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Glioblastoma stem-like cells (GSC) are hypothesized to evade current therapies and cause tumor
: recurrence, contributing to poor patient survival. Existing cell surface markers for GSC are developed
. from embryonic or neural stem cell systems; however, currently available GSC markers are suboptimal
. in sensitivity and specificity. We hypothesized that the GSC cell surface proteome could be mined with a
. yeastdisplay antibody library to reveal novel immunophenotypes. We isolated an extensive collection
of antibodies that were differentially selective for GSC. A single domain antibody VH-9.7 showed
selectivity for five distinct patient-derived GSC lines and visualized orthotopic GBM xenografts in vivo
. after conjugation with a near-infrared dye. These findings demonstrate a previously unexplored high-
. throughput strategy for GSC-selective antibody discovery, to aid in GSC isolation, diagnostic imaging,
. and therapeutic targeting.

Patients with glioblastoma (GBM) have experienced only modest improvements in survival (measured in
months) after maximal surgery, radiation, temozolomide, chemotherapy and tumor-treating electrical fields'?.
Growing evidence suggests that tumor recurrence due to therapeutically resistant glioblastoma stem-like cells
(GSC) contributes to poor survival>*. Unfortunately, current markers for detection, isolation and therapeutic tar-
geting of GSC remain scarce®® and somewhat controversial since many marker-negative tumor cells also exhibit
GSC properties®.

Screening intact GSC cells with display libraries could identify antibodies for enriching cancer stem cells

and reveal novel GSC targets for potential immunotherapeutic strategies'®. Recent efforts were made to identify
© GSC targeting antibodies and peptides via phage display'"!> and with nucleic acid-based aptamer libraries',
- yet cell type selectivity is still not optimal. We report an alternative approach to identify differentially binding
. single-chain variable fragments (scFv) and a single domain antibody (VH) via biopanning with a yeast display
antibody library'. Cell-based screens with yeast display technology have proven successful for complexing high
affinity single-chain T cell receptors (scTCR) with antigen presenting cells'”, density centrifugation screens
* against mammalian lymphoid-derived cells with scTCR!® and biopanning to identify brain endothelial cell
. binding antibodies'”'8. Beneficial to cell surface screening, multivalent display of 10*-~10° scFv on each yeast
. cell enhances avidity for isolation of both low affinity lead antibodies and antibodies that may recognize low
abundance targets!’°. Moreover, the yeast display library employs a flocculin-deficient yeast strain that reduces
non-specific binding to cell surfaces, thus facilitating high efficiency recovery of cell-binding scFv'”!52°, We there-
fore hypothesized that biopanning with a yeast antibody library could enrich for GSC-selective antibodies.

In this study, 6 rounds of biopanning enriched for GSC-binders, whereas subsequent positive and negative
screens were used to further enhance GSC-selectivity and clonal diversity. Positive biopanning after round 6
increased the percent of recovered yeast to greater than 10%, demonstrating enrichment. Negative screens against

human neural stem cells (hNSC), normal human astrocytes (NHA) and patient-matched serum-cultured GBM
cells appeared to increase the observed frequency of different clones. A total of 62 unique scFv or VH clones were
identified out of 598 candidates evaluated from multiple biopanning rounds in this non-saturating screen. Each
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Figure 1. Biopanning enriches for GSC binding yeast antibodies. (a) Biopanning screening flow chart outlining
strategy to achieve GSC-selective scFv. (b) A human nonimmune yeast display scFv library'® was screened
against 22 GSC for 9 rounds and visible yeast binding to 22 GSC was observed by light microscopy. Arrows
show examples of widespread yeast binding. Binding efficiency after each round of screening was evaluated by
yeast plating and colony counting. An increase in the number of recovered yeast in round 6 and maintenance
after round 7 indicated enrichment and screen completion, respectively. Scale bar, 50 pm. (c) Negative screening
on hNSC, NHA, and 22 T co-culture to improve GSC-selectivity. After negative screening, photomicrographs
show the depleted yeast binding after washing and recovery steps for round S.6 and S.9. Unbound yeast were
recovered from each round, percentage shown. Positive re-screening on 22 GSC indicated further enrichment
after depletion with 52% recovery. Scale bar, 100 um.

unique clone was evaluated for differential binding on 12 cell lines representing human brain, patient-matched
GSC and GBM cell lines. One particular clone, VH-9.7, demonstrated selectivity against all GSC lines. Flow
cytometry with VH-9.7 identified human GSC from invasive orthotopic tumor xenografts. Finally, intravenously
injected fluorophore-conjugated VH-9.7 detected and localized to focal GSC orthotopic xenografts. Our data
successfully demonstrate a yeast biopanning approach for antibody discovery against primary human brain
tumor lines, leading to identification of antibodies with potential use in research, diagnostic and therapeutic
applications.

Results

Yeast biopanning enriches for GSC-binding scFv and VH antibodies. The overall strategy for
identification of GSC-binding scFv and VH involved enriching the yeast library against the patient-derived 22
GSC line followed by negative screening against hANSC, NHA and patient-matched serum-cultured 22 T cells
(Fig. 1a). The patient-derived 22 GSC line was chosen for screening since it has been extensively characterized
and generate reproducible mass-forming lesions after orthotopic implantation in the brains of non-obese diabetic
severe combined immunodeficient (NOD-SCID) mice>*'-%, First, the yeast nonimmune human scFv library
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was panned against live patient-derived line 22 GSC for the identification of GSC-binders (Fig. 1b). Dissociated
to single cells from spheres and seeded onto laminin overnight”, 22 GSC were incubated with yeast displaying
scFv. GSC-binders were recovered and amplified for subsequent rounds of screening (see Methods for details),
as previously described!®. Increased binding of yeast to the GSC cell surface was microscopically observed after
round 6 of biopanning (Fig. 1b) and the recovery percentage of yeast cells applied to the cell monolayer remained
stable from rounds 7-9, indicating both enrichment of GSC-binding scFv and completion of the screen (Fig. 1b;
Supplementary Fig. 1a). Yeast clones from round 9 demonstrated scFv-dependent binding to the GSC monolayer
(Supplementary Fig. le). Mining a total of 311 clones from the positive screen (round 6 and round 9 pools) led to
the identification of 21 unique scFv and VH by BstNI restriction digest (Supplementary Table 1, Clone ID 1-21).

To further increase antibody diversity and remove false positives, negative or subtractive yeast biopanning
screening strategies were used next. To this end, a mixed co-culture system with hNSC, NHA and patient-matched
serum-cultured tumor line 22 T was used to deplete 22 GSC-enriched scFv-displaying yeast pools and increase
the occurrence of GSC-selective binders (Fig. 1a). Negative screens were performed by starting with pools of
initial GSC-binders from biopanning rounds 6-9, and greater than 90% of initial GSC-binders were removed
via depletion with the hNSC/NHA/22 T co-cultures, resulting in subtracted pools S.6-S.9 (Supplementary
Fig. 1b). Since pools S.6-S.9 may still contain non-GSC-binders, a repeat positive screen on 22 GSC was per-
formed with the S.6 pool to yield pool RS.6, which showed a 52% recovery percentage indicating high enrich-
ment for GSC-binders (Fig. 1¢c; Supplementary Fig. 1c). BstNI restriction digest suggested that clone diversity
was enhanced by the negative screen, since the highest number of different clones were observed in round S.6 at
34/81 (42%) (Fig. 1c; Supplementary Fig. 1b,d; Supplementary Table 1). S.6 also had 17 different clones that were
not discovered in the non-saturated sampling of all unsubtracted rounds. Overall, 62 unique yeast scFv or VH
clones were discovered and isolated out of a total 598 clones screened from all of the various positive and negative
screening rounds (Supplementary Table 1, Clone ID 1-62).

Evaluating cell-type binding capability of scFv and VH in yeast display format. To rapidly assess
the cell-type binding profile of all 62 unique scFv/VH clones, each was evaluated by differential binding of the
monoclonal yeast displayed scFv/VH to 12 distinct cell lines representing human brain, GSC and tumor cells with
the goal of finding a GSC-selective antibody (Supplementary Fig. 3b). Each of the 5 patient-derived GSC lines
have been previously clustered into classes of varying invasiveness in NOD-SCID mice according to neural line-
age markers?2. Tumor xenografts generated from 12.1 and 22 GSC lines are focal, 33 GSC are minimally invasive,
whereas those derived from 44 GSC and 99 GSC are highly infiltrative. Identically numbered, standard GBM or
T lines were also derived from the same patient specimens by culturing in serum-containing media, rather than
sphere-forming stem cell media. Binding capability of yeast clones were determined by qualitative scoring (i.e.
0-3) of cell-bound scFv-displaying yeast (Supplementary Fig. 3a). Positive control scFv-], anti-neural cell adhe-
sion molecule (NCAM)? bound ubiquitously to every cell line since all are derived from neural tissue. Negative
control D1.3 (anti-lysozyme)* maintained binding to various cell types during evaluation under manual washing
conditions, suggesting presence of false positivity in this assay. Although we observed diverse scFv/VH bind-
ing from the 62 clones evaluated, yeast displayed VH-9.7 demonstrated high GSC-selectivity on 5 independent
patient-derived lines and low tumor or normal brain binding (Fig. 2; Supplementary Fig. 3b). Plasmid recovery,
sequencing and analysis revealed that VH-9.7 is a single-domain antibody consisting of a heavy chain of VH1
germline origin (IGHV1-46*01, IGHD3-10*01, and IGHJ4*02), without an associated light chain fragment.

In addition to VH-9.7, we identified other antibodies with similar binding profiles: scFv-9.107, 9.150, and
9.160 were GSC-selective compared with the associated patient-matched tumor lines (Fig. 2; Supplementary
Fig. 3b). Also of future interest, clones isolated in subtracted pool S.6 collectively exhibited reduced binding to
hNSC, NHA and tumor cell lines, while maintaining some GSC selectivity, albeit not to all 5 lines (Supplementary
Fig. 3b). For instance, scFv-S.6.3 binds selectively to 33 GSC, and scFv-S.6.4 binds to most GSC except for line
22 and 99 (Supplementary Fig. 3b). In addition, from pool S.8, scFv-S.8.4 binds selectively to 33 and 99 GSC
(Supplementary Fig. 3b). Many of these new clones in the subtracted pools were not found in other rounds
(Supplementary Table 1). Taken together, the subtraction rounds expedited discovery of different scFv/VH clones
(Supplementary Table 1) that show heterogeneous binding across different GSC lines. To our knowledge, VH-9.7
is the only VH identified from the pools of binders in this study. The remaining clones are scFv format antibodies,
some showing differential GSC binding. Since VH-9.7 exhibited binding specificity against all tested GSC lines,
we pursued studies with this clone for additional in vitro and in vivo experiments.

Purified VH-9.7 retains GSC-selectivity. VH-9.7 and the negative control, anti-fluorescein scFv-4-4-20,
were secreted from yeast® and purified by Ni-NTA chromatography (Fig. 3a). VH-9.7 is produced predominantly
in a monomeric form and has a GSC binding affinity of 74.30 £ 9.85nM (Supplementary Fig. 4). GSC-selectivity
of VH-9.7 was evaluated by flow cytometry, and binding was significantly higher (p < 0.05) to all five GSC lines
compared to normal and patient-matched, serum-cultured GBM tumor cell lines (Fig. 3b). As predicted by
the qualitative yeast binding assay (Fig. 2), VH-9.7 binding to NHA was not observed, while hNSC labeling by
VH-9.7 was detected at a significantly lower level than VH-9.7 binding of GSC (Fig. 3b). Confocal microscopy
showed punctate VH-9.7 binding to an extracellular epitope on live unfixed 33 GSC (Fig. 3c).

Purified VH-9.7 identifies human GSC in orthotopic mouse xenografts. Next, we used soluble
VH-9.7 to identify 44 GSC harvested from NOD-SCID mouse brain xenografts via flow cytometry. Orthotopic 44
GSC invasive tumor xenografts infiltrated throughout the entire mouse brain, shown by the diffuse distribution
of cells expressing human specific nuclear mitotic apparatus protein (hNuMA) (Fig. 4a). VH-9.7 positively iden-
tified a distinct population of cells from 44 GSC xenografts (17.9% =+ 4.63), whereas negative control scFv-4-4-20
did not (0.54 £0.02) (p=0.01) (Fig. 4b). In additional experiments, we co-labeled the tumor/normal brain cell ex
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Figure 2. Differential GSC binding of VH-9.7, scFv-9.107, —9.150, and —9.160. Twelve different cells lines used
for qualitative binding assay: normal human astrocytes (NHA); human neural stem cells (hNSC); 12.1, 22, 33,
44, & 99 GSC; and 22, 33,99, U251, & U87 serum cultured tumor lines. Negative control: anti-lysozyme D1.3.
Positive control: anti-neural cell adhesion molecule (NCAM) scFv-]. Micrographs represents one trial of three
technical replicates. Scale bar, 50 pm.

vivo samples with both VH-9.7 and human specific nuclear antibody (HuNu). We only observed VH-9.7 labeling
(1-4%, Q2) in the human (HuNu™", Q1 and Q2) tumor cells, and not in normal mouse brain cells (HuNu ™, Q3 and
Q4), supporting the GSC/tumor specificity of VH-9.7 (Supplementary Fig. 5b). Additionally, the VH-9.7 antigen
appeared sensitive to fixation, permeabilization, and other processing since decreased signal was observed in the
co-labeling assay.

We chose to investigate localization of purified VH-9.7 to 22 GSC xenografts with in vivo infrared spec-
troscopy since these xenografts can be visualized with gadolinium-enhanced T1-weighted magnetic resonance
imaging (data not shown). Thus, we hypothesized that the permeable tumor blood-brain barrier (BBB) of 22
GSC xenografts may permit VH entry. IgG (cetuximab), scFv-4-4-20, and VH-9.7 were mixed at a 1:1 molar
ratio with IR800 dye to ensure an average of 1 fluorescent molecule for each IgG, scFv, or VH; 300 pmol of IRDye
800CW (IR800) dye with corresponding amount of IgG, scFv, and VH protein were injected intravenously into
mice harboring orthotopic 22 GSC xenografts. Post-injection, an optimized time of 30 minutes was allowed to
elapse for removal of unbound IR800 dye from normal tissues; additionally, transcardiac PBS perfusion further
removed IR800 and unbound IgG/scFv/VH. The absence of free dye accumulation in tumor xenografts (Fig. 5;
Supplementary Fig. 6) demonstrates that tumor accumulation of VH-9.7, compared to the scFv-4-4-20 or IgG
(cetuximab) controls, is not an artefactual size-dependent phenomenon but due to specific VH-9.7 binding to
tumor antigen. After background correction, VH-9.7 tumor specificity was quantified and fluorescent signal was
substantially higher (~10-fold) than control scFv-4-4-20 (Fig. 5; Supplementary Fig. 6) (p < 0.05; n > 2 replicates
with minimum of 2 independent animal experiments; VH-9.7=92.4+10.5 RFU and scFv-4-4-20=10.8 £5.51
RFU; values are average + S.E.M.; RFU: relative fluorescent unit). Low tumor localization signal of the anti-EGFR
antibody, cetuximab, is likely consistent with the previously reported low EGFR expression in 22 GSC xeno-
grafts®* (Supplementary Fig. 6).

Discussion
We have isolated 62 unique scFv or VH antibodies via biopanning a nonimmune yeast antibody library against
patient-derived GSC, and they show differential binding against multiple human normal, tumor, and GSC lines.
Negative screening strategies increased the diversity of a randomly sampled subset of antibodies retrieved after
multiple rounds of positive selection, resulting in a higher likelihood of discovering GSC-binding clones. An
identified human GSC-selective VH-9.7 antibody was validated for use as a research tool to identify and enrich
for GSC from orthotopic tumor xenografts, and also as an in vivo immunodiagnostic tool to visualize tumor xen-
ografts. Microscopically detectable yeast expressing human antibodies have practical utility in high-throughput
discovery of cell type-selective scFv or VH clones.

Four recent studies have explored phage display screening approaches against GSC. Zhu et al.!!, used phage
display flow cytometric sorting of CD133% GBM spheres cells that were not fully validated for stem cell or tumor
initiation properties. An internalizing scFv was identified, which showed some therapeutic effect when cloned
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Figure 3. Soluble VH-9.7 is GSC-selective. (a) VH-9.7 was cloned into a pRS316-GAL yeast secretion vector
and transformed into YVH10 yeast. Purified by Ni-NTA via a His6 tag and visualized by western blotting with
anti-c-Myc. (b) Flow cytometry with VH-9.7 (125 nM), anti-c-Myc (66 nM), and Alexa-647. Mean fluorescence
intensity (MFI) of VH-9.7 was normalized to signal generated from scFv-4-4-20. Histograms represent one
experimental replicate. Two tailed unpaired t-tests used to confirm significance from two technical replicates
(**p < 0.05, **/#p < 0.01, **+/*#p < 0.001) versus NHA (*) and hNSC (*). Error bars indicate S.E.M. (c)
Confocal microscopy performed after flow cytometry with live unfixed cells for internal consistency. Images
were compiled as a z-stack projection to show cell surface labeling. Scale bar, 2.5 pm.

into a full-length human IgG1 format and evaluated in a sphere forming assay. In Liu et al.’!, a phage display
peptide library was used to identify new markers of glioblastoma initiating cells in vivo, but selective targeting
was not investigated. Similarly, Beck et al.!* reported using a 7-mer phage peptide library to identify a peptide
that could be internalized and interact with nestin in GSC. When conjugated with a fluorescent quantum dot, this
peptide localized specifically to orthotopic tumor xenografts. These studies demonstrate the promise of therapeu-
tic and diagnostic protein-based modalities against GSC; however, selectivity to rigorously validated GSC lines
with tumor initiation properties was not assessed. Another study using Cell-Systematic Evolution of Ligands by
Exponential Enrichment (Cell-SELEX) or nucleic-acid based aptamers identified GSC-selective agents'?, how-
ever, labeling of human neural stem cells and localization to orthotopic xenografts were not evaluated. Our study
isolated yeast biopanning-identified human antibodies screened against multiple GSC lines (each rigorously val-
idated for stem/progenitor marker expression, multipotent differentiation and tumor initiation properties) that
demonstrate both GSC-selectivity and localization to orthotopic tumor xenografts, potentially expanding the
repertoire of GSC targeting biologics.

To avoid any bias in isolating GSC with currently known markers, GSC lines were agnostically enriched from
patient GBM tumors as spheres in minimal defined stem cell media for biopanning screening®**?. Validated
for high efficiency tumor initiation after brain implantation in NOD-SCID mice, each GSC line recapitulates
clinicopathological hallmark of GBM ranging from highly invasive to mass forming lesions?. Since all five
patient-derived lines express a heterogeneous array of neural lineage markers, including low expression of CD133
in 44 and 99 GSC?, it was unexpected to observe broad GSC-selective labeling with the identified VH-9.7 antibody
(Fig. 2; Fig. 3b). Although all tested GSC lines were positively labeled by VH-9.7, the more invasive 33, 44, and 99
GSC lines exhibited higher antigenic signal than 12.1 and 22 GSC that generate less invasive xenografts. It is also
notable that the VH-9.7 antibody was identified from biopanning with the 22 GSC line. The inverse expression of
CD133 and VH-9.7 antigen suggests that they are not synonymous. Importantly, direct in vivo labeling of tumor
xenografts (Fig. 4; Fig. 5) and positive presence in multiple patient-derived GSC suggest that VH-9.7 antigen is
probably not an artifact of in vitro cell culture. Future experiments are planned to identify the cognate antigen

SCIENTIFICREPORTS | 7: 15840 | DOI:10.1038/s41598-017-16066-1 5



ure.com/scientificreports/

hNuMA
X

KIOER

¥

5
oA

Groups Positive (%) +SE MFI £ SE cv
No Abs ND 5.08 + 0.840 148
4-4-20 0.54 +0.02 . 45.7 + 8.96 138
9.7 17.9+4.63 225 +93.8 170

5 p-Value 0.01 0.12

Q

(@)
e No Abs

4-4-20
[ J
0 9.7

10° 10° 10? 10°  10*
FL4::Alexa-647

Figure 4. Purified VH-9.7 identifies human 44 GSC from orthotopic tumor xenografts. (a) Mouse brain
coronal section shows whole-brain invasion of 44 GSC. Human nuclear mitotic apparatus protein (hNUMA)

is specific to human cell nuclei (brown). Mouse nuclei counterstained with hemotoxylin (light blue). Black box
indicates where the light micrograph was captured. Scale bar, 50 pm. (b) VH-9.7 specifically detects human cells
from mouse brain homogenates (n = 6). No mean fluorescence intensity (MFI) signal difference was observed
from normal mouse brain compared to negative control scFv-4-4-20 labeling. Histogram represents one trial of
three technical replicates.
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Figure 5. Purified near-infrared VH-9.7 localizes to human 22 GSC orthotopic xenografts. (a) Representative
near-infrared fluorescent images captured from ex vivo coronal brain sections of orthotopic 22 GSC tumor
xenografts in mice. Tumor area (dotted line) was identified using H&E counterstaining. (b) Tumor fluorescent
signal was significantly higher in VH-9.7 injected mice compared to control scFv-4-4-20 (¥p < 0.05,n>2
replicates, minimum of 2 independent animal experiments). Error bars indicate S.E.M. RFU: relative fluorescent
units.

of VH-9.7%8, residues involved with GSC binding specificity, and explore the tumor-initiating capacity and effi-
ciency of VH-9.7 binding and VH-9.7 non-binding cells via serial implantation into brains of NOD-SCID mice®.
Validation with these assays may provide a tool to identify and isolate GSC in addition to CD133, CD15, or
marker-independent autofluorescence®S.
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Presumably due to the heterogeneity of GBM* and GSC?, seven rounds of biopanning screening were
required to observe enrichment on 22 GSC (Fig. 1b). The extensive number of rounds needed for enrichment
raises the possibility of yeast gain-of-function genomic alterations that may enhance non-specific binding; how-
ever, we observed that GSC binding required appropriate induction of yeast scFv or VH expression after round
9 and is absent without induction of scFv or VH expression (Supplementary Fig. le). Similarly, phage antibody
libraries theoretically require one round of screening®, yet when challenged with heterogeneous GBM sphere
cells, three rounds were necessary via fluorescence-activated cell sorting (FACS)™.

Further, negative screens on co-cultured hNSC, NHA and 22 T demonstrated VH-9.7 binding specificity for
GSC, and also resulted in a richer diversity of binders that were not observed in the pools recovered after posi-
tive screens alone. Subtractive screens with yeast antibody libraries have been reported before®>>%; however, our
cataloguing of clone discovery frequency and percent depletion in each round provide additional evidence for
the benefits of this strategy. There was increased incidence of cell line-selective clones recovered in these pools
(Supplementary Fig. 3b) which were not observed in the non-depleted pools. Clones scFv-S.6.3, -S.6.4, and -S.8.4
were differentially selective to various GSC classes with reduced binding to hNSC and NHA. On the other hand,
we hypothesize that antibodies that had broad coverage among all GSC invasiveness classes, such as VH-9.7,
scFv-3.107, scFv-3.150 and scFv-3.160, were presumably depleted by subtraction screening. Patient-specific scFv
and VH clones will also be useful to continue exploring and characterizing GBM heterogeneity with respect to
differential clinical survival.

In vivo localization of soluble VH-9.7 to focal 22 GSC xenografts was not surprising. Recent evidence suggests
that systemic administration of bispecific T cell engaging scFv against EGFRvIII-positive U87 GBM xenografts
resulted in up to 75% durable tumor control rates®’. This suggests that scFv-based targeting platforms are poten-
tially small enough to permeate through the partially disrupted tumor BBB in GBM. However, many central
nervous system neoplasms exhibit heterogeneous permeability for smaller therapeutic molecules like paclitaxel
and doxorubicin, with only a small fraction of lesions showing quantifiable uptake?.

Highly infiltrative 44 GSC-derived xenografts, which are not easily visualized by gadolinium-enhanced T1
MRI and may have a less permeable or intact tumor BBB, may not be readily localized via VH-9.7. This suggests the
need for other strategies to solve the formidable challenge of imaging and targeting of highly invasive GSC**-%,
Intracarotid infusion of hypertonic solutions (such as mannitol and arabinose) or high frequency ultrasound
with microbubbles* may be used to disrupt intact BBB and provide an opportunity to enhance scFv localiza-
tion to invasive tumor cells in brain parenchyma?>. Future experiments will explore the utility of VH-9.7 and
other candidate antibodies for diagnostic and therapeutic targeting of GSC, including radiolabeled antibodies*,
bispecific BBB-penetrating antibodies*, antibody-drug conjugates*, bispecific T-cell engaging antibodies*’, and
bioengineered immune cells such as chimeric antigen receptor T cells®**!.

In conclusion, we describe a high-throughput method for identifying cell type-selective scFv and VH anti-
bodies. VH-9.7 was used as a research tool and immunodiagnostic to identify GSC in vitro and in vivo. Further
development of the diagnostic and therapeutic potential of the discovered scFv and VH antibodies are underway
to target therapeutically resistant GBM cells.

Methods

All experiments were performed in accordance with relevant institutional guidelines and regulations.

Cell culture. All studies were performed with approval from the University of Wisconsin-Madison
Institutional Review Board (IRB 2012-0024) with informed consent obtained from patients, and with approval
from the UW-Madison Animal Care and Use Committee (M02223). Marker-neutral isolation of GSC lines from
surgical specimens was performed using our previously reported protocols®***>%>-% and checked for mycoplasma
contamination every 6 months (Lonza MycoAlert #LT07-218). Briefly, tumor tissue was collected directly from
the University of Wisconsin Hospitals and Clinics operating room, weighed, coarsely minced with a scalpel blade,
and subsequently chopped 2 x at 200 um using a tissue chopper (Sorvall TC-2 Smith-Farquahar). Chopped tissue
was directly plated in suspension or on laminin (0.01 mg/mL for 3 hours at 37 °C)¥, and cultured in passaging
medium: 70% Dulbecco Modified Eagle Medium (DMEM)-high glucose, 30% Ham’s F12, 1 x B27 supplement,
5ug/mL heparin, penicillin-streptomycin-amphotericin (PSA), supplemented with 20 ng/ml each of human
recombinant epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF). Cultures were passaged
approximately every 7-14 days by tissue chopping 2 x at 100 um or detached with Accutase (Millipore) before
plating onto freshly coated laminin flasks. GSC lines derived from distinct patients were numbered as follows:
GSC lines 12.1, 22, 33, and 44 were cultured in suspension, whereas 99 was cultured on laminin, each number
corresponds to a different anonymous patient source.

Each GSC line was validated for self-renewal by neurosphere formation, multipotency, tumor initiation, and
serial implantation at high efficiency in NOD-SCID mice (The Jackson Laboratory) before experiments were
performed?"?%. Standard serum conditions were used to maintain patient-matched 22 T, 33T, 99 T GBM tumor
lines along with traditional U251, U87, NHA (DMEM, 10% fetal bovine serum, 1% antibiotics) (Invitrogen). In
most studies, GSC were compared to hNSC, a kind gift from Dr. Clive Svendsen, and maintained as previously
described®*. Establishing and cryopreservation of cell cultures ranged from passage 1-10. Cells used for experi-
ments ranged from passage 20-25.

Growth and induction of scFv library. The nonimmune human scFv library harbored in the EBY100
yeast display strain (GALI-AGA1::URA3 ura3-52 trpl leu2A1 his3A200 pep4::HIS2 prb1A1.6 R canl GAL) was
grown at 30°C in 500 mL of SD-CAA (20.0 g/L dextrose, 6.7 g/L yeast nitrogen base, 5.0 g/L casamino acids,
10.19 g/L Na,HPO,e7H,0, 8.56 g/L NaH,PO,eH,0) plus 50 pg/mL kanamycin for 24 hours (ODge ~ 1)"*15.
Yeast at 10-fold excess of the library diversity (5 x 10°) were subsequently induced in 500 mL SG-CAA medium
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(same as SD-CAA except dextrose replaced by galactose) at 20 °C for 22 hours prior to biopanning against cell
monolayers.

Biopanning of scFv library against GSC monolayers. In suspension 22 GSC spheres were enzymati-
cally dissociated with Accutase and seeded as single cells onto poly-L-lysine and laminin 6-well plates at a density
of 107 cells per well 12hours prior to incubation with antibody-displaying yeast. At 10-fold excess of the library
size (5 x 10° yeast), induced yeast were washed twice with 0.01 M PBS, pH 7.4, supplemented with 1 mM CaCl,,
0.5mM Mg,SO, and 0.1% bovine serum albumin (BSA) (wash buffer) and the yeast mixture was added drop-
wise onto 126 cm? of GSC cell monolayer to ensure even distribution at a density of 4 x 107 yeast/cm? for the
first round of biopanning and monolayer surface area was proportionally decreased for subsequent biopanning
rounds as the library diversity reduced (Supplementary Fig. 1a), described previously'®. Since the pool diversity
was greatly reduced after the 1* round, the yeast panning density was lowered to 4 x 10° yeast/cm?, and the GSC
area was reduced to 50.2 cm? for round 2 and 25.1 cm? for rounds 3-9. The monolayers were incubated at 4°C
for 2hours on a rotating platform (30 revolutions/minute) to allow antibody-displaying yeast to contact and
bind the GSC surface. The washing strategy was optimized to recover a model scFv that binds to RBE4 cells with
nanomolar apparent affinity'”!%. The resulting method involved washing the GSC layers with ice cold wash buffer
by gently rocking the plate 25X, rotating the plate 5x (repeated 2 x ), and rotating the plate 10x. The washing
supernatant was removed after each step and replaced with fresh wash buffer. After the washing steps, 1 mL
of wash buffer was added into each well and all cells were scraped off the plate and pooled together. The yeast/
GSC cell mixture was resuspended in 5mL kanamycin-supplemented SD-CAA and grown at 30 °C overnight
to ODgy ~ 1 followed by SG-CAA induction for 20 hours at 20 °C for the subsequent round of biopanning. In
parallel, a small fraction of the recovered cells were plated on SD-CAA-supplemented agar plates to quantify the
number and fractional recovery of yeast cells after each round. Biopanning proceeded for 9 rounds to determine
the extent of enrichment and percent yeast recovery. To confirm that the yeast-GSC interactions were scFv-based,
pooled clones collected after round 9 were amplified overnight in SD-CAA at 30 °C, and half the culture was then
induced in SG-CAA at 20 °C for 20 hours, to assess scFv-dependent binding of 22 GSC (Supplementary Fig. le).

Negative screen biopanning on hNSC, NHA and 22T co-culture. Negative or subtraction screens
were performed by creating a co-culture of dissociated single cells of hANSC, NHA and 22 T seeded at 107 cells
per well in a 6-well poly-L-lysine and laminin coated plate overnight in minimal stem cell passaging media®.
Yeast-displaying antibody pools resulting from biopanning rounds 6, 7, 8 and 9 were induced in SG-CAA for
20 hours at 20 °C and subjected to the abovementioned biopanning screening protocol on the co-cultured cells.
However, the subtracted pools of unbound yeast were recovered after each washing step. A small aliquot of recov-
ered yeast were plated on SD-CAA agar plates to calculate the percent depletion of the negative screen. After a
diverse pool of clones was identified in negatively screened round S.6, it was later amplified in SD-CAA overnight
and re-screened on 22 GSC to enrich for GSC-preferential scFv.

Restriction digest analysis of scFv clones. Plasmids encoding the identified scFv were recov-
ered from individual yeast clones isolated from the various screened pools using the Zymoprep yeast
miniprep kit (Zymo Research) and amplified by PCR using the following primers: PNL6 Forward
(5'-GTACGAGCTAAAAGTACAGTG-3’) and PNL6 Reverse (5'-TAGATACCCATACGACGTTC-3).
Subsequently, 20 puL of PCR product was used for BstNI (New England Biolabs) restriction digest at 60 °C for
14 hours. The digested products were resolved on a 2.5% high resolution agarose gel for unique scFv clone identi-
fication (Supplementary Fig. 2; Supplementary Table 1). Clones were named according to the screening round in
which they were first discovered. “Different” clones represent diversity within a round. “Unique” clones represent
the 62 antibodies with distinctive BstNI digestion patterns over all the sampled screening rounds.

Differential microscopic screening and scoring of unique yeast clones. Twelve human cell lines
(NHA; hNSC; 12.1, 22, 33, 44, & 99 GSC; 22, 33, & 99 T; U251, & U87) were seeded at 10° cells per well in a
96-well plate overnight in their respective stem media or serum-containing media. Non-serum cultures required
a laminin-coated surface for adherence. Each of the 62 unique yeast clones tested were induced in 5mL SG-CAA
at 20°C. Clonal preparations of 10° antibody-displaying yeast cells were allowed to incubate with each of the 12
cell lines in 200 pL of wash bufter for 2 hours at 4 °C on a rotating platform. Plates were gently washed three times
with 100 uL of wash buffer with a multichannel pipette for uniformity. Light microscopy was then used to assess
the binding capacity of the scFv yeast clones to each cell line and given a qualitative score from 0 to 3 (no binding
to high binding) (Supplementary Fig. 3a). scFv-D1.3 (anti-lysozyme)* and scFv-J (anti-NCAM)?* were used as
negative and positive controls, respectively.

VH-9.7 DNA sequencing. The VH-9.7 encoding plasmid was recovered using the Zymoprep yeast mini-
prep kit (Zymo Research) and sequenced with the Gall-10 (5'-CAACAAAAAATTGTTAATATACCT-3') and
alpha terminator primers (5'-GTTACATCTACACTGTTGTTAT-3’) (UW-Madison Biotechnology Center).
The sequence was then analyzed by IgBLAST (NCBI) to identify the human germline origin (Supplementary
Information).

ScFv and VH secretion and purification. The open reading frame for VH-9.7 was isolated from the PCR
product used for BstNI typing by Nhel-HindIII restriction digest and subcloned into an scFv yeast secretion
vector (pRS316-GAL) that has been used extensively for scFv secretion'” . The resultant pRS316-GAL-VH-9.7
plasmid was then transformed into YVHI0, a yeast secretion strain overexpressing protein disulfide isomerase.
Yeast harboring the pRS316-GAL-VH-9.7 secretion vector were grown in minimal SD medium (2% dextrose,
0.67% yeast nitrogen base) supplemented with 2 x SCAA amino acids (190 mg/L Arg, 108 mg/L Met, 52 mg/L Tyr,
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290 mg/L Ile, 440 mg/L Lys, 200 mg/L Phe, 1260 mg/L Glu, 400 mg/L Asp, 480 mg/L Val, 220 mg/L Thr, 130 mg/L
Gly, 20 mg/L tryptophan lacking leucine and uracil) at 30 °C for 72 hours. Subsequently, scFv and VH secre-
tion was induced at 20 °C for 72 hours in SG-SCAA (dextrose substituted by galactose) with 1 mg/ml BSA as a
non-specific carrier. For experiments requiring purified scFv and VH, Ni-NTA columns (Qiagen) were used to
purify the six histidine-tagged scFv and VH from 50 mL or 1L batches as described previously®. The size, purity,
and secretion yields of scFv and VH were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) with a
10-20% gradient tris-glycine gels followed by Coomassie blue staining. Purified protein concentrations were
estimated by comparison to a series of ovalbumin standards (45kDa) (0.05 mg/mL for scFv-4-4-20 and 0.29 mg/
mL VH-9.7). In parallel, the SDS-PAGE resolved proteins were also blotted onto polyvinylidene difluoride mem-
branes (PVDF) (Millipore) for Western blotting. The PVDF membrane was blocked at 4 °C overnight in TBST
solution (8 g/L NaCl, and 0.1% Tween-20, buffered to pH 7.6 with 20 mM Tris) supplemented with 5% nonfat
milk and probed with 1 pg/mL 9E10 anti c-Myc antibody (Pierce) followed by an anti-mouse IgG horse radish
peroxidase conjugate (Thermo Scientific). Immunocomplex detection was accomplished using Supersignal West
Pico Substrate (Thermo Scientific) chemiluminescence with multiple time point exposures to CL-XPosure Film
(Thermo Scientific) evaluated by Image] (NIH) software for quantification.

Size exclusion chromatography. VH-9.7 was produced using a secretion strategy and purified using
Ni-NTA resin (Roche), as previously described!*>%’. Eluted fractions were pooled and run over a TSKgel
G3000SWXL (Tosoh) HPLC column using an Agilent 1200 HPLC system®®. Proteins were detected by monitor-
ing absorbance at 280 nm and collected using an automated fraction collector. A protein standard ranging from
670 - 14kDa (Sigma) was used to generate the retention curved to determine size of eluted proteins. Fractions
from an entire 9.7 size exclusion chromatography run were analyzed, via western blot, for the anti-c-Myc tag to
determine peaks that contain VH-9.7.

Kq analysis. Secreted VH-9.7 was harvested and purified via Ni-NTA and then size exclusion chromatog-
raphy, as described above. Monomeric VH-9.7 was then concentrated (Millipore, 3000 MWCO Concentrators)
and the amount of protein was calculated via BCA assay (Pierce). VH-9.7 was then diluted to 1,000 nM, using
conditioned media from 33 GSC cultures. A titration series was then created using 2-fold dilutions with 33 GSC
conditioned media ranging from 1,000.00-1.94 nM.

33 GSC, grown as spheroids, were harvested, Accutased (Innovative Cell Technologies) for 5-10 minutes,
then broken apart by gentle trituration. Next, the cells were pelleted and re-suspended in condition media.
Re-suspended 33 GSC were mixed 1:1 with the above mentioned dilution series to generate final concentrations
of 500-0.97 nM. Cells are incubated with VH-9.7 for 1hour at 37°C, 5% CO, with intermittent shaking. After
labeling with VH-9.7, the cells are pelleted, cooled on ice, and washed two times, for 5 minutes each wash, using a
blocking buffer containing 1.5% goat serum and 2% BSA in PBS. Presence of bound VH-9.7 was detected by incu-
bating cells with 1:100 dilution of anti-c-Myc (9E10, BioLegend) and 1:200 dilution of goat anti-mouse AF647
(Life Technologies) for one hour on ice in blocking buffer. After incubation, cells were washed three times, five
minutes per wash, then analyzed on a FACs Caliper (BD). Data were quantified using FlowJo, and fit to a standard
one site binding model, M.ELpy 9 = (M.EL 1, *[VH-9.7])/([VH-9.7] + Ky), using the GraphPad Prism software
suite to determine the binding affinity for monomeric VH-9.7. Data were normalized and presented as means and
S.E.M. as previously described®.

GSC-selectivity analysis by flow cytometry. To determine GSC-selectivity (Fig. 3b), approximately 10°
live cells were labeled in suspension (200 uL of flow cytometry buffer, PBS + 1% goat serum) at 125nM of VH-9.7
for 1hour at 4°C, predimerized with Ms-anti-c-Myc (9E10) antibody followed by anti-mouse IgG AlexaFluor
647 (1:100) (Invitrogen) in the same conditions. Geometric mean fluorescence intensity was monitored by
FACSCalibur flow cytometer (Becton Dickinson) after gating for live cells with propidium iodide and used to
quantitate fractional bound ligand. Geometric mean fluorescence intensity (MFI) of scFv-4-4-20 was used to
normalize VH-9.7 signal and two tailed unpaired t-tests were used to demonstrate significance (p < 0.05). Data
represented as a ratio and S.E.M.

GSC orthotopic xenograft model. Tumor initiation capacity of human GSC was verified by orthotopic
xenograft as previously described®*>*>%, Briefly, 22 and 44 GSC were enzymatically dissociated to single cells and
varying cell numbers (102-10°) were suspended in 5pL of PBS. Using a Hamilton syringe, GSC were stereotac-
tically implanted into the right striatum of anesthetized NOD-SCID mice at 0.33 pl/min at the following coor-
dinates referenced from bregma: 0 mm antero-posterior, + 2.5 mm medio-lateral, and —3.5mm dorso-ventral®.
At either 3 months or onset of neurological symptoms, tumor formation was verified using magnetic resonance
imaging (MRI). Mice were anesthetized, administered 10 mmol/kg of intra-peritoneal gadodiamide (Omniscan,
GE Healthcare), for contrast-enhanced T1- and T2-weighted imaging in the UW-Madison small animal MRI
scanner (Varian 4.7T). After MRI detection of tumor xenograft growth or when neurological symptoms were
observed, implanted NOD-SCID mice were euthanized by perfusion fixation with 4% paraformaldehyde. Brains
were then excised, embedded in paraffin, and processed for general histology. Human-specific nuclear mitotic
apparatus protein (hNuMA) (Abcam, ab97585) immunohistochemistry was used to discriminate between mouse
and human cells at a 1:100 dilution, as previously described*.

For flow cytometric identification of human GSC-derived tumor xenograft cells (n=6) (Fig. 4), mice were
sacrificed when moribund, perfused with PBS, and brains were removed to excise the region of tumor implan-
tation in the striatum. Recovered GSC-mouse brain tissue was broken down to single cells, as described above
with human brain tumors, and labeled with 125nM of predimerized scFv-4-4-20 or VH-9.7 (not randomized or
blinded). For experiments to determine human specificity of xenografts (n =3) (Supplementary Fig. 5), prior to
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scFv labeling, Ms-anti-human nuclei (HuNu) (Millipore, MAB1281) at 1:100 was incubated for 1hour at 4°C in
permeabilizing 0.1% triton-X-100 flow cytometry buffer. Human specific nuclei were detected with Gt-anti-Ms
AlexaFluor 488 (1:100) (Invitrogen). Next, VH-9.7 (25 ug/mL) was predimerized with an AlexaFluor 647 (1:1
molar ratio) conjugated version of 9E10 (Santa Cruz Biotechnology Inc., sc40 AF647) so it would not conflict with
HuNu secondary labeling of a mouse antibody and used to label brain tumor. After flow cytometry, scFv-labeled
cells were counterstained with DAPI (Invitrogen, MP01306) at 300 nM in PBS for 5 minutes, mounted onto slides
with ProLong Gold antifade reagent (Invitrogen, P36930), and imaged using confocal microscopy (Nikon A1RSi).
Z-stack projection images were compiled to appreciate depth and coverage of VH-9.7 surface labeling. All flow
cytometry was analyzed using FlowJo v10.0.6.

Near-infrared fluorescence imaging of 22 GSC orthotopic xenografts. Near-infrared fluorescence
imaging (NIRF) was performed with conjugates of cetuximab, scFv-4-4-20, and VH-9.7 with IRDye 800CW-NHS
ester (LI-COR Biosciences Co.) at a 1:1 molar ratio, as previously described®!. Briefly, S00CW-NHS dissolved in
DMSO (25 mg/ml) was combined with IgG, scFv, or VH (1:1 molar ratio) in PBS (pH 8.5) for 2hours at room
temperature. The resulting solution was sterile filtered through Millipore Ultrafree Centrifugal Filters (0.65 pm).
800CW-labeled IgG, scFv, or VH were injected via the tail vein at a dose of 300 pmol per mouse harboring 22
GSC xenografts. Dorsal coats of mice were shaved and imaged at 0, 0.5, 1, and 2 hours post-injection to determine
the optimal differential signal between scFv-4-4-20 and VH-9.7 with the IVIS Spectrum Pre-Clinical In Vivo
Imaging System (Caliper Life Sciences). Under 2% isoflurane in O,, mice were visualized with 745 nm excitation
and 800, 820, and 840 nm emission spectra, collecting radiance (photons/second/cm?/steradian) for approxi-
mately 1 minute at each time point. Near-infrared signal appeared highest in the animals’ right cerebral hemi-
sphere 30 minutes after injection and decayed to baseline after 2 hours. One week later, mice were re-injected with
soluble IgG, scFv, or VH, and sacrificed at 30 minutes post-injection by intracardiac PBS perfusion to remove
blood-borne, unbound IgG, scFv, or VH. Brains were then harvested and fixed in 4% paraformaldehyde for
24 hours. Coronal cross-sections were made at the coordinates of tumor implantation and imaged ex vivo using a
NIRF scanning system (800 nm channel, Odyssey, LI-COR Biosciences). Resultant fluorescent brain scans were
background-corrected by subtracting mean signal of the contralateral striatum from the entire brain. Brains were
then histologically processed and counterstained with hematoxylin and eosin (H&E). Tumor area was defined
using H&E, and the mean fluorescent intensity of the tumor area determined using Photoshop (version CS6,
Adobe Systems).

Data availability. All relevant data are available from the authors.

References

1. Stupp, R. et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl ] Med 352, 987-996, 352/10/987
(2005).

2. Stupp, R. et al. Maintenance Therapy With Tumor-Treating Fields Plus Temozolomide vs Temozolomide Alone for Glioblastoma: A
Randomized Clinical Trial. JAMA: the journal of the American Medical Association 314, 2535-2543, https://doi.org/10.1001/
jama.2015.16669 (2015).

3. Bao, S. et al. Glioma stem cells promote radioresistance by preferential activation of the DNA damage response. Nature 444,
756-760, https://doi.org/10.1038/nature05236 (2006).

4. Liu, G. et al. Analysis of gene expression and chemoresistance of CD133+ cancer stem cells in glioblastoma. Molecular cancer 5, 67,
https://doi.org/10.1186/1476-4598-5-67 (2006).

5. Clark, P. A. et al. Activation of multiple ERBB family receptors mediates glioblastoma cancer stem-like cell resistance to EGFR-
targeted inhibition. Neoplasia 14, 420-428 (2012).

6. Singh, S. K. et al. Identification of human brain tumour initiating cells. Nature 432, 396-401, https://doi.org/10.1038/nature03128
(2004).

7. Son, M. J., Woolard, K., Nam, D. H., Lee, J. & Fine, H. A. SSEA-1 is an enrichment marker for tumor-initiating cells in human
glioblastoma. Cell stem cell 4, 440-452, https://doi.org/10.1016/j.stem.2009.03.003 (2009).

8. Clement, V. et al. Marker-independent identification of glioma-initiating cells. Nature methods 7, 224-228, https://doi.org/10.1038/
nmeth.1430 (2010).

9. Chen, R. et al. A hierarchy of self-renewing tumor-initiating cell types in glioblastoma. Cancer cell 17, 362-375, https://doi.
org/10.1016/j.ccr.2009.12.049 (2010).

10. Pointer, K. B., Clark, P. A, Zorniak, M., Alrfaei, B. M. & Kuo, J. S. Glioblastoma cancer stem cells: Biomarker and therapeutic
advances. Neurochem Int 71, 1-7, https://doi.org/10.1016/j.neuint.2014.03.005 (2014).

11. Zhu, X. et al. Identification of internalizing human single-chain antibodies targeting brain tumor sphere cells. Molecular cancer
therapeutics 9, 2131-2141, https://doi.org/10.1158/1535-7163.MCT-09-1059 (2010).

12. Beck, S. et al. Identification of a peptide that interacts with Nestin protein expressed in brain cancer stem cells. Biomaterials 32,
8518-8528, https://doi.org/10.1016/j.biomaterials.2011.07.048 (2011).

13. Kim, Y. et al. Aptamer Identification of Brain Tumor-Initiating Cells. Cancer research 73, 4923-4936, https://doi.org/10.1158/0008-
5472.CAN-12-4556 (2013).

14. Feldhaus, M. J. et al. Flow-cytometric isolation of human antibodies from a nonimmune Saccharomyces cerevisiae surface display
library. Nature biotechnology 21, 163-170, https://doi.org/10.1038/nbt785 (2003).

15. Shusta, E. V,, Holler, P. D., Kieke, M. C., Kranz, D. M. & Wittrup, K. D. Directed evolution of a stable scaffold for T-cell receptor
engineering. Nature biotechnology 18, 754-759, https://doi.org/10.1038/77325 (2000).

16. Richman, S. A. et al. Development of a novel strategy for engineering high-affinity proteins by yeast display. Protein engineering, design
& selection: PEDS 19, 255-264, https://doi.org/10.1093/protein/gz1008 (2006).

17. Wang, X. X. & Shusta, E. V. The use of scFv-displaying yeast in mammalian cell surface selections. Journal of immunological methods
304, 30-42, https://doi.org/10.1016/j.jim.2005.05.006 (2005).

18. Wang, X. X., Cho, Y. K. & Shusta, E. V. Mining a yeast library for brain endothelial cell-binding antibodies. Nature methods 4,
143-145, https://doi.org/10.1038/nmeth993 (2007).

19. Boder, E. T. & Wittrup, K. D. Yeast surface display for directed evolution of protein expression, affinity, and stability. Methods in
enzymology 328, 430-444 (2000).

20. Liu, H,, Styles, C. A. & Fink, G. R. Saccharomyces cerevisiae $288C has a mutation in FLOS, a gene required for filamentous growth.
Genetics 144, 967-978 (1996).

SCIENTIFICREPORTS | 7: 15840 | DOI:10.1038/s41598-017-16066-1 10


http://dx.doi.org/10.1001/jama.2015.16669
http://dx.doi.org/10.1001/jama.2015.16669
http://dx.doi.org/10.1038/nature05236
http://dx.doi.org/10.1186/1476-4598-5-67
http://dx.doi.org/10.1038/nature03128
http://dx.doi.org/10.1016/j.stem.2009.03.003
http://dx.doi.org/10.1038/nmeth.1430
http://dx.doi.org/10.1038/nmeth.1430
http://dx.doi.org/10.1016/j.ccr.2009.12.049
http://dx.doi.org/10.1016/j.ccr.2009.12.049
http://dx.doi.org/10.1016/j.neuint.2014.03.005
http://dx.doi.org/10.1158/1535-7163.MCT-09-1059
http://dx.doi.org/10.1016/j.biomaterials.2011.07.048
http://dx.doi.org/10.1158/0008-5472.CAN-12-4556
http://dx.doi.org/10.1158/0008-5472.CAN-12-4556
http://dx.doi.org/10.1038/nbt785
http://dx.doi.org/10.1038/77325
http://dx.doi.org/10.1093/protein/gzl008
http://dx.doi.org/10.1016/j.jim.2005.05.006
http://dx.doi.org/10.1038/nmeth993

www.nature.com/scientificreports/

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Clark, P. A,, Treisman, D. M., Ebben, J. & Kuo, J. S. Developmental signaling pathways in brain tumor-derived stem-like cells. Dev
Dyn 236, 3297-3308, https://doi.org/10.1002/dvdy.21381 (2007).

Zorniak, M. et al. Differential expression of 2’,3’-cyclic-nucleotide 3’-phosphodiesterase and neural lineage markers correlate with
glioblastoma xenograft infiltration and patient survival. Clinical cancer research: an official journal of the American Association for
Cancer Research 18, 3628-3636, https://doi.org/10.1158/1078-0432.CCR-12-0339 (2012).

Weichert, J. P. et al. Alkylphosphocholine analogs for broad-spectrum cancer imaging and therapy. Science translational medicine 6,
240ra275, https://doi.org/10.1126/scitranslmed.3007646 (2014).

Zorniak, M., Clark, P. A. & Kuo, J. S. Myelin-forming cell-specific cadherin-19 is a marker for minimally infiltrative glioblastoma
stem-like cells. ] Neurosurg 122, 69-77, https://doi.org/10.3171/2014.9.J]NS132373 (2015).

Clark, P. A. et al. Resveratrol targeting of AKT and p53 in glioblastoma and glioblastoma stem-like cells to suppress growth and
infiltration. J Neurosurg, 1-13, https://doi.org/10.3171/2016.1.JNS152077 (2016).

Pointer, K. B. et al. Non-torsadogenic human Ether-a-go-go Related Gene (hERG) inhibitors are associated with better survival for
high hERG-expressing glioblastoma patients. Clinical cancer research: an official journal of the American Association for Cancer
Research, https://doi.org/10.1158/1078-0432.CCR-15-3169 (2016).

Pollard, S. M. et al. Glioma stem cell lines expanded in adherent culture have tumor-specific phenotypes and are suitable for
chemical and genetic screens. Cell stem cell 4, 568-580, doi:S1934-5909(09)00149-0 (2009).

Cho, Y. K,, Chen, I., Wei, X., Li, L. & Shusta, E. V. A yeast display immunoprecipitation method for efficient isolation and
characterization of antigens. Journal of immunological methods 341, 117-126, https://doi.org/10.1016/j.jim.2008.11.005 (2009).
VanAntwerp, J. J. & Wittrup, K. D. Fine affinity discrimination by yeast surface display and flow cytometry. Biotechnology progress
16, 31-37, https://doi.org/10.1021/bp990133s (2000).

Shusta, E. V,, Raines, R. T., Pluckthun, A. & Wittrup, K. D. Increasing the secretory capacity of Saccharomyces cerevisiae for
production of single-chain antibody fragments. Nature biotechnology 16, 773777, https://doi.org/10.1038/nbt0898-773 (1998).
Liu, J. K. et al. Phage display discovery of novel molecular targets in glioblastoma-initiating cells. Cell Death Differ 21, 1325-1339,
https://doi.org/10.1038/cdd.2014.65 (2014).

Lee, J. et al. Tumor stem cells derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and
genotype of primary tumors than do serum-cultured cell lines. Cancer cell 9, 391-403, https://doi.org/10.1016/j.ccr.2006.03.030
(2006).

Homma, T. et al. Correlation among pathology, genotype, and patient outcomes in glioblastoma. Journal of neuropathology and
experimental neurology 65, 846-854, https://doi.org/10.1097/01.jnen.0000235118.75182.94 (2006).

Hoogenboom, H. R. Selecting and screening recombinant antibody libraries. Nature biotechnology 23, 1105-1116, https://doi.
org/10.1038/nbt1126 (2005).

Lipovsek, D. et al. Selection of horseradish peroxidase variants with enhanced enantioselectivity by yeast surface display. Chemistry
& biology 14, 1176-1185, https://doi.org/10.1016/j.chembiol.2007.09.008 (2007).

Ackerman, M. et al. Highly avid magnetic bead capture: an efficient selection method for de novo protein engineering utilizing yeast
surface display. Biotechnology progress 25, 774-783, https://doi.org/10.1002/btpr.174 (2009).

Choi, B. D. et al. Systemic administration of a bispecific antibody targeting EGFRVIII successfully treats intracerebral glioma.
Proceedings of the National Academy of Sciences of the United States of America 110, 270-275, https://doi.org/10.1073/
pnas.1219817110 (2013).

Lockman, P. R. et al. Heterogeneous blood-tumor barrier permeability determines drug efficacy in experimental brain metastases of
breast cancer. Clinical cancer research: an official journal of the American Association for Cancer Research 16, 5664-5678, https://doi.
org/10.1158/1078-0432.CCR-10-1564 (2010).

Swanson, K. I. et al. Fluorescent cancer-selective alkylphosphocholine analogs for intraoperative glioma detection. Neurosurgery 76,
115-123; discussion 123-114, https://doi.org/10.1227/NEU.0000000000000622 (2015).

Clark, P. A. et al. Analysis of Cancer-Targeting Alkylphosphocholine Analogue Permeability Characteristics Using a Human
Induced Pluripotent Stem Cell Blood-Brain Barrier Model. Mol Pharm 13, 3341-3349, https://doi.org/10.1021/acs.
molpharmaceut.6b00441 (2016).

Zhang, R. R, Swanson, K. I, Hall, L. T., Weichert, J. P. & Kuo, J. S. Diapeutic cancer-targeting alkylphosphocholine analogs may
advance management of brain malignancies. CNS Oncol 5, 223-231, https://doi.org/10.2217/cns-2016-0017 (2016).

Pardridge, W. M. Re-engineering therapeutic antibodies for Alzheimer’s disease as blood-brain barrier penetrating bi-specific
antibodies. Expert Opin Biol Ther, 1-14, https://doi.org/10.1080/14712598.2016.1230195 (2016).

Pardridge, W. M. C. S. E. blood-brain barrier, and brain drug delivery. Expert Opin Drug Deliv 13, 963-975, https://doi.org/10.1517
/17425247.2016.1171315 (2016).

Liu, H. L. et al. Focused Ultrasound Enhances Central Nervous System Delivery of Bevacizumab for Malignant Glioma Treatment.
Radiology 281, 99-108, https://doi.org/10.1148/radiol.2016152444 (2016).

Rapoport, S. I. Osmotic opening of the blood-brain barrier: principles, mechanism, and therapeutic applications. Cellular and
molecular neurobiology 20, 217-230 (2000).

Liu, R., Martuza, R. L. & Rabkin, S. D. Intracarotid delivery of oncolytic HSV vector G47Delta to metastatic breast cancer in the
brain. Gene therapy 12, 647-654, https://doi.org/10.1038/sj.gt.3302445 (2005).

Yang, Y. et al. Targeting CD146 with a 64Cu-labeled antibody enables in vivo immunoPET imaging of high-grade gliomas.
Proceedings of the National Academy of Sciences of the United States of America 112, E6525-6534, https://doi.org/10.1073/
pnas.1502648112 (2015).

Hamblett, K. J. et al. AMG 595, an Anti-EGFRVIII Antibody-Drug Conjugate, Induces Potent Antitumor Activity against EGFRVIII-
Expressing Glioblastoma. Molecular cancer therapeutics 14, 1614-1624, https://doi.org/10.1158/1535-7163.MCT-14-1078 (2015).
Suryadevara, C. M. et al. Are BiTEs the “missing link” in cancer therapy? Oncoimmunology 4, 1008339, https://doi.org/10.1080/2162
402X.2015.1008339 (2015).

Krenciute, G. et al. Characterization and Functional Analysis of scFv-based Chimeric Antigen Receptors to Redirect T Cells to
IL13Ralpha2-positive Glioma. Mol Ther 24, 354-363, https://doi.org/10.1038/mt.2015.199 (2016).

Shiina, S. et al. CAR T Cells Targeting Podoplanin Reduce Orthotopic Glioblastomas in Mouse Brains. Cancer Immunol Res 4,
259-268, https://doi.org/10.1158/2326-6066.CIR-15-0060 (2016).

Svendsen, C. N. et al. A new method for the rapid and long term growth of human neural precursor cells. ] Neurosci Methods 85,
141-152, S0165-0270(98)00126-5 (1998).

Ignatova, T. N. et al. Human cortical glial tumors contain neural stem-like cells expressing astroglial and neuronal markers in vitro.
Glia 39, 193-206, https://doi.org/10.1002/glia.10094 (2002).

Singh, S. K. et al. Identification of a cancer stem cell in human brain tumors. Cancer research 63, 5821-5828 (2003).

Hackel, B. J., Huang, D., Bubolz, J. C., Wang, X. X. & Shusta, E. V. Production of soluble and active transferrin receptor-targeting
single-chain antibody using Saccharomyces cerevisiae. Pharmaceutical research 23, 790-797, https://doi.org/10.1007/s11095-006-
9778-7 (2006).

Marshall, C. J. et al. An evolved Mxe GyrA intein for enhanced production of fusion proteins. ACS Chem Biol 10, 527-538, https://
doi.org/10.1021/cb500689g (2015).

Huang, D., Gore, P. R. & Shusta, E. V. Increasing yeast secretion of heterologous proteins by regulating expression rates and post-
secretory loss. Biotechnol Bioeng 101, 1264-1275, https://doi.org/10.1002/bit.22019 (2008).

SCIENTIFICREPORTS |7: 15840 | DOI:10.1038/s41598-017-16066-1 11


http://dx.doi.org/10.1002/dvdy.21381
http://dx.doi.org/10.1158/1078-0432.CCR-12-0339
http://dx.doi.org/10.1126/scitranslmed.3007646
http://dx.doi.org/10.3171/2014.9.JNS132373
http://dx.doi.org/10.3171/2016.1.JNS152077
http://dx.doi.org/10.1158/1078-0432.CCR-15-3169
http://dx.doi.org/10.1016/j.jim.2008.11.005
http://dx.doi.org/10.1021/bp990133s
http://dx.doi.org/10.1038/nbt0898-773
http://dx.doi.org/10.1038/cdd.2014.65
http://dx.doi.org/10.1016/j.ccr.2006.03.030
http://dx.doi.org/10.1097/01.jnen.0000235118.75182.94
http://dx.doi.org/10.1038/nbt1126
http://dx.doi.org/10.1038/nbt1126
http://dx.doi.org/10.1016/j.chembiol.2007.09.008
http://dx.doi.org/10.1002/btpr.174
http://dx.doi.org/10.1073/pnas.1219817110
http://dx.doi.org/10.1073/pnas.1219817110
http://dx.doi.org/10.1158/1078-0432.CCR-10-1564
http://dx.doi.org/10.1158/1078-0432.CCR-10-1564
http://dx.doi.org/10.1227/NEU.0000000000000622
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00441
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00441
http://dx.doi.org/10.2217/cns-2016-0017
http://dx.doi.org/10.1080/14712598.2016.1230195
http://dx.doi.org/10.1517/17425247.2016.1171315
http://dx.doi.org/10.1517/17425247.2016.1171315
http://dx.doi.org/10.1148/radiol.2016152444
http://dx.doi.org/10.1038/sj.gt.3302445
http://dx.doi.org/10.1073/pnas.1502648112
http://dx.doi.org/10.1073/pnas.1502648112
http://dx.doi.org/10.1158/1535-7163.MCT-14-1078
http://dx.doi.org/10.1080/2162402X.2015.1008339
http://dx.doi.org/10.1080/2162402X.2015.1008339
http://dx.doi.org/10.1038/mt.2015.199
http://dx.doi.org/10.1158/2326-6066.CIR-15-0060
http://dx.doi.org/10.1002/glia.10094
http://dx.doi.org/10.1007/s11095-006-9778-7
http://dx.doi.org/10.1007/s11095-006-9778-7
http://dx.doi.org/10.1021/cb500689g
http://dx.doi.org/10.1021/cb500689g
http://dx.doi.org/10.1002/bit.22019

www.nature.com/scientificreports/

58. Burns, M. L. et al. Directed evolution of brain-derived neurotrophic factor for improved folding and expression in Saccharomyces
cerevisiae. Applied and environmental microbiology 80, 5732-5742, https://doi.org/10.1128/ AEM.01466-14 (2014).

59. Tillotson, B. J., Cho, Y. K. & Shusta, E. V. Cells and cell lysates: a direct approach for engineering antibodies against membrane
proteins using yeast surface display. Methods 60, 27-37, https://doi.org/10.1016/j.ymeth.2012.03.010 (2013).

60. Galli, R. et al. Isolation and characterization of tumorigenic, stem-like neural precursors from human glioblastoma. Cancer research
64,7011-7021, doi:64/19/7011 (2004).

61. Yang, Y. et al. In vivo near-infrared fluorescence imaging of CD105 expression during tumor angiogenesis. European journal of
nuclear medicine and molecular imaging 38, 2066-2076, https://doi.org/10.1007/s00259-011-1886-x (2011).

Acknowledgements

We thank Hong-En Chen, Sathyapriya Ezhilan, Manorama C. John, Jeft Mahlum, Woodley Pean, Chris Stutz,
Ben Tillotson, Daniel Treisman, Daniel Walden and Xiaobin Zhang for expert technical assistance, and advice on
experimental design and editorial input from Weibo Cai and Raghu Vemuganti. We appreciate funding from NIH
T32GMO007507, ROINS099158, UL1RR025011, RC4AA020476, P30CA014520 grants, Wisconsin Partnership
Program core grant support for UW Center for Stem Cell and Regenerative Medicine, University of Wisconsin
(SMPH, Graduate School and Dept. of Neurological Surgery), and Headrush Brain Tumor Research Professorship
and Roger Loft Memorial Fund for GBM Research.

Author Contributions
M.Z.,PA.C, E.V.S. and ].S.K. conceived of the study, designed experiments, analyzed and interpreted the data,
wrote and edited the manuscript. M.Z., PA.C., B.J.U. and Y.C. performed the experiments.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16066-1.

Competing Interests: Provisional patent application 62569834 was submitted for antibodies described in this
manuscript.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 15840 | DOI:10.1038/s41598-017-16066-1 12


http://dx.doi.org/10.1128/AEM.01466-14
http://dx.doi.org/10.1016/j.ymeth.2012.03.010
http://dx.doi.org/10.1007/s00259-011-1886-x
http://dx.doi.org/10.1038/s41598-017-16066-1
http://creativecommons.org/licenses/by/4.0/

	Yeast display biopanning identifies human antibodies targeting glioblastoma stem-like cells

	Results

	Yeast biopanning enriches for GSC-binding scFv and VH antibodies. 
	Evaluating cell-type binding capability of scFv and VH in yeast display format. 
	Purified VH-9.7 retains GSC-selectivity. 
	Purified VH-9.7 identifies human GSC in orthotopic mouse xenografts. 

	Discussion

	Methods

	Cell culture. 
	Growth and induction of scFv library. 
	Biopanning of scFv library against GSC monolayers. 
	Negative screen biopanning on hNSC, NHA and 22 T co-culture. 
	Restriction digest analysis of scFv clones. 
	Differential microscopic screening and scoring of unique yeast clones. 
	VH-9.7 DNA sequencing. 
	ScFv and VH secretion and purification. 
	Size exclusion chromatography. 
	Kd analysis. 
	GSC-selectivity analysis by flow cytometry. 
	GSC orthotopic xenograft model. 
	Near-infrared fluorescence imaging of 22 GSC orthotopic xenografts. 
	Data availability. 

	Acknowledgements

	Figure 1 Biopanning enriches for GSC binding yeast antibodies.
	Figure 2 Differential GSC binding of VH-9.
	Figure 3 Soluble VH-9.
	Figure 4 Purified VH-9.
	Figure 5 Purified near-infrared VH-9.




