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We developed a potentially novel and robust antibody discovery methodology, termed selection
of phage-displayed accessible recombinant targeted antibodies (SPARTA). This combines an

in vitro screening step of a naive human antibody library against known tumor targets, with in
vivo selections based on tumor-homing capabilities of a preenriched antibody pool. This unique
approach overcomes several rate-limiting challenges to generate human antibodies amenable to
rapid translation into medical applications. As a proof of concept, we evaluated SPARTA on 2 well-
established tumor cell surface targets, EphA5 and GRP78. We evaluated antibodies that showed
tumor-targeting selectivity as a representative panel of antibody-drug conjugates (ADCs) and were
highly efficacious. Our results validate a discovery platform to identify and validate monoclonal
antibodies with favorable tumor-targeting attributes. This approach may also extend to other
diseases with known cell surface targets and affected tissues easily isolated for in vivo selection.

Introduction

Monoclonal antibody—based therapy of human cancers has emerged as a major advance in contemporary
medical oncology. However, the identification of suitable cancer target candidates still remains the initial
step to develop clinical applications. Cancer-specific targets often localize abundantly on the surface of
cancer cells or nonmalignant tumor—associated vascular endothelial and stromal cells, so they are acces-
sible through systemic circulation (1). Such targets usually consist of a broad array of proteins that are
overexpressed, mutated, or abnormally located in the cell surface compared with normal tissues (2). Con-
ventionally, a target candidate is identified and validated, panels of antibodies are produced and evaluated
for biological activity, and then favorable immune profiles are established prior to drug lead optimization.
The more recent use of in vitro technologies, such as phage and yeast display, to generate monoclonal
antibody clones has some advantages over traditional immunization. These include the speed with which
antibody clones undergo selection and isolation, the ability to enrich specific properties in high-throughput
procedures, and perhaps most importantly, direct selection of human monoclonal antibodies.

To discover target-specific, biologically active antibodies to common human cancers, we developed a 2-step,
in-tandem methodology: selection of phage-displayed accessible recombinant targeted antibodies (termed
SPARTA). Unlike blind selection approaches with no knowledge about the target, SPARTA begins with a previ-
ously identified tumor cell-surface target. An enriched pool of recombinant human antibodies against this target
is first generated from a large naive human library in vitro using a high-throughput combination of phage and
yeast displays (3). Then, antibodies from this pool are directly selected in vivo for their tumor-targeting attributes.
To our knowledge, our group has pioneered the experimental use of in vivo peptide phage (1, 4-13), and we have
extensively documented that this approach provides exquisite advantages to identify accessible target receptors
in the unique context of the native tumor microenvironment. We and other investigators have attempted to
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Figure 1. SPARTA methodology. (A) A naive human single-chain variable fragment (scFv) library (~1 x 10" transducing units [TU]) is screened in vitro
against immobilized recombinant antigens. The phage output pool (~1 x 10° TU) is subsequently transferred to a yeast display vector for 2 additional
screening steps. After rounds of positive and negative sorting, the yeast output pool (~1 x 104 TU) is expressed multivalently in phage particles and
administered i.v. into tumor-bearing mice (n = 3). Tumor-homing phage particles are recovered, amplified by PCR, and reexpressed in multivalent
format for 2 additional rounds of in vivo selection. After next-generation sequencing (NGS), clonal diversity and ranking are determined. (B and C) Flow

cytometry profiles and ELISA. Posi
yeast antibody-displaying clone. E

tive binders are shown for selected anti-EphA5 or anti-GRP78. Each dot in the FACS plot represents an individual
LISA performed with the corresponding recombinant antigen confirmed binding specificity. Open circles represent

individual data points (n = 3). (D and E) Following in vitro screening steps, 3 rounds of in vivo selection occurred in mice bearing human lung cancer
xenografts for EphAS or isogenic mammary tumors for GRP78. Open circles represent individual data points (n = 3). Tumors 1and 2 represent 2 inde-
pendent experiments. Data represent + SEM.
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extend the in vivo methodology to antibody phage—display libraries. However, we found only modest success
(14-17), likely due to inherent technical constraints such as the critical need for helper phage rescue, which leads
to extremely low antibody display levels. In addition, the presence of truncated antibodies and associated expo-
sure of hydrophobic interfaces generally increases nonspecific binding to nearly prohibitive background levels.
As proof of concept, we examined 2 established cancer cell-surface targets, Ephrin A5 (EphAS; a
molecular target in human lung cancer; ref. 18) and 78 kDa glucose-regulated protein (GRP78; a relatively
promiscuous target on the tumor cell surface of several human cancers; ref. 19-21). In fact, monoclonal
antibodies have been successfully generated against both human EphAS5 (18) and GRP78 (22-24), albeit at
high cost and low translational value. Generation of an enriched pool of human recombinant antibodies
screened against EphA5 and GRP78 in vitro, along with the functional in vivo selection of monoclonal

10.1172/jci.insight.98305


https://doi.org/10.1172/jci.insight.98305

TECHNICAL ADVANCE

20 - 34
*
5 e
X o 154 X o
~ > =50
w a & )
< 2 9.9
o+ o *
£% 104 £%
o2 Q2
o E o £ 14
3 4 FL‘
< <
m SRl
. X Q0 O 0 200 on0 000 O0Q
& % P S & e P S S P S & e q?
S o & @ & @ & & & o & @ & o
R W& R W & R W & SRS I
Q Ny Qé\ Q Q'b(\ Q NS Qé\ B\ @ Q@(\
Anti-EphA5 Control Anti-EphA5 Control
clone E1 clone E2
C 25, D 4,
g 2.0 L g N
X o ] X o 3
~ 3 ~ 3
28 83
ol 1.5 G =
€ © i S 24
oo i o
o E 1.0 % £
o~ o~
g g1
R B st )
0 ﬁ 000 000 ©0Q 009 0 poq 79 [00C1 000090 000 000
S S e @ S S v P S N e P S S e @
@ & & @ & & @ & & @ & &
RIS PR O & PR & RS e
R 4
Anti-EphA5 Control Anti-EphA5 Control
clone E3 clone E4

Figure 2. Anti-EphA5 monoclonal antibodies home to human lung cancer xenografts in vivo. (A-D) Selected anti-EphA5S antibody clones (termed E1-4)

target EphA5-expressing tumors in

a xenograft model of lung cancer. A representative graph indicates each targeted phage clone. Phage displaying an

antibody fragment against the viral protein M2 serves as negative control. Experiments were replicated at least twice. A representative experiment is
shown. Open circles represent individual data points (n = 3). Data represent + SEM. *P < 0.05 (Student’s t test) (tumor vs. control organs).
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antibody pools in preclinical models of human lung cancer and breast cancer, led to the identification of
single monoclonal antibody clones with favorable tumor-targeting properties. The individual monoclonal
antibody clones against EphA5 and GRP78 consistently recognized and localized to their cognate tumor
targets in vivo and showed effective killing activity as antibody-drug conjugates (ADCs). We conclude that
SPARTA is a broad platform to select tumor-specific antibodies from large human phage—display antibody
libraries. SPARTA may become the method of choice to select monoclonal antibodies against human can-
cers and, perhaps, certain nonmalignant diseases.

Results

Serial in vitro screening and in vivo selection to discover human recombinant monoclonal antibodies. We depict our
schematic representation of SPARTA in Figure 1A. First, we conducted an in vitro unbiased library screen-
ing against immobilized human recombinant EphA5 and GRP78 from a large human naive phage-displayed
single chain variable fragment (scFv) library (25). After 2 rounds of library screening in vitro, we reduced
the diversity by 5 orders of magnitude (from ~1 X 10" unique scFv sequences to <1 x 10°). We then cloned
the total phage pool output into a yeast-display system. This maneuver allowed precise fluorescence-acti-
vated cell sorting to restrict reactivity to those clones recognizing the target (26). After 2 additional rounds
of yeast cell sorting, we obtained a diverse, highly enriched antibody population for each target (Figure 1,
B and C). Antibody clones bound specifically to the corresponding antigens, in both yeast- and phage-dis-
play contexts (Figure 1, B and C). The anti-EphAS5 antibody pools were negatively selected to minimize or
eliminate anti-EphA5 antibodies that would also recognize orthologous ephrin family members (namely
EphA3, -4, -6, and -7) (Supplemental Figure 1; supplemental material available online with this article;
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o- Figure 3. Anti-GRP78 monoclonal antibodies home to isogenic breast tumors in vivo. (A-C)
Selected anti-GRP78 antibody clones (termed G1-3) target an isogenic model of mammary
ox, cancer-expressing cell surface GRP78. A representative graph shows each targeted phage
clone. Phage displaying an antibody fragment against the viral protein M2 serves as a
negative control. Experiments were replicated at least twice. A representative experiment is
shown. Open circles represent individual data points (n = 3). Data represent + SEM. *P < 0.05
(Student’s t test)(tumor vs. control organs).
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A”Iti'GRGPJS Control geting of EphA5- (Figure 1D) and GRP78-expressing tumors (Figure 1E) compared
clone

with several negative control organs. A complete list of control organs (both positive

and negative) is shown in Supplemental Figure 2. We used 2 mutually nonexclusive

approaches to identify lead monoclonal antibody candidates. For GRP78-targeting

antibodies, we evaluated phage clones from the final round of in vivo selection for binding to the cognate

recombinant antigen. For EphA5-targeting antibodies, we assessed the enrichment of tumor-homing clones

by NGS and ranked clones by frequency to chose lead monoclonal antibody candidates. We isolated sev-

eral different antibodies for each target that homed specifically and localized to the corresponding tumor

using either of these approaches. In both cases, we verified monoclonal antibodies by DNA sequencing and
confirmed full-length scFvs with no rearrangements, stop codons, or frameshifts.

Validation of tumor homing in vivo. We selected a total of 4 scFv clones against EphAS5 (termed E1-4) and

3 against GRP78 (termed G1-3) for further functional studies (Supplemental Table 1). We displayed mono-

clonal antibodies multivalently on phage and individually tested their ability to home and localize to tumors

in vivo after i.v. administration. Phage displaying a scFv antibody recognizing M2 (36), a conserved influ-

enza virus protein, served as a standard negative control. We administered individual phage clones i.v. in

tumor-bearing mice and then harvested tumor tissue and control organs after 3 hours (Figures 2 and 3). Rel-

ative quantification of phage particles in tissue samples revealed marked accumulation of EphAS5-binding

phage in EphA5-expressing tumors (Figure 2, A-D) and GRP78-binding phage in GRP78-expressing
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tumors (Figure 3, A—C) compared with several negative control organs (shown are brain, muscle, and
pancreas). Additional control organs are shown in Supplemental Figures 3 and 4. We detected no tumor
homing by control phage (insertless phage and phage displaying a scFv antibody recognizing M2) in either
experimental tumor model.

Assessment of functional binding specificity. Having validated tumor homing in vivo, we next evaluat-
ed binding specificity to recombinant proteins and endogenous corresponding targets expressed on the
tumor cell surface. All individual monoclonal antibodies in multivalent phage-display format bound to
their respective antigens as measured by recombinant protein—based ELISA (Figure 4, A and B) and
cell-based ELISA (Figure 4, C and D). We showed receptor-mediated cell internalization of targeted
phage clones upon incubation of cells expressing surface EphA5 (Figure 4E) or GRP78 (Figure 4F)
with respective scFv phage, followed by stripping any residual surface-bound phage. By using differ-
ent GRP78-displaying cell lines throughout this work, we demonstrated the versatility of the SPARTA
method in various settings and determined the best cell line for each assay. For instance, the MCF7 cell
line has better adhesion properties than Ef43.fgf4, so it was optimal for the internalization experiments
that involved harsh washing conditions. Negative controls included an insertless phage, phage displaying
an unrelated scFv, and control cells. In order to test if antibodies were functional proteins, we cloned
scFvs into our previously described scFv-human-Fc expression vectors (37) produced in either CHO cell
culture supernatants or the S. cerevisiae expression system, as indicated. Anti-GRP78 scFv-Fcs recog-
nized human GRP78 on ELISA and flow cytometry (Supplemental Figure 5). Similarly, anti—-EphA5
scFv-Fcs bound to immobilized recombinant EphAS5 and endogenous EphA5 present on the cell surface
(Supplemental Figure 6). When evaluated in vivo, the scFv-Fcs infiltrated and localized to tumors after
a 6-minute circulation time, as assessed by immunofluorescence (IF) (Supplemental Figure 7). Taken
together, these results indicate that the combination of in vitro screenings on recombinant cell surface
receptors followed by in vivo selection of receptor-specific antibodies yields antibody clones with favor-
able on-target biodistribution.

Monoclonal antibodies have specific cytotoxicity against lung and breast cancer cells. We tested ADCs using
drug-conjugated secondary reagents recognizing the Fc region to deliver cytotoxic drugs. We prioritized
monoclonal antibody candidates based on binding and receptor-mediated internalization in target-express-
ing cells and used a cytotoxicity assay to determine the potency of leading ADC candidates in a cell-based
assay. Then, we assessed binding specificity and antigen-dependent efficacy with tumor cell lines express-
ing variable levels of the targets on their surfaces (Supplemental Figure 8). Of note, we deemed moderate
knockdown of GRP78 (less than 50%) sufficient to prevent translocation of the receptor to the cell surface.
This is consistent with the generally accepted theory that GRP78 overexpression and consequent saturation
of its ER receptors leads to its atypical exposure on the membrane (38, 39). Negative controls included cells
exposed to the primary scFv-Fc alone, cell lines with low but still detectable levels of EphAS5 and GRP78,
a nonspecific primary scFv-Fc, and drug-conjugated secondary antibody alone.

We exposed tumor cells to increasing concentrations of the leading scFv-Fcs, followed by secondary
reagents conjugated to a representative panel of cytotoxic drugs: a-amanitin (AAMT), monomethyl aurista-
tin F (MMAF), duocarmycin (DMDM), and emtansine (DM1) (Figure 5). EphA5-expressing cells showed
sensitivity to scFv-Fc E4, when combined with all cytotoxic drugs. In particular, we observed a clear con-
centration-dependent response at a low nanomolar range for both AAMT and DMDM, which supports
functional retention of both receptor-binding specificity and cell internalization attributes (Figure 5, A and
B). Similarly, we found anti-GRP78 scFv-Fc G1 was most efficient at inducing cell death, although at a
higher nanomolar range (Figure 5, E-H). Control tumor cells were not affected under the same experimen-
tal conditions (Figure 5, A-H). Incubation with an irrelevant negative control scFv-Fc (Figure 5, A-H,
blue line) or drug-conjugated secondary antibody alone (not shown) did not result in detectable tumor cell
death. We provided a complete panel of ADC experiments for reference (Supplemental Figure 9).

Discussion

The introduction of monoclonal antibodies for antibody-based cancer therapy was made possible with
the development of the hybridoma technology (40). However, clinical applications of murine monoclo-
nal antibodies were challenged by their immunogenicity and rapid clearance. Consequently, recombinant
technologies and antibody humanization appeared as viable options to tentatively produce human mono-
clonal antibodies that would ideally be indistinguishable from those found in vivo and with the lowest
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Figure 4. Characterization of
scFv-displaying phage in vitro.

(A and B) Equimolar amounts

of selected phage displaying
anti-EphAS clones or anti-GRP78
clones tested individually for
binding to recombinant antigens.
Negative controls included an
anti-M2 clone and BSA. Open circles
represent individual data points.
Data represent + SEM. (C and D)
Binding to antigens expressed

on the cell surface tested by
standard phage-ELISA on cells.

(C) EphA5-positive (H460) and
EphA5-negative (H226) cells grown
in 96-well plates were exposed

to increasing concentrations of
phage displaying anti-EphA5 or
control scFvs. All 4 monoclonal scFv
antibodies bound specifically to
H460 lung cancer cells. (D) Similarly,
all anti-GRP78 clones bound to
GRP78-expressing breast cancer
cells (MCF7), whereas a control
phage showed only background
binding. (E and F) Receptor-me-
diated internalization of anti-
EphAS and anti-GRP78 clones was
assessed by immunofluorescence,
after stripping of residual surface
bound clones. (E) Internalization of
anti-EphA5S phage clones was only
observed in EphA5-expressing cells
(H460), but not in EphA5-negative
cells (H226) (400x magnification).
(F) Anti-GRP78 clones internalized
specifically in GRP78-positive MCF7
human breast cancer cells. No cell
internalization was observed when
using a negative control phage
(400x magnification).
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Figure 5. Cytotoxic profile of anti-EphA5
and anti-GRP78 monoclonal antibodies.
Cytotoxicity was measured in real time in
the presence of anti-human IgG Fc Fab
fragments (secondary antibody) conjugat-
ed to monomethyl auristatin F (MMAF) or
duocarmycin (DMDM) with a cleavable linker,
and either emtansine (DM1) or amanitin
(AAMT) with a noncleavable linker. Optimal
concentrations of the secondary antibody
drug conjugate (20 nM, or 1 ng/ul) was deter-
mined as the minimal concentration not
inducing significant cell toxicity. (A-D) Treat-
ment of cells with anti-EphA5 scFv-Fc in
presence of secondary antibodies conjugated
to AAMT, DMDM, MMAF, and DM1 induced
potent cell death of EphA5-expressing cells.
An isotype control scFv-Fc in the presence
of secondary antibody conjugates showed

no toxicity (blue line, 100% cell viability).
(E-H) GRP78-targeted scFv-Fc were more
effective at killing GRP78-expressing Ef43.
fgf4 cells when in the presence of AAMT- or
DMDM-conjugated secondary antibody drug
conjugates, whereas control GRP78-silenced
Ef43.fgf4 cells were not affected. An isotype
control scFv-Fc in the presence of secondary
antibody conjugates showed no toxicity
(blue line, 100% cell viability).

expected risk of immunogenicity. This usually occurs through immunization of transgenic mice (41),
humanization (42—45) of murine antibodies (40, 46—48), or in vitro display methods, particularly phage
(49) and/or yeast display (50). The latter method does not require immunization and may identify human

monoclonal antibodies directly from large naive human libraries (25). The combination of these 2 com-

plementary antibody display platforms into a single selection strategy has provided 2 key potential advan-

tages over either platform alone: screening of a large number of clones in a single experiment and tailored
selection for precise functional attributes (3). Here, we introduce the SPARTA methodology, which serial-

ly integrates a 2-step strategy based on in vitro screening and in vivo selection to yield a robust monoclo-

nal antibody discovery pipeline. Technical improvements include recloning sorted yeast-display antibodies

back into our phage display vector (25), displaying them in a multivalent format (34), administering them

systemically into tumor-bearing mice, and isolating individual phage clones that homed to tumors.
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As proof of concept, we applied SPARTA to isolate human recombinant monoclonal antibodies
against the RTK EphAS5, a validated target in lung cancer (18), and the heat shock protein GRP78, a
promiscuous marker of several human cancers (19, 22-24, 39, 51-54). The in vitro selections isolated hun-
dreds of human recombinant antibodies against either EphA5 or GRP78, whereas the in vivo functional
screenings in tumor-bearing mice identified those antibodies from the polyclonal pools that recognized the
cell surface—associated targets within their in vivo context. Thus, SPARTA represents a significant improve-
ment over antibody selection strategies conducted blindly, where cancer patients are infused with naive
phage antibody libraries (14, 15). Although this approach successfully isolated cancer targeting antibodies,
the absence of selective pressure for either specific tumor binding or reactivity with similar tumors in differ-
ent patients resulted in antibodies that recognized normal tissues (14, 15) or were patient specific (14). By
focusing on tumor-specific targets rather than patient-specific targets, SPARTA encourages the selection of
the best therapeutic leads with the highest potential in clinical settings.

We applied a stochastic approach to GRP78-targeting selection, where a random screening of individ-
ual clones (n = 45) identified 3 different scFvs. In the case of EphAS5, we carried out NGS before and after
each selection step in vivo, so we could identify EphA5-binding clones highly enriched in the tumor. The
effectiveness of both of these 2 mutually nonexclusive approaches demonstrates the broad utility of SPAR-
TA, even in situations with no access to NGS and antibody analysis.

Finally, we investigated these candidates individually as phage-displayed monoclonal antibodies and
demonstrated that they: (a) bind to their respective antigens as both phage and proteins, (b) bind tumor lines
expressing the antigens on their cell-surface membrane, and (c) undergo receptor-mediated internalization
into target-expressing tumor cells. Together, our data provide strong evidence that SPARTA produces tar-
geted monoclonal antibodies with translational potential, since the efficacy of monoclonal antibody—based
therapy relies on selective uptake by cancer cells. When produced in the scFv-Fc format, antibody fusions
retained all the binding functions of the original scFvs, and ADCs demonstrated tumor cell death unique-
vocally (Figure 5 and Supplemental Figure 9).

In summary, this study establishes SPARTA as a robust methodology for prompt identification of
tumor-targeting human recombinant monoclonal antibodies with high specificity against established cell
surface antigens. Our results show that SPARTA is well suited to become the standard to develop therapeu-
tic antibodies from large human monoclonal antibody libraries.

Methods
Mice. Female WT Balb/c and female Balb/c Nu/Nu mice (6-8 weeks old) were obtained from Harlan
Laboratories.

Cell culture. NCI-H460, A549, and NCI-H226 human lung cancer—derived cell lines were purchased
from American Type Culture Collection (ATCC) and maintained in DMEM containing 10% FBS (Gibco)
plus 1% penicillin G/streptomycin SO, (Thermo Fisher Scientific). Human MCF7 breast cancer-derived
cells were purchased from ATCC and maintained in DMEM, supplemented with 0.01 mg/ml human
recombinant insulin (MilliporeSigma) and 10% FBS. Mouse mammary Ef43.fgf4 (55) cells were main-
tained in DMEM supplemented with 10% FBS, 5 ng/ml mouse EGF (Thermo Fisher Scientific) and
1 pg/ml bovine insulin (MilliporeSigma) plus 1% penicillin G/streptomycin SO,. SUM190PT human
inflammatory breast cancer cells (BioIVT) were maintained in Ham F12 medium, supplemented with
5% FBS, 5 pg/ml insulin, 1 pg/ml hydrocortisone (MilliporeSigma), 10 mM HEPES (Thermo Fisher
Scientific), and 1% penicillin G/streptomycin SO,. CHO-S cells were purchased from Invitrogen and
maintained in serum-free FreeStyle CHO Expression Medium (Gibco). Ef43.fgf4 GRP78-knockdown
cells were obtained by lentivirus infection, stably transfected, and maintained in selection media contain-
ing antibiotics. The Quantum Simply Cellular Microspheres (Bangs Laboratories) were used to quantitate
the number of targeted molecules on the surface of cells by flow cytometry.

Phage- and yeast-display antibody screening in vitro. scFv antibody clones were isolated by integrating
phage- and yeast-display methodologies as described (26). Briefly, a naive human phage antibody library
(25) was used in 2 rounds of selection in vitro either on recombinant human EphA5 (R&D Systems) or
GRP78 (Abcam). Streptavidin-conjugated magnetic beads (Dynabeads) were coated with biotinylated
EphA5 or GRP78, washed, and incubated with the antibody phage library. After removal of unbound
phage, the remaining phage particles were recovered from the beads by acid elution and used to infect F’
pilus-carrying bacteria (Ominmax-2T1, Thermo Fisher Scientific). The isolated phage were subsequently
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propagated, and the cycle was reiterated. After the second round of selection, the pool of scFv clones were
PCR amplified and subcloned into the pDNLG6 yeast display vector (56). In this vector, the scFv gene is
expressed as C-terminal fusion to the Aga2 protein of S. cerevisiae for surface display. The yeast minilibrar-
ies were further enriched for target-specific binders by applying 2 rounds of standard flow cytometry sorting
(FACSAria, Becton Dickinson), as described (3, 57). Up to 10,000 individual yeast cells with positive anti-
gen binding and scFv display were sorted and propagated for further rounds of selection.

Experimental tumor xenograft and isogenic models. Mouse mammary Ef43.fgf4 isogenic tumor cells and
SUMI190PT human inflammatory breast cancer cells were collected at 70% confluency and administered
s.c. in the mammary fat pad of either immunocompetent female Balb/c mice (Ef43.fgf4) or female Balb/c
nude mice (SUM190PT) as indicated. SUM190PT cells were administered s.c. in 1:1 (vol/vol) with Matri-
gel (Corning), as described (20). NCI-H460 human lung cancer cells were administered s.c. in the right
flanks of Balb/c female nude mice. After approximately 10 days, tumors reached about 200-300 mm? and
were separated into size-matched tumor-bearing mouse cohorts for experimentation.

Phage display in vivo. In vivo phage selections were performed as described (8-10, 13). Animals received
1 x 10" phage particles i.v., and entire tumors and control organs were collected after 3 hours of system-
ic circulation. Tumor-homing phage were retrieved by PCR amplification, and full-length scFv products
(~800 bp) were recloned into the pDANS phagemid vector (25) and transformed into the DG3 Helper
cell system described in ref. 34 to produce multivalent functional phage particles for subsequent rounds of
selection. Phage quantification was performed by quantitative phage PCR (30) and host bacterial infection
as described (8, 10, 11, 13).

Phage binding assays and ELISA. Serial dilutions of individual phage particles in PBS containing 2% non-
fat milk (Bio-Rad) were placed in microtiter wells previously coated with 0.5 pg of either EphAS5 or GRP78,
as indicated. After extensive washes, remaining bound phage particles were detected with an anti-M13
peroxidase—conjugated mouse monoclonal antibody (GE Healthcare Life Sciences, catalog 27-9421-01).

Phage binding to the surface of cells was tested by whole-cell ELISA. Briefly, exponentially growing
cells were fixed in 96-well microtitration plates (Nunc) at 3 X 10° cells/well and exposed to serial dilutions
of either targeted or control phage particles for 2 hours at room temperature (RT). Wells were extensively
washed with PBS containing 0.1% Tween-20 (MilliporeSigma), and bound particles were detected with
an anti-M13 peroxidase—conjugated mouse monoclonal antibody. A nontargeted helper phage (termed
M13KO7; ref. 3) and unrelated scFv served as negative controls, as indicated.

Cell internalization assay. Cell internalization assays were performed as described (19). In brief, cells
plated in 8-chamber slides (Thermo Fisher Scientific) were blocked with DMEM containing 2% FBS for 1
hour at RT and incubated with 1 x 10° TU of phage. After 2 hours of incubation at 37°C, cell membrane—
bound phage were removed by washes with 20 mM glycine (MilliporeSigma, pH 2.3) and fixed with
PBS containing 4% paraformaldehyde (PFA, Thermo Fisher Scientific). Fixed cells were permeabilized
with PBS containing 0.1% Triton X-100 (MilliporeSigma), blocked with PBS containing 1% BSA (Mil-
liporeSigma), and incubated with a mouse anti-M13 phage monoclonal antibody (GE Healthcare Life
Sciences, catalog 27-9421-01) for 1 hour at RT. After incubation with a rabbit anti-mouse IgG Cy3-con-
jugated secondary antibody (Jackson ImmunoResearch, catalog 315-165-003), cells were washed with
PBS and refixed in PBS containing 4% PFA. Internalized phage particles were visualized with a standard
fluorescence microscope (Nikon Ti-E Inverted Microscope).

NGS and data analysis. Sample preparation for NGS was performed as described (27). Briefly, plas-
mid DNA recovered from the selection outputs was amplified with a specific set of primers designed
for MiSeq paired-end sequencing of the scFv heavy chain variable (VH) domains (24). The amplicons
were sequenced with the MiSeqV2 kit for 500 cycles. Sequencing results were analyzed with the aid of
the AbMining toolbox software package with default settings for quality filtering (27, 58). Identified
HCDR3s were clustered at Hamming distance 1 and analyzed further in MS Excel (27, 58).

ScFv-Fe production. Monoclonal scFv antibody genes were subcloned either into the pHygro vector for
scFv-Fc expression in CHO-S cells (Thermo Fisher Scientific) or into the yeast expression vector pDNL9
for expression into YVHI10 S. cerevisiae yeast cells, as indicated (3). Both vectors allow the production of
the scFv as a human IgG Fc fusion protein (26). The pHygro_scFv-Fc constructs were introduced into
CHO-S cells by lipid-based transfection (FreeStyle Max Reagent, Gibco). Transient expression of the
scFv-Fc fusion protein in the supernatant was achieved within 5 days of culturing in serum-free Free-
Style CHO Expression Medium (Gibco). The pDNL9_scFv-Fc construct was introduced into YVHI10
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cells by heat-shock and lithium acetate-based transformation. After 2 days of growth in selective media
(selective drop-out media [SD] — case amino acids [CAA] + tryptophan [Trp]), yeast cells were induced
for 3 days in induction media (selective growth [SGT] + Trp). The scFv-Fc proteins were recovered from
the culture supernatant and were purified by affinity purification on Protein-G agarose (Roche Diag-
nostics). ELISA with the corresponding target was performed to test binding specificity of individually
purified scFv-Fc. All cloning steps were monitored and verified by DNA sequencing analysis.

In vivo scFy-Fc targeting. Tumor homing was assessed by i.v. administration of the purified scFv-Fc
in solution into tumor-bearing mice. Two doses of a 2.5 uM solution (100 and 200 pl) of purified scFv-
Fc were administered into the tail vein of anesthetized tumor-bearing mice. scFv-Fcs were allowed to
circulate for 6 minutes prior to full-body cardiac perfusion with PBS. Tumor and control organs were
carefully removed to avoid cross-contaminantion and processed for either IHC or IF staining. IF was
performed on frozen tissue sections using a Cy3-conjugated goat anti-human Fcy IgG (Jackson Immu-
noResearch, catalog 109-165-008) and DAPI for nuclei staining. Images were acquired with a Nikon
Ti-E Inverted fluorescence microscope and processed with Adobe Photoshop.

In vitro cytotoxicity assays. Cell killing activity was measured in real time with the Xcelligence system
(ACEA Biosciences). Freshly split tumor cells (25,000 cells/well) were cultured overnight (ON) in a
96-well electronic microtiter plate (E-plate 96, ACEA Biosciences) in 100 ul of complete culture medi-
um. After 24 hours, increasing concentrations of the purified primary monoclonal scFv-Fcs were added
to each microwell, followed by addition of 20 nM of secondary ADC reagents (Moradec LLC) linked
to MMAF (Fab-oHFc-CL-MMAF, catalog AH-202AF-50), DMDM (Fab-aHFc-CL-DMDM, catalog
AH-202DD-50), DM1 (Fab-aHFc-NC-DM1, catalog AH-203D1-50), or AAMT (Fab-aHFc-NC-AAMT,
catalog AH-205AM-50), all obtained from Moradec. Cell index was measured every 30 minutes for 96
hours. Controls included primary scFv-Fc alone, drug-conjugated secondary antibody alone, and non-
treated cells as indicated.

Statistics. Graphpad Prism software v.5.03 and Microsoft Excel were used to graph data as mean + SD
or SEM as indicated and to calculate P values by using homoscedastic (1-tailed) Student’s ¢ tests. P < 0.05
was considered statistically significant.

Study approval. All experiments conformed to the University of New Mexico regulatory standards.
The present studies in animals followed Animal Research Reporting: Reporting of In Vivo Experiments
(ARRIVE) guidelines and were reviewed and approved by the IACUC of the University of New Mexico
(Albuquerque, New Mexico, USA).
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