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Abstract

As a stress-inducible natural killer (NK) cell ligand, B7H6 plays a role in innate tumor immunosurveil-

lance and is a fairly tumor selective marker expressed on a variety of solid and hematologic cancer

cells. Here, we describe the isolation and characterization of a new family of single chain fragment

variable (scFv) molecules targeting the human B7H6 ligand. Through directed evolution of a yeast

surface displayed non-immune human-derived scFv library, eight candidates comprising a single

family of clones differing by up to four amino acid mutations and exhibiting nM avidities for soluble

B7H6-Ig were isolated. A representative clone re-formatted as an scFv-CH1-Fc molecule demon-

strated specific binding to both B7H6-Ig and native membrane-bound B7H6 on tumor cell lines with

a binding avidity comparable to the previously characterized B7H6-targeting antibody, TZ47.

Furthermore, these clones recognized an epitope distinct from that of TZ47 and the natural NK cell

ligand NKp30, and demonstrated specific activity against B7H6-expressing tumor cells when

expressed as a chimeric antigen receptor (CAR) in T cells.
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Introduction

The immune system relies upon an intricate network of intracellular
communication via the specific expression and activation of numer-
ous cell markers to defend the host against perceived threats. One
such marker, B7H6, is a stress-inducible immunostimulatory ligand
for the activating natural killer (NK) cell surface receptor, NKp30
(Brandt et al., 2009), and serves to initiate NK cell-mediated cytokine
release and cytotoxicity. Cells from various tissue types have been
found to express this surface antigen (Ag) in the settings of cancer
(Brandt et al., 2009; Fiegler et al., 2013), infection (Matta et al.,
2013; Zou et al., 2015; Koumbi et al., 2016) and autoimmune

diseases (Salimi et al., 2016), suggesting a native role of B7H6 expres-
sion in NK cell immunosurveillance of various pathological states.

Two key features render B7H6 an especially attractive target for
tumor immunotherapy: its tumor specificity and broad expression
across multiple tumor tissue types. Normal tissue cells lacked B7H6
expression as measured by qRT-PCR analysis of B7H6 mRNA on
a normal tissue array (Brandt et al., 2009) and by microarray analysis
of gene expression (Shyamsundar et al., 2005; Brandt et al., 2009). In
contrast, varying levels of B7H6 expression were found in many can-
cer cell lines (Brandt et al., 2009; Fiegler et al., 2013; Cao et al., 2015)
and primary tumor samples from patients with both solid and
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hematologic malignancies, including a range of lymphomas, leuke-
mias, breast cancers, ovarian cancers, sarcomas and brain tumors
(Brandt et al., 2009; Fiegler et al., 2013; Wu et al., 2015a, b).

Given this tumor specificity and broad potential applicability,
there has been considerable interest in the significance and utility of
B7H6-targeting molecules in cancer and inflammatory disease
immunotherapy and diagnosis (Brandt et al., 2010; Cerwenka and
Moldenhauer, 2014; Vivier and Matta, 2014; Choi et al., 2015;
Pierres et al., 2015). Furthermore, a recent study suggests that current
tumor therapeutics may already indirectly leverage the B7H6-NKp30
axis to promote anti-tumor immunity; treatment with chemotherapy,
radiation therapy, hyperthermia and immunotherapy, were all
demonstrated to upregulate B7H6 expression on tumor cells, subse-
quently enhancing tumor sensitivity to NKp30-mediated NK cell
cytolysis (Cao et al., 2015). Thus, even if a subject’s primary tumor
does not natively express B7H6, combination therapy with conven-
tional anti-tumor therapeutics to induce B7H6 expression may render
tumor cells susceptible to B7H6-targeted therapies, increasing the
applicability of anti-tumor strategies targeting B7H6. In addition,
researchers have proposed monitoring soluble B7H6 levels in sepsis
patients as a prognostic marker (Matta et al., 2013), suggesting util-
ity for B7H6-binding reagents beyond malignancy applications.

To demonstrate the anti-tumor potential of targeting B7H6, we
have shown the successful application of B7H6-targeting molecules in
bispecific T cell engaging molecules (BiTEs™) and chimeric antigen
receptor (CAR) T cells in both in vitro and in vivo tumor models
(Zhang et al., 2012; Wu et al., 2015a, b). Beyond specific targeting and
efficacy against B7H6-expressing tumors, B7H6-specific CAR T cells
generated a robust immune response against additional tumor cell mar-
kers that facilitated tumor eradication after rechallenge with an other-
wise identical, but non-B7H6-expressing tumor cell line in in vivo
mouse models (Wu et al., 2015a, b). Early evaluations of B7H6-
targeting CAR T cells used NKp30 extracellular domains to target
B7H6-expressing tumor cells, but suffered from self-reactivity
against peripheral blood mononuclear cells (PBMCs) and immature
dendritic cells (iDCs) expressing other NKp30 ligands (Zhang et al.,
2012). A subsequent approach employing TZ47, an antibody gener-
ated by mouse immunization, increased B7H6 specificity and
demonstrated little to no self-reactivity (Wu et al., 2015a, b).

Given these promising pre-clinical data, we sought to expand the
repertoire of B7H6-targeting domains. Humanized versions of TZ47
(Choi et al., 2015) have previously been described resulting from an
effort to decrease the risk of immunogenicity associated with the
administration of murine antibodies (Presta, 2008). Here, we report
generation of a new clonal family of fully human B7H6-targeting
scFvs, determine their avidity and specificity for both soluble and
membrane-expressed antigen, localize their binding to a novel B7H6
epitope, and demonstrate their cytotoxicity in the form of CAR T cells.

Materials and Methods

Production of soluble proteins (B7H6-Ig, NKp30-Ig,

TZ47 and PB11 scFv-CH1-Fc)

Plasmids for Human Embryonic Kidney (HEK) cell expression of the
two soluble B7H6-Ig and NKp30-Ig fusion proteins were generated by
fusing the extracellular domain of B7H6 or NKp30 to a mouse IgG2a
Fc domain in pCMV expression vectors. For TZ47, a pCMV expres-
sion vector encoding the heavy chain (HC) sequence followed by a
T2A ‘self-cleaving peptide’ sequence (Carey et al., 2009) and the light
chain (LC) sequence was generated for simultaneous expression of both

HC and LC. To create an expression plasmid for PB11 scFv-CH1-Fc, the
VH region of a human VRC01 Ab HC expression vector (pCMVR-
VRC8552) was replaced with the PB11 scFv sequence. The PB11
scFv-CH1-Fc thus contains all CH1-CH3 domains, differing from
traditional scFv-Fcs which lack the CH1 domain.

HEK cells were transfected with expression plasmids using poly-
ethyleneimine and recombinant proteins were purified from cell
supernatants as previously described (Choi et al., 2015). Briefly,
HEK-293F cells at a density of 106 cells/mL were transfected with
expression plasmids at a concentration of 1.0mg/L each and cul-
tured for 5–7 days. Cell cultures were spun down at 9000 g for 15
min and supernatants were purified via Protein A resin-based affinity
chromatography: five column volumes (CV) of PBS were applied to
equilibrate a pre-packed Protein A column, followed by cell super-
natant to bind Fc-containing proteins to the column, another five
CVs of PBS to wash excess unbound protein from the column, and
finally five CVs of 100mM glycine, pH 2.7 to elute proteins from
the column. Eluates were then buffer-exchanged into PBS using
Amicon-10 K (NKp30-Ig) or −30 K (B7H6-Ig, TZ47, PB11 scFV-
CH1-Fc) ultracentrifugation tubes and purified by size exclusion
chromatography to separate aggregates from functional protein.

Directed evolution of PB scFvs by yeast surface display

Yeast library preparation and sequencing
A previously described non-immune human scFv library (Feldhaus
et al., 2003) served as the initial g1.0 population. To monitor diver-
sity, plasmids were extracted from the library using the ZymoPrep
Yeast Plasmid Miniprep II Kit (Zymo Research) according to the
manufacturer’s protocol. Recovered plasmids were then transformed
into highly comptent ElectroSHOX E. coli and 8–12 bacterial clones
were sent for bacterial colony sequencing.

Library selection
Directed evolution of the yeast-displayed scFv library was carried out
according to a previously published protocol (Chao et al., 2006). To
induce yeast libraries to express scFvs, pre-induction cultures were
started at OD of 0.2 in growth media (30°C, shaking at 250 rpm) and
induced at mid-log phase (OD of 1.0) by transferring cells to induction
media for 16–48 h at 30°C with shaking. For each round of selection,
a minimum number of cells equal to 10 times the theoretical diversity
were used for both pre-induction cultures and sort samples to increase
the likelihood of sampling the complete diversity available.

Magnetic-activated cell sorting of yeast libraries
Magnetic bead-based sorting of yeast libraries was conducted as
described in a previously published protocol (Ackerman et al.,
2009). Briefly, Streptavidin-coated magnetic beads (DynaBeads M-
270) were washed 5x with PBSF (PBS + 0.1% BSA) prior to an
overnight incubation with saturating amounts of biotinylated B7H6-
Ig (50 μL of 100 nM biotinylated B7H6-Ig per μL of beads) or nega-
tive control normal mouse IgG (MsIgG, Jackson Laboratories) as
determined through bead titration experiments. Both B7H6-Ig and
normal Mouse IgG were chemically biotinylated on primary amines
for capture on Streptavidin beads. After conjugation with biotiny-
lated proteins, beads were washed 5× with PBSF to remove any
excess soluble protein prior to co-incubation with yeast libraries for
1.5 h at 4°C. In general, each MACS round included two negative
selections using bare SA beads and biotinylated MsIgG-coated beads,
prior to one positive selection using biotinylated B7H6-Ig-coated
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beads. After each round of selection, beads were washed 1x with
1 mL PBSF for 30 min at 4°C to separate truly bead-bound yeast
from those that were simply trapped between beads (wash frac-
tion). Bead-bound and washed yeast were counted separately but
recombined in subsequent rounds of selection. After each round of
selection for B7H6-binders, the B7H6-Ig-bead binding population
was resuspended in 1mL of growth media and various dilutions
were plated to obtain diversity estimates. After plating, the 1 mL of
resuspended B7H6-Ig-bead binding yeast libraries were grown out
in 5 mL of growth media overnight.

Fluorescence -activated cell sorting of yeast libraries
For each round of FACS, at least 10 times the estimated population
diversity, or a minimum of 10 million, induced yeast expressing scFvs
on their cell surface were stained. First, cells were spun down at 3000 g
for 5min and washed three times with PBSF to remove cellular debris.
For some selections, a blocking step was employed in which cells were
incubated with 500 nM normal mouse IgG for 15min to block mouse
Fc binders prior to addition of B7H6-Ig. Primary stains comprised an
incubation with Chicken anti-cMyc tag Ab (Gallus) to monitor full-
length expression and either B7H6-Ig or biotinylated B7H6-Ig antigen
at concentrations ranging from 2 nm to 2.9 μM depending upon the
stringency and stage of selection. After primary incubation, cells were
washed 3× with PBSF. Fluorescent staining with secondary reagents
included a 30–60min incubation with goat anti-chicken Abs, goat
anti-mouse Abs, or streptavidin secondary staining reagents conjugated
to various combinations of AlexaFluor(AF)-488, AF-647, FITC or
APC (all from Life Technologies). For most FACS rounds, a gate was
drawn for the top 1% of cells with enhanced Ag Binding:Expression
signal and sorted on a Sony iCyt Sorter. For selection of g2.5, a low
stringency gate was applied to separate Ag-binders from non-binders
in g2.4. for collection and clonal selection.

Library diversification
Plasmids recovered from the g1.7 population using the ZymoPrep
Yeast Plasmid Miniprep II Kit (Zymo Research) served as the template
for an error-prone PCR based on a salt-based method (Fromant et al.,
1995) to introduce two to four random mutations per scFv for new
diversity in generation 2.0, as previously described (Grimm et al.,
2015). Libraries were created by the electroporation of scFv PCR pro-
ducts and digested pCT- vector sharing homology at 5′ and 3′ ends
into EBY100 yeast as previously described (Chao et al., 2006).
Transformed cells were grown in 500mL growth media at 30°C with
shaking at 250 rpm, and were passaged at least once prior to induc-
tion. Library diversity was estimated by counting colonies from plated
dilutions of the transformed yeast mixture on selective media.

Avidity assays

Fluorescent staining of B7H6-expressing cells for avidity KD

measurements
Fluorescent staining of cells was performed as described previously
(Choi et al., 2015). Briefly, 96-well plates containing 2.5 × 105 cells/
well of RMA and RMA-B7H6 cells were washed 3× with PBSF
before a primary incubation for 1 h with varying concentrations of
PB11 scFv-CH1-Fc ranging from 0 to 1000 nM. Cells were then
washed 3× with PBSF before incubation with Anti-Human-AF647
secondary Ab and Calcein Violet to stain for live cells for 20min.
Live cell gates were drawn based on FSC vs. SSC profiles and posi-
tive Calcein Violet staining, and only this population was used for

determination of mean fluorescence intensity (MFI) values. MFI
values are geometric means of fluorescence intensities measured for
each well using a Miltenyi Biotech MACSQuant Flow Cytometer.

BioLayer interferometry for avidity KD measurements
BioLayer Interferometry measurements of avidity KD were obtained
using the ForteBio Octet RED96 system as previously described (Choi
et al., 2015). Briefly, anti-human CH1-coated biosensor tips were ‘acti-
vated’ by incubation in 83 nM PB11 scFv-CH1-Fc for 10min to load
tips. Binding to soluble B7H6-Ig and negative control NKp30-Ig were
assessed by allowing PB11-loaded tips to equilibrate in PBS + 0.1%
Tween-20 (PBST) for 5min, followed by association steps in 200 μL of
each antigen at concentrations ranging from 0 to 500 nM for 10min,
and dissociation steps in 200 μL of PBST buffer for 5min.

Competitive binding assays

Competitive binding assays were carried out essentially identically to
the fluorescent staining of B7H6-expressing cells described above, with
the modification of co-primary incubations with combinations of PB11
and either TZ47 or NKp30-Ig at 500 nM concentrations each.

Tumor cell lines and cell culture

All murine RMA cell line variants were cultured in Complete RPMI
media, which was made by supplementing RPMI 1640 with 10%
heat-inactive fetal bovine serum, 10mM HEPES, 0.1 mM non-
essential amino acids, 1 mM sodium pyruvate, 100 U/mL penicillin,
100 μg/mL streptomycin and 50 μM of 2-mercaptoethanol. Cell lines
were incubated under 5% CO2 at 37°C. The murine cell line RMA
and a variant RMA-B7H6 engineered to express human B7H6 were
previously generated (Wu et al., 2015a, b). RMA cell lines expres-
sing Chimera 1 and 2 were generated by transducing RMA cells
with dualtropic virus produced by viral packaging PT67 cells con-
taining the chimeric B7H6. The cell lines underwent G418 selection
at concentration of 1mg/mL. To monitor cell viability in cytotox-
icity assays, RMA and RMA-B7H6 cell lines were transduced with a
dualtropic virus containing a PPyre9-GFP fusion gene followed by
Puromycin selection at concentration of 2 μg/mL.

Construction and transduction of CAR T cells

Construction of CARs
The TZ47-CAR was constructed previously (Wu et al., 2015a, b).
Furthermore, the TZ47-CAR was fused to a Furin cleavage site-SGSG-
T2A sequence followed by a gene encoding a truncated mouse CD19
and cloned into the pFB-neo retroviral vector. The PB6-CAR was gen-
erated by using the pFB-neo-TZ47-CAR-MsCD19 as a template. DNA
sequence of the TZ47 was excised and the PB6 scFv was subcloned
into this vector. All PCR reactions were carried out using high-fidelity
DNA polymerase Phusion (New England BioLabs, Ipswich, MA USA)
and DNA primers purchased from IDT DNA (Coralville, Iowa).

Retroviral production
Before transfection, 2.5 × 106 293T cells were plated on a 10 cm
plate in 10mL of Complete Dulbecco’s modified Eagle’s (DMEM)
media to produce ecotropic virus. Complete DMEM media is made
with DMEM with a high glucose concentration (4.5 g/L) supplemen-
ted with the same supplements as the Complete RPMI 1640 media.
Cells were then transfected with 20 μg of CAR plasmid and 10 μg of
Ψeco packaging plasmid using X-fect (Clontech) according to the
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manufacturer’s protocol. At 48 h post transfection, media was har-
vested and filtered through a 0.45 μm filter before storage at −80°C.
To generate stable virus packaging cell lines, ecotropic virus made
from 293T cells was used to infect PT67 cells followed by G418
selection (1 mg/mL) for 7 days. To make stable cell lines which pro-
duce ecotropic virus, dualtropic virus generated from PT67 cells was
used to infect E86 cells followed by G418 selection (1mg/mL). All
cell lines were cultured under 5% CO2 at 37°C.

Retroviral transduction
Spleens were extracted from C57BL/6 mice purchased from either
the National Cancer Institute or Jackson Laboratories. Mice were
7–12 weeks old at the start of experiments. All animal experiments
were conducted under the approval of Dartmouth College’s
Institution Animal Care and Use Committee. Spleens were processed
and activated with Concavalin A, as previously described (Wu et al.,
2015a, b). After activation, T cells were transduced with retrovirus
containing either the PB6-CAR, TZ47-CAR, or vector only (Mock)
based on a spin transduction protocol previously described (Wu
et al., 2015a, b). CAR T cells underwent G418 selection for 3 days
at 0.5 mg/mL then were histopaque enriched to isolate live cells.
Mouse T cells were cultured in Complete RPMI 1640 media with
25 U/mL of recombinant IL-2 under 5% CO2 atmosphere at 37°C.

Flow cytometry analysis of CAR T cells

Mouse CAR T cells were counted, washed, centrifuged, and resus-
pended in PBS containing 2% w/v of FBS. 105 CAR T cells were
incubated with antibodies for mouse CD3ɛ (145-2c11 Biolegend) at
2 μg/mL, mouse CD4 (Clone GK1.5 eBioscience) at 5 μg/mL, and

mouse CD19-phycoerythrin (PE) 2 μg/mL (Biolegend) in a total vol-
ume of 100 μL of PBS containing 2% at 4°C for 25min. After incu-
bation, cells were washed and resuspended in 200 μL of PBS
containing 2% w/v FBS. Samples were analyzed on an Accuri C6
Cytometer (BD biosciences, San Jose, CA, USA).

CAR T cell activity assays

Cytotoxicity assay
Tumor cell lines of RMA and RMA-B7H6 expressing the PPyre9-GFP
gene were plated at 5 × 104 cells per well in a 96-well plate. RMA and
RMA-B7H6 cell lines were plated in round bottom or flat bottom
plates, respectively. CAR T cells were added at various T cell effector
to target ratios of 5:1, 1:1, 0.2:1. Cells were co-cultured at 37°C for
24 h followed by addition of 50 μL of luciferin (200 μg/mL) (Promega)
and incubated at 37°C for 30min before analyzing luminescence.

Cytokine production by T cells
About 1 × 105 CAR T cells and target RMA, RMA-B7H6, RMA
Chimera 1 or RMA Chimera 2 tumor cells were co-incubated at an
effector to target cell ratio of 1:1 in a 96-well plate for 24 h at 37°C.
Cell-free medium was collected and analyzed for mouse IFN-γ pro-
duction by ELISA (Biolegend).

Results

Isolation and characterization of yeast-displayed PB

scFvs

B7H6-targeting scFvs were evolved from a previously described
yeast surface display non-immune human antibody fragment library

Fig. 1 Directed Evolution of PB clones from a non-immune human scFv library. (A) A series of magnetic-activated cell sorting (MACS) and fluorescence-

activated cell sorting (FACS) selections were used, both including both positive (+) selections of Ag-binders and negative (−) selections against reagent binders

such as secondary (2ary) Ab, streptavidin bead (Bare SA) and Mouse IgG Fc binders. Generation names x.y represent the number of x) diversification steps and y)
selections after diversification. Pre-Block indicates a blocking step against the mouse IgG Fc tag using 500 nM normal msIgG prior to staining with B7H6-Ig.

Concentrations of B7H6-Ig used for selections are indicated under selection arrows. Boxes indicate generations for which titration curves of antigen were tested

and shown in (C). PB clones were isolated from g2.5. (B) Representative FACS plots for a subset of improving generations are shown. Binding to B7H6-Ig (y-axis)
and expression tag antibodies (x-axis) are shown. (C) Titration curves depict the MFI of library generations stained with B7H6-Ig antigen at a range of concentra-

tions to compare binding avidities.
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(Feldhaus et al., 2003) using a soluble fusion protein consisting of
the B7H6 extracellular domain and a mouse IgG2a Fc domain
(B7H6-Ig) as bait. A summary of the evolutionary strategy is shown
in Fig. 1. First, a magnetic bead-based approach was used
(Ackerman et al., 2009), where each round included two sequential
negative selections against binders to ‘bare’ streptavidin beads and
normal Mouse IgG-coated beads followed by one positive selection
for binders to B7H6-Ig-coated beads. After magnetic selection to
narrow down the diversity/search space from ~10^9 to ~10^7,
libraries were primarily evolved using fluorescence-activated cell
sorting (FACS) with gradually decreasing concentrations of bivalent
B7H6-Ig (Fig. 1B). Additionally, in some rounds, negative selections
were conducted to eliminate secondary reagent binders and blocking
steps with normal Mouse IgG were incorporated to reduce the likeli-
hood of enriching Ig Fc binders. When library diversity was esti-
mated to be on the order of a dozen variants and titration staining
suggested that clones had not yet reached nanomolar avidity
(Fig. 1C), the population was diversified by error-prone PCR. The
resulting population (g2.0) was further selected using 1 round of
MACS and 4 rounds of FACS resulting in g2.4. A final non-
stringent, binary sort to separate binders from non-binders yielded
g2.5, from which PB clones were selected.

To monitor diversity, clones from libraries were sequenced at g1.7
prior to the diversification step, and after the final selection of g2.5
containing nanomolar avidity binders. Whereas sequence diversity
existed at g1.7, all eight full-length scFv clones sequenced from g2.5
were determined to be related based on high sequence similarity. The
PB clonal family was thus defined as scFvs sharing IgH-V1 and -J3/4
and IgL V2 and -J7/3 gene usage with identical CDR3 lengths, as pre-
dicted by VBASE2 (Retter et al., 2005). To ensure that B7H6-Ig-
binders bound to the extracellular B7H6 domain of the fusion protein
bait, libraries were tested for binding to secondary reagents and an
NKp30-Ig fusion protein containing the same Ig Fc (Fig. 2A). Clones
representing four distinct protein sequences (PB1, 5, 6 and 9) were
tested for binding to soluble B7H6-Ig, revealing binding avidities com-
parable to the previously isolated murine anti-B7H6 Ab TZ47
(Fig. 2B). Quantitative estimates of binding avidity KD values for indi-
vidual clones ranged from 10 nM to >100 nM, depending upon the
batch of B7H6-Ig antigen used for each run, potentially due to some
instability of the antigen at storage conditions (4°C or freeze-thaw)
and/or glycosylation differences as B7H6 contains six potential N-linked
glycosylation sites (Li et al., 2011). However, within each individual run
using a single batch of B7H6-Ig, PB scFvs bound with similar avidities to
B7H6 differing from each other by at most three-fold.

Specificity and avidity of a soluble PB scFv-CH1-Fc

To further confirm that yeast-displayed clones specifically recog-
nized tumor antigen B7H6, the PB11 scFv was cloned into a pCMV-
based antibody HC expression vector, replacing the variable heavy
domain with the scFv to generate PB11 scFv-CH1-Fc constructs for
expression in HEK cells. By BioLayer Interferometry, PB11 scFv-
CH1-Fc bound soluble B7H6-Ig with avidity KD of 25.7 nM
(Fig. 3A), which was comparable to the 290 nM KD reported for the
previously isolated mouse antibody TZ47 (Choi et al., 2015). In
contrast, PB11 did not bind to the negative control NKp30-Ig mol-
ecule bearing the same mouse Ig portion (Fig. 3B), demonstrating
specific binding to the B7H6 extracellular domain of soluble B7H6-
Ig antigen. To determine whether the PB family of clones were able
to recognize native membrane-bound B7H6 antigen, the soluble
PB11 scFv-CH1-Fc was tested for binding to the mouse lymphoma

RMA cell line and RMA-B7H6 cells transduced to express human
B7H6 on the cell surface. PB11 specifically bound B7H6-expressing
cells with a similar avidity (KD ~ 78 nM) as recombinant antigen,
and demonstrated undetectable binding to the background cell line
lacking B7H6 expression (Fig. 3C and D). Although some back-
ground fluorescence was observed for secondary reagent binding to
RMA-B7H6 cells which has previously been observed (Choi et al.,
2015), a marked shift in fluorescence signal was observed for PB11
scFv-CH1-Fc staining of RMA-B7H6 cells that was not observed in
RMA cells, confirming B7H6-specific binding, and demonstrating
recognition of this Ag in a cellular context.

Activation and cytotoxicity of PB-based CAR T cells

Given this promising characterization of the PB scFv family, PB6,
the clone with the highest relative avidity (Supplementary Fig. S1
and Supplementary Table S1), was incorporated into a CAR con-
struct (Fig. 4A). This CAR contained the PB6 scFv fused to human
CD28 hinge, transmembrane, and cytoplasmic domains, followed
by the human CD3ζ signaling domain. After the CAR sequence, a
T2A ‘self-cleaving peptide’ sequence (Carey et al., 2009) was added

Fig. 2 Characterization of Yeast-Displayed PB Clones. (A) Population g2.4

was stained with B7H6-Ig, Nkp30-Ig and secondary only using an anti-MsIg-

PE secondary for fluorescence read-out (y-axis). Yeast were also stained for

the cMyc expression tag (x-axis). (B) A range of B7H6-Ig antigen concentra-

tions were used to stain yeast-displayed PB clones and TZ47. MFI values

were normalized to represent the % of the maximum signal observed at the

highest concentration tested. Error bars indicate the standard deviation of

three technical replicates and relative trends are representative of three

experimental replicates.
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followed by a sequence encoding a truncated mouse CD19 to allow
co-expression of the CAR and the truncated mouse CD19, which
serves as a surrogate marker for transduction efficiency and CAR
expression as demonstrated previously in T cells transduced with
similar CAR constructs (Wu et al., 2015a, b). To test functional
activity of the PB6-CAR, mouse T cells were transduced with viruses
containing this PB6-CAR construct. As controls, T cells were also
transduced with the murine mAb-based CAR (TZ47-CAR) or a vector
only control (Mock). As demonstrated by similar CD19 expression
levels after transduction, T cells appeared to express the PB6-CAR
at a level similar to that observed for the TZ47-CAR (Fig. 4B).

To determine whether PB6-CAR T cells were active against
B7H6-expressing cells, PB6-CAR T cells were co-cultured with tar-
get RMA and RMA-B7H6 cells and tested for T cell activation and
cytotoxicity. Demonstrating specific activation, PB6-CAR T cells
were observed to secrete IFN-γ only when co-cultured with RMA-
B7H6 cells (Fig. 4C). Demonstrating specific cytotoxicity, PB6-CAR
T cells induced tumor cell toxicity of RMA-B7H6 cells and not
RMA cells over a range of effector to target cell ratios (Fig. 4D and
E). Together, these data demonstrate that the PB6-CAR can be
expressed on T cells to induce a potent anti-tumor response in vitro
in the presence of B7H6-positive target cells.

Epitope characterization of the PB scFv family

After confirming that PB scFvs successfully target B7H6-expressing
tumor cells, studies to further characterize the binding mode by

which PB scFvs recognize the B7H6 antigen were pursued via com-
petitive binding assays and chimeric antigen design. First, competi-
tive binding experiments demonstrated that PB11 could bind B7H6-
expressing cells simultaneously with TZ47 and NKp30 (Fig. 5A and
B). Additionally, TZ47 and NKp30 did not compete with each other
for binding to B7H6 (data not shown). The lack of competition
among these three proteins suggests that PB11 recognizes an epitope
distinct from those of TZ47 and NKp30.

To localize the PB epitope, an ortholog-based chimeragenesis
approach was used based on the finding that PB6-CAR T cells
were not activated against cells expressing the Macaque B7H6-
ortholog, despite nearly 80% sequence identity to the extracellu-
lar domain of Human B7H6. Two chimeric Macaque-Human
B7H6 variants were made by swapping out portions of the human
B7H6 sequence for that of the macaque ortholog (Fig. 5C).
Epitopes were localized via CAR T cell activation assays against
chimera-expressing target cells. Activation of NKp30-CAR T cells
by both chimeras suggested successful expression and folding of
chimeric antigens on the surface of target cells. In contrast, PB6-
CAR and TZ47-CAR T cells lost activation upon co-incubation
with Chimera 1 and Chimera 2 with replacements in Domain I
and Domain II, respectively, but maintained activity against the
alternate chimera (Fig. 5D), supporting the specific contribution
of distinct chimeric residues within each variant to PB6 and TZ47
binding. Thus, the PB scFv family targets an epitope localized in
Domain I which is distinct from both the TZ47 epitope found
within Domain II and the NKp30 binding site in Domain I.

Fig. 3 Binding characterization of soluble PB11 scFv-CH1-Fc. (A and B) Kinetic binding curves for the binding of soluble PB11 scFv-CH1-Fc to (A) B7H6-Ig and (B)

Nkp30-Ig (negative control) were obtained by BioLayer Interferometry tested at a range of antigen concentrations from 0 to 500 nM. (C) Histograms depicting

the staining of B7H6-expressing cells (RMA-B7H6, solid lines) and B7H6-null cells (RMA, dashed lines) with 500 nM PB11 scFv-CH1-Fc or secondary only. (D)

Titration curves generated by staining B7H6-expressing cells (RMA-B7H6, solid) or B7H6-null cells (RMA, dashed) with varying concentrations of PB11 scFv-

CH1-Fc ranging from 0 to 1000 nM. Error bars depict standard deviations of the MFI values from triplicate stains.
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Discussion

The PB family of scFvs provides a novel means through which to target
B7H6-expressing tumor cells, enabling opportunities to focus and dir-
ect various types of immunotherapies in addition to the CAR T cell
application described here. Since these scFvs were evolved from a
human non-immune library and included only one round of mutagen-
esis targeting two to four mutations per scFv, they are presumed to
pose a decreased risk of immunogenicity than murine antibodies such
as TZ47. As with all antibodies, however, it cannot be ruled out that
immunogenic epitopes may have been introduced during affinity mat-
uration to either relatively quiescent human framework regions or
within the complementarity determining regions (Harding et al., 2010).
This possibility could be explored through experimental immunogen-
icity studies or computational epitope predictors (reviewed in Jawa
et al., (2013)), and various deimmunization (Jones et al., 2009; Parker
et al., 2010) or tolerization (De Groot et al., 2013) strategies may be
employed to mitigate risk, if necessary.

Although established protocols have been written on isolating
antigen binders from human scFv libraries (Chao et al., 2006), the
specific decisions involved for the selection strategy—e.g. the type of
selection, the amount of antigen, the gating strategy, the incorporation
of blocking agents, the timing of diversification steps—remain some-
what subjective. Many modifications to the selection strategy
described here could have potentially increased the efficiency with
which binders were isolated, including earlier incorporation of

blocking steps or alternating the use of diverse secondary reagents to
prevent the enrichment of clones specific for secondary reagents and
the eventual need for negative selections. Additional modifications
could have changed the diversity of resulting clones after selection: for
example, a less dramatic decrease in antigen concentration used in g2
selecting the g2.3 population may have resulted in a greater diversity
of final clones isolated from the library. Given the extent of diversity
observed at g1.7, the restriction of sequence diversity likely happened
at this stage. Thus, additional B7H6-binding clonal families likely
could have been evolved from the starting library employing even
slightly modified selection strategies, potentially resulting in isolation
of clones with additional epitope specificities.

Avidity considerations

All PB clones isolated from generation 2.5 exhibited similar binding
avidities to bivalent B7H6-Ig, with binding avidity KD values of
approximately 10–150 nM across yeast-displayed scFv titration
stains and soluble scFv-CH1-Fc binding assays, including measure-
ments by BLI and titration staining of antigen-expressing tumor
cells. Besides incorporation into Ab-based therapies such as CAR T
cells, whether PB clones may offer clinical benefit as monoclonal Ab
therapy remains an open question. While this avidity KD range indi-
cates weaker binding than the low nM-pM affinity typical of many
engineered monoclonal Ab therapeutics, it suffices for CAR T cell
activation in vitro where both CARs and B7H6 are expressed

Fig. 4 PB6-CAR T cell Activity. (A) Schematic diagrams of PB6- and TZ47-CAR constructs. H = Hinge, TM = Transmembrane domain, CYP = cytoplasmic domain.

(B) Histograms of fluorescence signal after staining with anti-CD19-PE detection reagents for CD19 expression. (C) In vitro activation of CAR T cells measured by

IFN-γ release in response to RMA-B7H6 target cells, negative control RMA cells, and no target cells for T cells transduced with empty vector, PB6 and TZ47

CARs. (D and E) Tumor cell cytotoxicity of CAR T cells measured by luciferase reporter assays in which target RMA (D) or RMA-B7H6 (E) cells express luciferase

as a marker of viability. Empty vector, PB6 and TZ47- CAR T cells were incubated with target cells at effector:target cell ratios of 0.5, 1 and 5:1. In all graphs,

error bars indicate standard deviations.
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multivalently on the surface of T cells and tumor cells, respectively.
In fact, typical immune effector cell surface receptors have KD values
for their ligands that can span the range from 100 nM to 1 μM.

Among mAb therapies, the optimal affinity and avidity range to bal-
ance tumor penetration (Thurber et al., 2008), cell internalization
(Ackerman et al., 2008) and tumor specificity (reviewed in Rudnick and
Adams (2009)) remains to be determined. Similarly, how the affinity of
extracellular targeting domains impact CAR therapy is unclear.
Previous work has attempted to elucidate how the affinity of an scFv
affects CAR T cell efficacy with respect to cytotoxicity and cytokine
production (Guest et al., 2005; Chmielewski et al., 2011; Haso et al.,
2013; Hudecek et al., 2013; Liu et al., 2015; Lynn et al., 2016).
However, many of these studies utilized separately generated scFvs with
different affinities targeting the same antigen, which may not recognize
the same epitope (Guest et al., 2005; Hudecek et al., 2013; Lynn et al.,
2016). Epitope differences among scFvs studied confound determination
of the specific role of the affinity of an scFv on CAR efficacy in these
studies. One major advantage of affinity maturation through yeast dis-
play is the ability to isolate scFv families such as the PB family described
here that target the same epitope with a range of affinities. Isolation of
such scFv families will enable better controlled experiments to assess the
role of affinity of scFvs used in CAR constructs while eliminating extra-
neous factors such as binding modes. Therefore, use of the PB family to
study CAR affinities can further expand on earlier investigations of
affinity-activity relationships and may enable a more fine-tuned
approach to the optimal design of CAR constructs.

Epitope considerations

We demonstrated specific activation of PB-based CAR T cells against
B7H6-expressing tumor cells and recognition of an epitope distinct
from those of the previously isolated TZ47 Ab and the native receptor
NKp30. Furthermore, these two scFvs target epitopes localized on two
different domains of B7H6. Targeting of these different regions may
have implications in potency of CAR T cells.

Studies have sought to optimize CAR designs to investigate how
CAR construction affects T cell activity. The length of the extracel-
lular domain of a CAR has been shown to influence CAR T cell
functional output and in vivo therapeutic efficacy (Guest et al.,
2005; Haso et al., 2013; Hudecek et al., 2013, 2015), which may be
due to target epitope accessibility or the orientation of effector and
target cell membranes. For example, TZ47’s membrane proximal
epitope in Domain I may be more challenging to access on the sur-
face of target cell membranes than the PB family’s membrane distal
epitope. Alternatively, the greater inter-membrane distance expected
between PB-based CAR T cell and target tumor cell membranes may
be less favorable resulting in less efficient activation (James et al.,
2008). These dynamics may play a more critical role in CAR T cell
efficacy when targeting tumors expressing low amounts of antigen,
as CAR T cells require a minimum amount of receptor-ligand inter-
actions to induce activity (Watanabe et al., 2015). Future studies
comparing equivalent avidity PB-, TZ47- and NKp30-based CAR T
cells targeting distinct epitopes may enable systematic studies into
such spatial contributions to CAR T cell potency.

Fig. 5 Epitope Characterization of TZ47 and PB scFvs. (A and B) Histograms depicting results of competitive staining of PB11 scFv-CH1-Fc with TZ47 (A) and

NKp30-Ig (B) on RMA-B7H6 cells. Solid colored lines indicate staining with 500 nM of a single reagent, dotted colored lines with an equimolar mixture of

reagents, and gray lines with secondary reagents (2ary) only. Results are presented for PB11, TZ47, and NKp30-Ig. (C) Structural representations of B7H6 are

shaded by positions at which Human B7H6 residues differed and were replaced by Macaque B7H6 residues in Chimera 1 (Domain I) and Chimera 2 (Domain II).

NKp30 is also shown as a ribbon diagram, with B7H6 residues <5 Å away highlighted in orange. (D) CAR T cell activation in response to Human, Macaque, and

Chimeric Hu-Mcq B7H6 expressing RMA cells is shown, in addition to controls for non-transduced RMA cells and no target cells. Colors indicate T cells that

were transduced with empty vector, TZ47-CAR, PB6-CAR and NKp30-CAR. Error bars depict the standard deviation of three technical replicates and are repre-

sentative of two biological replicates.
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Conclusions

These studies have demonstrated that PB-based CARs in mouse T cells
are specifically activated and induce cytotoxicity against mouse tumor
cell lines expressing human B7H6 in vitro. Though beyond the scope
of this study, we are pursuing studies to evaluate the efficacy of PB-
based CARs in human T cells and in vivo using mouse models. Future
studies comparing the efficacy of TZ47 and PB family B7H6-specific
scFvs will expand the knowledge of how to tune CARs to interact with
their binding partner to induce specific functional T cell responses.
Ideally, given the success of TZ47-based CARs in in vivo models (Wu
et al., 2015a, b) and the comparable binding and activation of TZ47-
and PB-based CARs, we anticipate that PB scFvs may offer clinical util-
ity as CAR T cell therapy in the future.

Supplementary data

Supplementary data are available at Protein Engineering, Design and
Selection online.
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