies was identified by 
the binding of a FITC-labeled goat anti-mouse secondary anti-
body (Biorad, # STAR70) to the beads. Antigen specificity was 
evaluated by importing fluorescently labeled human (Alexa 
Fluor 488), cynomolgus monkey (R&D Systems, #10949-UK) 
, or mouse (Sino Biologicals, #50160-M08H) (Alexa Fluor 647) 
uPAR into the chip. The binding of ASC-derived IgGs to the 
antigen was monitored by the time-dependent increase of 
uPAR-derived fluorescence on the beads at the mouth of the 
nanopen. HEK293T/17 cells expressing 2G10 were used as 
a positive control for both IgG secretion and the production 
of anti-uPAR antibodies.

Sequencing, recombinant cloning, expression, and 
purification of recombinant antibodies

Selected single B cells were exported to 96-well plates contain-
ing lysis buffer and mineral oil. RNA was captured onto 
Agencourt RNAclean XP Beads (Beckman Coulter), and 
cDNA was synthesized using an MMLV-RT (Thermo). 
Identical priming sites were added to the cDNA as part of 
the oligo-T and TSO primers and used to amplify total cDNA. 
cDNA was purified using Agencourt AMPure XP Beads 
(Beckman Coulter), and size distribution was assessed using 
capillary electrophoresis (Labchip, Perkin Elmer). Selected 
human and cyno uPAR cross-reactive binders were then 
amplified using a commercial Ig Primer set (MilliporeSigma). 
Clones showed amplicons within 500–700 bp and were 
sequenced using NGS method. The NGS library preparation 
was done using cDNA samples of the selected clones by index-
ing universal forward and mouse reverse constant primers 
(MilliporeSigma) for VH and VL separately. Then, the samples 
were run on MiSeq (Illumina), resulting in VH/VL sequences. 
The CDR sequences were aligned using Clustal Omega,71 and 
a phylogenetic tree was constructed using MEGAX with the 
neighbor-joining method.72

Selected mouse VH and VL sequences were amplified 
and cloned into pcDNA3.4-hCg1 and pcDNA3.4-hCk mam-
malian expression vectors, which contain the trastuzumab 
CH and CL sequences, respectively. The transfection and 
expression of recombinant IgG were performed based on 
the manufacturer’s protocol. Briefly, HEK293F cells were 
seeded in FreeStyleTM media and incubated at 130 rpm 
and 37°C with 8% CO2. Transfection was carried out using 
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polyethylenimine (PEI) keeping a 1:2 ratio of DNA/PEI. 
A 5% solution of peptone was added at 0.1 equivalent 
volumes of the original cell suspension to improve recom-
binant protein synthesis. On day 6–7 post-transfection, the 
IgG-enriched media were collected, and IgGs were purified 
using protein A column (GE MabSelect™ SuRe™) and dia-
lyzed overnight against phosphate-buffered saline (PBS) (pH 
7.4) at 4°C.

Biolayer interferometry analysis

The binding affinity of anti-uPAR antibodies was measured 
using an Octet RED384 System at 25°C, and samples were 
prepared in assay buffer (PBS with 1% bovine serum albumin 
(BSA)). Octet Streptavidin (SA) biosensor was used to immo-
bilize biotinylated human or cyno uPAR at 2 µg/mL. After 
a short baseline, the biosensor was dipped into each well 
containing anti-uPAR antibodies and followed by 
a dissociation step.

The epitope binning experiments were carried out in two 
ways. First, biotinylated uPAR was immobilized on anti-penta- 
His (HIS1K) biosensors (Sartorius), followed by two associa-
tion steps with the antibody candidate and vitronectin. Second, 
the first biotinylated antibody was immobilized on the SA 
biosensors. After a wash step, uPAR was bound to reach 
saturation. The biosensors were then moved to the next well 
for the association of the second antibody. The data analysis 
was performed using Octet Data Analysis software, and figures 
were made with Matlab.

Cross-reactivity of antibodies by ELISA

Nunc MaxiSorp™ flat-bottom 96-well plates were coated with 
human or cyno uPAR (3.19 μg/mL) at 4°C overnight, and 
plates were washed with wash buffer and blocked with 5% 
nonfat dry milk. A standard log serial dilution of each antibody 
was added to the uPAR-coated plates and incubated at 4°C 
overnight. Plates were washed three times and incubated with 
50 μL of HRP-conjugated goat anti-human (H+L) antibody 
(Biorad, #1721050). After a two-hour incubation, plates were 
washed, and 100 μL of 1-Step™ Turbo TMB-ELISA Substrate 
Solution (Thermo Scientific) was added to each well. The 
reaction was quenched with 2 M H2SO4 for 5 min at room 
temperature, and the optical density of each well was measured 
at 450 nm using a SpectraMax190 microplate reader. The 
resulting dose-response curves were used to determine the 
minimum dose of antibodies required to achieve 50% of the 
saturation signal and enable a quantitative comparison of 
binding affinity.

Antibody recognition of cell-surface uPAR by FACS

MDA-MB-231 cells were harvested with TrypLE (Gibco), 
resuspended in FACS buffer (PBS+1% BSA) to 2 × 106 cells/ 
mL, and aliquoted to a 96-well plate (100 μL, 2 × 105 cells/well). 
A serial dilution of antibody was added to a maximum con-
centration of 600 nM, followed by a 50 min incubation at 4°C. 
Cells were then washed three times with PBS and incubated 
with an Alexa Fluor 488-conjugated goat anti-human IgG for 

50 min at 4°C in the dark. Finally, cells were washed twice with 
FACS buffer and resuspended in 80 μL for FACS analysis in 
a Bio-rad S3e Cell Sorter.

Inhibition of cell adhesion to vitronectin

MDA-MB-231 cells were cultured in the complete medium in 
a humidified atmosphere of 5% CO2 at 37°C. MaxiSorp 96- 
wells plates were coated with VN (corning, #354238) at 4°C 
overnight. The wells were washed with PBS and blocked for 1  
hr with 1% BSA in PBS. A total of 50,000 MDA-MB-231 cells 
were seeded in each well and a serial dilution of antibody or 
RGDS peptide was added, and the plate was incubated at 5% 
CO2 and 37°C overnight. All wells were washed with PBS, and 
ice-cold methanol was added to fix cells for 10 min at room 
temperature. After fixation, a 5% crystal violet solution was 
used to stain cells. Wells were washed three times with PBS, 
and cells were lysed with 2% SDS lysis buffer. Each lysate was 
transferred to a transparent 96-well plate, and the absorption at 
590 nm was recorded using a Synergy Neo2 Multi-Mode 
Microplate Reader (BioTek Instruments, Inc.) to quantify the 
adherent cells.

ADCC in vitro using NK cells

ADCC on MDA-MB-231 by NK cells was detected by 
DELFIA® EuTDA Cytotoxicity Reagents (Perkinelmer). 
Briefly, MDA-MB-231 cells were harvested and labeled by 
incubation with 2 μL/mL of the fluorescence-enhancing ligand 
(ParkinElmerDELFIA® BATDA Labeling Reagent) for 20 min 
at 37°C. After the diffusion of BATDA into the cells, it was 
hydrolyzed and converted to 2,2‘:6’,2“-terpyridine-6,6”- 
dicarboxylic acid (TDA) by cytosolic acetyl esterase. Since 
TDA is a non-cell permeable hydrophobic ligand, it can be 
trapped inside the live target cells. The solution was centri-
fuged, and cells were washed three times with PBS. The labeled 
cells were reconstituted in RPMI 1640 media without phenol 
red and then seeded to a 96-well U-bottom sterile microplate 
(100 μL, 1 × 104 cells/well). Next, 50 μL of a serial dilution of 
each antibody was added to the assay plate and incubated at 
37°C for 5–10 min. Separately, NK-92 CD16a 176 V effector 
cells were harvested and concentrated to approximately 1.2 ×  
106 cells/mL before the addition of 50 μL to the assay plate 
resulting in an effector to target cell ratio of 6:1 in each well. 
The plate containing the antibodies, target, and effector cells 
was then incubated for 4 hr at 37°C and 5% CO2. After the 
incubation, the plate was centrifuged for 5 min at 400 RCF, 
and 25 μL of the supernatant was transferred to a flat-bottom 
detection plate. Finally, 200 μL of Europium solution 
(PerkinElmer, DELFIA® Eu-Solution) was added to each well, 
and the plate was incubated for 15 min at room temperature to 
allow the formation of a highly fluorescent stable-chelate (Eu- 
TDA). The resulting fluorescent signal was obtained in a time- 
resolved fluorimeter within 5 hr. The background death con-
trol was determined by diluting target cells with media, and the 
maximum death control was determined by incubating cells 
with 10 µL of lysis buffer (1% Triton X-100) for 30 min prior to 
centrifuging the plate.
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ADCC in vitro using human PBMCs isolated from healthy 
donors

Frozen PBMC cells were obtained commercially from AllCells 
(FPB004F-C). The cells were isolated from human blood by the 
Leuko Pak-Density gradient method, then stored in liquid 
nitrogen. Cells were thawed at 37°C, suspended in RPMI1640  
+ 10% FBS, and incubated at 37°C overnight. MDA-MB-231 
target cells are labeled with DELFIA BATDA in accordance with 
the manufacturer’s instructions. Then, the effector cells PBMC 
cells from each donor were plated with target cells into a 96-well 
plate at a ratio of 50:1. The induction of ADCC was triggered 
upon the addition of each antibody to the mix, which was 
incubated for 4 hr at 37°C. Finally, the supernatant was collected 
and mixed with Europium solution. Time-resolved fluorescent 
(TRF) signal intensity was used to determine the degree of 
cytotoxicity. Control groups are set for data normalization, 
including target spontaneous group (Target cells), target max-
imum group (Target cells lysised by Triton) and background 
group (Supernatant of target cell). ADCC effect is determined 
by the formula: Calculated ADCC was defined by the formula: 
% ADCC=(Sample Cytotoxicity – Target cell and Effector cell 
mixture spontaneous cytotoxicity)/(Target cell Maximum cyto-
toxicity (Triton X-100 treatment) - Target cell and Effector cell 
mixture spontaneous cytotoxicity)*100%. Dose-response effect 
was analyzed with Graphpad Prism.

Antibody-drug conjugates cytotoxicity screening

MDA-MB-231 cells were seeded at 2,500 cells/well in 96-well 
plates (Corning) at 37°C and 5% CO2 overnight, and cells were 
grown for five days in the presence of serial dilutions of 
antibodies ranging from 0.0032 nM to 10 nM in triplicates, 
combined with a Fab fragment of an anti-human IgG Fc- 
specific antibody conjugated to MMAE (Fab-αHFc-CL- 
MMAE, Moradec) in a final concentration of 20 nM. The 
number of live cells was quantified by the CellTiter-Glo lumi-
nescent cell viability assay (Promega) based on luminescent 
detection of ATP, which is directly proportional to the number 
of cells present in each well. After the incubation, the lumines-
cence was recorded using a Synergy Neo2 Multi-Mode 
Microplate Reader (BioTek Instruments, Inc.)

Antibody internalization and Abs-lysosomes 
colocalization

Antibodies were conjugated with AF568 NHS ester 
(ThermoFisher Scientific), and MDA-MB-231 cells were 
seeded in an ibidi8 well µ-slide at a density of 3 × 104 cells/ 
well and incubated at 37°C with 5% CO2 overnight. After 2 
times of wash with PBS, the cells were incubated with 0.035  
mg/mL of AF568-conjugated antibody and 50 nM of 
Lysotracker Green DND-26 (Cell Signaling Technology) in 
DMEM at 37°C with 5% CO2 for 2 hr before live-cell imaging 
to allow antibody internalization and lysosomal staining. The 
cells were washed with PBS and treated with acidic glycine 
buffer (50 mM glycine, 150 mM NaCl, pH 3.0) for 1 min at 
room temperature to strip any membrane-bound antibodies. 
After the final wash with PBS, DMEM without phenol red was 

supplemented to avoid a background fluorescence, and fluor-
escence images were acquired on a Yokagawa CSU22 spinning 
disk confocal (488 nm laser with chroma ET525/50 m filter, 
and 561 nm laser with chroma ET645/75 m filter in addition to 
brightfield imaging). Image processing was done using Fiji 
with the JACoP colocalization analysis plug-in.

Small interfering RNA knockdown and flow cytometry

Knockdown of human uPAR expression in MDA-MB-231 cells 
was carried out by transfection of siRNA (Thermo Fisher 
s10614, s10615, and 111193). MDA-MB-231 cells were seeded 
in T75 flasks at a density of 1.25 × 106 cells/flask in the DMEM 
complete medium and incubated at 37°C with 5% CO2 over-
night. The next day, MDA-MB-231 cells were transfected with 
the siRNA pool using DharmaFECT 4 transfection reagent 
(Dharmacon) following the DharmaFECT transfection proto-
col. After 48 hr of incubation, the MDA-MB-231 and uPAR- 
knockdown MDA-MB-231 cells were dissociated using TrypLE 
select (Gibco) and resuspended at a density of 106 cells/mL in 
the cold flow medium (PBS, 2% FSB, and 2 mM EDTA). 
Collected cells were incubated with lead antibodies and 2G10 
(2 µg/mL) at 4°C for an hour. Non-relevant isotype controls 
(P2B2, human IgG1;40 PE-conjugated mouse IgG1, Thermo 
Fisher, #12-4714-42) were used as negative controls. Cells 
were washed twice by centrifugation at 90 g for 5 min and 
resuspended with ice-cold flow buffer, followed by incubation 
with PE-conjugated anti-human Fc secondary antibody (1 µg/ 
mL) at 4°C for an hour. After twice of wash with the flow buffer, 
the cells were analyzed on flow cytometry (BD Cytoflex), and 
data analysis was performed using FlowJo software.

Therapeutic efficacy in an orthotopic animal model of 
human breast cancer

A group of 16 female Foxn1nu mice were orthotopically 
implanted with 1 × 106 MDA-MB-231 cells and monitored 
for several days until tumor volume reached 75–100 mm3. 
Once tumor volumes were reached animals were considered 
eligible for therapeutic intervention starting three days after 
such tumor volumes were achieved. Therapeutic intervention 
commenced with each experimental arm receiving antibodies 
administered intravenously at a concentration of 30 mg/kg. 
A 30-day treatment regimen was conducted, with animals 
receiving weekly antibody treatment over a period of 30 days 
(Days 3, 10, 17, and 24). Animal welfare, body weight, and 
tumor volume were monitored continuously throughout the 
study. Upon the completion of the therapeutic intervention 
regimen tumors were harvested and prepared for histological 
analysis. All animal studies were conducted under an animal 
use protocol (IACUC ID: AN179937) approved by the 
University of California, San Francisco animal care and use 
committee approved on February 7, 2022.

Statistical analysis

All statistical analysis was performed in GraphPad Prism ver-
sion 8.0 (GraphPad Software, Inc., San Diego, CA). Dose- 
response curves were driven from non-linear fitting to raw 
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values run in a minimal of three experimental replicates. 
Statistical analysis for all data acquisition was performed as 
two-way ANOVA with a post-hoc multiple-comparison Tukey 
test. Differences between groups were considered significant at 
a P value≤0.05.

Abbreviations

ADCC antibody-dependent cellular cytotoxicity
ACSs antibody-secreting cells
ADCs antibody-drug conjugates
BLI biolayer interferometry
CDR complementarity-determining region
Cyno cynomolgus monkeys
FACS fluorescence-activated cell sorting
FcγR Fc gamma receptor
GPI glycosylphosphatidylinositol
HER2 human epidermal growth factor receptor-2
NGS next-generation sequencing
NK cells natural killer cells
OEP opto-electropositioning
PBMCs peripheral blood mononuclear cells
rAbs recombinant antibodies
suPAR soluble urokinase-type plasminogen activator receptor
Tras trastuzumab
TNBC triple-negative breast cancer
uPAR urokinase-type plasminogen activator receptor
uPA urokinase-type plasminogen activator
VN vitronectin
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