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B7-H3 (CD276) has emerged as a target for cancer immuno-
therapy by virtue of consistent expression inmanymalignancies,
relative absence from healthy tissues, and an emerging role as
a driver of tumor immune inhibition. Recent studies have
reportedB7-H3 tobea suitable target for chimeric antigen recep-
tor-modified T cell (CAR-T) therapy using CARs constructed
from established anti-B7-H3 antibodies converted into single-
chain Fv format (scFv). We constructed and screened binders
in an scFv library to generate a new anti-B7-H3 CAR-T with
favorable properties. This allowed access to numerous specific-
ities ready formatted for CAR evaluation. Selected anti-human
B7-H3 scFvs were readily cloned into CAR-T and evaluated for
anti-tumor reactivity in cytotoxicity, cytokine, and proliferation
assays. Two binders with divergent complementarity deter-
mining regions were found to show optimal antigen-specific
cytotoxicity and cytokine secretion.One binder in second-gener-
ationCD28-CD3zCAR format induced sustained in vitro prolif-
eration on repeat antigen challenge. The lead candidate CAR-T
also demonstrated in vivo activity in a resistant neuroblastoma
model. An empirical approach to B7-H3 CAR-T discovery
through screening of novel scFv sequences in CAR-T format
has led to the identification of a new construct with sustained
proliferative capacity warranting further evaluation.

INTRODUCTION
Immunotherapy in the form of chimeric antigen receptor (CAR)
T cell technology has yielded complete clinical responses and long-
term cures in many patients with otherwise refractory B cell malig-
nancies.1–3 Despite this progress, similar successes have not been
replicated in solid tumors for several reasons, including relative
absence of suitable antigen targets, and challenges of penetrance
and persistence in a solid tumor environment.4 Pediatric solid tumors
create additional challenges due to a sparsity of neoantigens and their
immunologically “cold,” hostile microenvironments.5,6

B7-H3 (CD276) is a target for CAR T cell therapy in both solid and
liquid malignancies arising in adults and children.7,8 A member of
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the immunoglobulin superfamily and the B7 family closely related
to PD-L1, B7-H3 is found on most pediatric solid cancers, with a pro-
pensity for increased expression on high-grade tumors but relatively
absent from healthy cells.7,9–14 The most common isoform of B7-H3
in humans is isoform 1 or 4Ig-B7-H3; however, alternate splicing can
result in the production of 2Ig-B7-H3 (isoform 2).9,15,16 B7-H3
evolved in its 4Ig form due to exon duplication, and its subunits
V1-C1 and V2-C2 are almost identical.17

When originally identified, B7-H3 was thought to be involved in
T cell activation, but over time the body of evidence points to its pre-
dominant role as an inhibitor of the innate and adaptive immune sys-
tem.9,18,19 The mechanism through which B7-H3 acts is poorly un-
derstood and, although some receptors have been implicated, no
study has conclusively identified the receptor or receptors through
which B7-H3 signals.20,21 In addition, B7-H3 is thought to have
non-immunological roles in cancer progression and high expression
is associated with increased invasion, metastasis, resistance to chemo-
therapy, and a poorer prognosis.22–25

Other anti-B7-H3 CAR T cell products have been reported and trans-
lated into clinical trials. These predominantly incorporate a single-
chain Fv fragment (scFv) adapted from a monoclonal antibody, such
as MGA271 and 376.96.26,27 Preclinical studies of anti B7-H3 CAR-T
using these antibody-adapted scFvs show their cytotoxic capacity
against a range of solid tumors in vitro and in animal models.7,12,14

Neuroblastoma is the most common extracranial solid tumor of
childhood. Although improvements have been seen in treatment,
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Figure 1. Anti-B7-H3 scFvs were identified that showed binding against plate bound and cell bound B7-H3

(A) Bacterial clones demonstrating an anti-B7-H3 response in screening were regrown and retested in triplicate. Following induction of scFv-myc production, bacterial

supernatant was tested in an ELISA against recombinant B7-H3 or PBS as a negative control. A commercial anti-B7-H3 and the serum from the immunizedmousewere used

as positive controls and a secondary only (anti-myc) as a negative control (mean and SD, n = 3). (B) The structure of the scFv-myc and scFv-Fc proteins. (C) Jurkat cells were

transduced with one of three isoforms of B7-H3: human 4IgB7-H3, human 2IgB7-H3, and artificial T-B7-H3. (D) The binding of scFv-Fc against different cell bound isoforms

of B7-H3. Representative 1 of 2.
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children with high-risk disease continue to have a poor prognosis
with a high rate of relapse and significant treatment-associated
morbidity.28 The 5-year survival in this group remains less than
50% despite aggressive multimodal therapy.29 Several phase I trials
of anti-GD2 CAR-T cell therapy in neuroblastoma patients have
collectively showed some clinical responses but these were short lived.
Importantly, the therapy was well tolerated, and no severe toxicity
was noted, identifying CAR-T as a promising approach for neuroblas-
toma but requiring further refinement.30

Since scFvs used in CARs are typically adapted from existing mono-
clonal antibodies and the binding kinetics and spatial aspects of anti-
gen binding sites governing a successful CAR are poorly understood,
we set out to screen libraries of scFvs to identify an optimal binder
for anti-B7-H3 CAR-T. From a panel of 17 anti-B7-H3 scFvs, we
selected a lead binder, TE9. Using in vitro assays, we identified a sec-
ond-generation CAR structure TE9-CD8 hinge-transmembrane
(H/Tm)-CD28-CD3z as having optimal anti-tumor effects against
neuroblastoma cell lines. In repeat challenge and animal studies
this CAR showed tumor retardation and penetrance superior to an
anti-GD2-CAR recently used in clinical trial in neuroblastoma.
430 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
RESULTS
Development of novel anti-B7-H3 antibodies in single-chain

format

The targeting of B7-H3 cancer antigen by T cells engineered to ex-
press CARs has shown great promise in preclinical models and is be-
ing translated into clinical studies. Thus far, most studies have used
repurposed antibodies in which scFvs have been derived from existing
monoclonal antibodies. To generate novel B7-H3 binders potentially
more finely tuned for CAR-T applications, our strategy was to screen
scFvs derived from a phage library by panning with human B7-H3,
and then cloned directly into CAR-T format for empirical compari-
son of CAR-T effector function (Figure S1). The size of the immu-
nized library and the panned libraries were estimated by serial dilu-
tion (Figure S1D).

Seventeen binders were identified by ELISA screen (Figure 1A) and
sequence analysis indicated a high degree of diversity (Figure S2).
Ten scFvs were selected for production in scFv-Fc format based on
binding to plate bound B7-H3 in ELISA and genetic heterogeneity
of the clones. Of 10 scFv-Fc fusion proteins, 5 (TE9, TC6, BH6,
TF9, and BF9) were selected for further evaluation in CAR-T format
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based on the pattern of strength and specificity of binding to B7-H3
isoforms (isoform 1, isoform 2, or the artificially truncated isoform
T-B7-H3 that had been used as the immunogen) by flow cytometry
(Figures 1B–1D). Binding to the 4Ig version (isoform 1) was particu-
larly important in selection of binders since it is the predominant
human isoform. Five other scFvs showed less cell-bound B7-H3-spe-
cific binding and were not taken forward (Figure S3A). Three of the
anti-B7-H3 binders (TE9, TC6, and TF9) bound to both human iso-
forms of B7-H3. BF9 showed equivocal binding to 2Ig-B7-H3 and
BH6 showed specificity for 4Ig-B7-H3 (Figure 1D). The binders,
TE9, TC6, and BH6 were produced in whole-antibody format. These
antibodies showed specific binding against B7-H3 but not against
other members of the human B7 family in ELISA (Figure S4B).
BH6 bound both human and mouse B7-H3, but TE9 and TC6 were
specific for human and cynomolgus monkey (Figure S4). TE9 and
BH6 in whole-antibody format showed similar antigenic specificities
to neuroblastoma and synthetic cell lines as commercial anti-B7-H3
monoclonal antibodies. Whole-antibody BH6 showed specificity for
4Ig-B7-H3 (Figure S5).
B7-H3 binders in CAR-T format display a range of antigen-

specific effector function

The five candidate scFv sequences were evaluated for ability to confer
antigen-specific T cell function in second-generation CD8H/Tm-
CD28-CD3z (28z) CAR format comprising the CD8a H/Tm
sequences and CD28 and CD3z signaling domains (Figure 2A).
CARs were evaluated for effector function by culturing with neuro-
blastoma cells naturally expressing B7-H3 and assessing cytotoxicity
and cytokine secretion (Figures 2B–2D). All five CAR-T constructs
showed adequate transduction efficiency in human T cells (Fig-
ure S3B). Two binders (TE9, TC6) showed significant cytotoxicity
specific for B7-H3-expressing target cells in 4-h killing assays (Fig-
ure 2B) and they also showed the greatest degree of cytokine response
to neuroblastoma targets. CARs expressing the anti-B7-H3 binders
TF9, BF9, and BH6 did not demonstrate significant cytotoxicity or
cytokine production in short-term co-cultures (Figures S3C and 2D).

To determine how CARs behaved during longer-term co-cultures,
they were evaluated as CAR-T in a repeat antigenic challenge assay
during which CAR-T cells received four stimulations of irradiated
tumor cells over 4 weeks. Three of our anti-B7-H3 binders were
compared with the FMC63 anti-CD19 CAR-T constructs. These
experiments showed that TE9-28z and CD19-28z CAR-T cells had
sustained capacity to produce IL-2 in response to a fourth rechallenge
with B7-H3-positive leukemia cells, while TC6 and BH6 CAR-T cells
had become non-responsive by the fourth stimulation (Figure 2E).
Figure 2. The anti-B7-H3 CAR-T cell shows T cell effector functions similar to

(A) The second-generation CAR design used in this study incorporating the CD8 H/Tm

against isogenic B7-H3 ± cell lines and LAN-1 cells. Comparison made with anti-GD2 C

0.05, ****p < 0.0001). (C) B7-H3 andGD2 antigen density of cell lines used in the studym

were cultured with LAN-1, Kelly, or no antigen stimulus for 18 h. IL-2 and IFN-gwere me

% 0.001). (E) Antigen-specific cytokine response at the end of the tumor rechallenge

stimulation). Mean and range of data are from two donors. Each sample analyzed onc
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We noted that the IL-2 response at day 9 was only modest against
these leukemia targets, but given strong responses against neuroblas-
toma and strong IL-2 response by fourth rechallenge, the TE9 binder
was therefore selected for further optimization of CAR-T function.
CD28 costimulation and CD8 H/Tm impart sustained cytokine

production to TE9 CAR-T cells

We next compared CD28 and 4-1BB endodomains combined with a
CD8 H/Tm (Figure 3A) by assaying effector function against B7-H3-
expressing neuroblastoma cells. Transduction efficiency between 20%
and 80% was observed with the two constructs (Figure 3B). Following
an 18-h co-culture of CAR-T cells with neuroblastoma target cells,
cytotoxic degranulation as determined by CD107a as well as upregu-
lation of CD25 and CD69 activation markers following addition of
targets, was non-significantly higher in CD28z than 4-1BBz con-
structs (Figure 3C). CD28z CAR-T cells did display significantly
higher levels of CD69 and CD107a compared with untransduced
T cells, which 4-1BBz constructs did not (Figure 3C). In short-term
co-cultures, TE9-28z generated more interferon-g (IFN-g) and
significantly greater IL-2 than its 4-1BB counterpart (Figure 3D).
4-1BB endodomains in CAR-T cells have been well described to
confer ability for longer-term effector function on antigen rechal-
lenge.31 We therefore assessed cytokine production following rechal-
lenge with neuroblastoma cells 7 days after initial antigenic challenge.
Here, the TE9-BBzCARs induced lower levels of both IL-2 and IFN-g
(Figure 3E). The greater activation with the CD28 endodomain was
reflected in greater upregulation of activation/exhaustion markers
(Figure S6).

Previous studies have indicated that a CD28 H/Tm confers
greater sensitivity to target antigens than CD8 H/Tm.8,32 We therefore
compared TE9-28zwith these twoH/Tm arrangements, both of which
were expressed onTcells at similar levels (Figures 4Aand 4C).We stim-
ulated the respective CAR-T constructs with decreasing concentrations
of recombinant B7-H3 and demonstrated only a marginal enhanced
IFN-g and IL-2 response of the CD28 H/Tm construct, which was
most marked for IFN-g and at lowest antigen concentrations (Fig-
ure 4B). These proof-of-concept data encouraged us to evaluate cells
of known andmore physiologically relevant ranges of B7H3 expression.
We therefore next evaluated cytokine production after 18 h co-culture
with neuroblastoma cells LAN-1 and Kelly which have different levels
of B7-H3 expression, andK562 cells which have a low expression of B7-
H3 (Figure 2C). In addition, we evaluated cytokine production and pro-
liferation after 7 days incubation followed by an antigen rechallenge,
with cytokine analysis 24 h later. No statistically significant difference
was noted between the CARs, both of which demonstrated
anti-GD2 and anti-CD19 CAR-T cells

and the CD28-CD3z endodomains. (B) Cr51 cytotoxicity assay of lead CAR-T cells

AR-T cells against isogenic GD2 ± cell lines and LAN-1 (mean and SD, n = 3; ns pR

easured using a Quantbrite antigen quantification kit (BD Bioscience). (D) CAR-T cells

asured in supernatant by ELISA (mean and SD, n = 3–5; *p% 0.05, **p% 0.01, ***p

assay at day 9 (24 h after second stimulation) and day 26 (24 h after the fourth

e in duplicate.



Figure 3. TE9-28z CAR T cells show superior cytokine production compared with TE9-41BBz CAR T cells

(A) Diagram of the second-generation CD28-CD3z and 4-1BB-CD3z CAR constructs used in this study. (B) Transduction efficiency of TE9-28z (mean and range, n = 6) or

TE9- 41BBz (mean and range, n = 3). (C) CAR-T cells or untransduced cells were cultured with cells containing antigen targets (LAN-1 or Kelly) or no antigen targets

(unstimulated) for 18 h. Cells were stained for CD107a, CD69, and CD25 (mean and range, n = 3; *p% 0.05, **p% 0.01, ****p < 0.0001). (D) CAR-T cells or untransduced

cells were cultured with LAN-1 or Kelly target cells or no antigen stimulus for 18 h. Cells were pelleted and supernatant used in ELISA compared with standard values of IL-2 or

IFN-g (mean and range, TE9-28z, untransduced, n = 6. TE9-BBz, n = 3; *p % 0.05, ****p < 0.0001). (E) CARs and untransduced T cells were cultured with LAN-1 or Kelly

targets, or US for 7 days then re-stimulated with fresh antigen targets and incubated for a further 24 h. IFN-g and IL-2 production were measured using ELISA (mean and

range, n = 3; ***p % 0.001, ****p < 0.0001).
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antigen-specific effector function, although the CD28 H/Tm led to
higher mean IFN-g response in the presence of the B7-H3-low K562
cells (Figures 4D–4F). Similarly in short-term killing against LAN-1,
there was non-significant increased cytotoxicity with the CD8 H/TM
(Figure 4G). Hence, in contrast to work with other binders, in our
hands, the CD28 H/Tm only provided marginal increased sensitivity
to low antigen target. Healthy cells may express low levels of B7-H3 re-
sulting in on target:off tumor toxicity. Given the minimal increase in
function observed using the CD28H/Tm, the decision was made
continue with the CD8H/Tm this construct was felt to give the best bal-
ance of efficacy and safety.
TE9 shows comparable levels of cytokine secretion,

cytotoxicity, and proliferation to other anti-B7-H3 scFvs

TE9 was benchmarked against two other anti-B7-H3 scFvs used in the
literature in CAR format; MGA271 and 376.96.7,12,14 These scFvs
were cloned into the SFG CAR backbone with a CD8H/Tm-CD28-
CD3z format for exact side-by-side comparison with TE9-28z (Fig-
ure 5A). Cytotoxicity was assessed against LAN-1 cells in a chromium
release assay and no significant difference was seen between the three
scFvs (Figure 5B). CAR-T cells and untransduced cells were cultured
with neuroblastoma cell lines or no antigen stimulus for 18 h. Cell su-
pernatant was collected for analysis of IL-2 and IFN-g production
Molecular Therapy: Oncolytics Vol. 26 September 15 2022 433
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with ELISA, and cells were stained for T cell activation markers CD25
and CD69 and the degranulation marker CD107a (Figures 5C and
5D). All three CAR show similar levels of cytokine production and
activation. Although some significant differences were noted between
the CAR-T cells and the untransduced cells, no significant differences
were noted between the CAR-T constructs themselves.

CAR-T cells and untransduced cells were stained with CSFE and
cultured with neuroblastoma targets for 7 days and then re-stimulated
with a fresh antigen-positive target cells. Proliferation was measured
using CSFE dilution on the flow cytometry and cell supernatant was
collected for evaluation cytokine production with ELISA (Figures 5E
and 5F). Again, CAR-T cells showed similar levels of proliferation and
cytokine production with some significant differences compared with
untransduced T cells, but no differences were noted between the
CARs themselves. It is not possible to extrapolate from this data
how TE9 would compare with the optimized MGA271 and 376.96
CAR-T cells as changes in the backbone and key components will
affect CAR function. MGA271 CAR-T cells have predominantly
been tested with 41BB-CD3z endodomains, for example, Theruvath
and co-workers.12,14 However, these data suggest that, in our hands,
TE9-28z has a similar level of function to other anti-B7-H3 CAR-T
cells in short-term in vitro assays.

TE9-28zwithCD8H/Tmshowsenhanced long-termproliferation

in in vitro testing and effector function in an in vivo

neuroblastoma model

We confirmed that TE9 with CD8 H/Tm was effective in long-term
stimulation in stress conditions by challenging at weekly intervals
with irradiated neuroblastoma cells and comparing with CAR-T
cell survival of an anti-GD2 second-generation CAR that has been
shown to have clinical function but limited in vivo persistence.30 Pre-
vious work has demonstrated that incorporation of IL-2 receptor b
chain into second-generation anti-CD19 CAR endodomains, com-
bined with mutation of CD3z residues to enhance STAT3 phosphor-
ylation, leads to longer-term persistence.33 We evaluated whether
these modifications could enhance persistence to the TE9 anti-B7-
H3 CAR-T cells in response to neuroblastoma challenge (Figure 6).
We assessed response to both Kelly and LAN-1 neuroblastoma targets
that express similar antigen levels of both GD2 and B7-H3 (Fig-
ure 2B). While the anti-GD2 CAR-T cells failed to expand or to pro-
duce cytokines after the second stimulation, the TE9-28z CAR-T
persisted for 4 weeks and continued to generate both IL-2 and IFN-
Figure 4. Second-generation CAR T cells with a CD28 H/Tm show superior cyto

(A) A schematic of the second-generation TE9-CAR T cells with the CD8 and CD28 H

containing either a CD8 H/Tm or a CD28 H/Tm or untransduced. T cells were incubated

analyzed for cytokine production (mean with range, n = 3; **p% 0.01, ****p < 0.0001). (C

n = 6). (D) TE9 CAR T cells with either a CD28 H/Tm or CD8 H/Tm were incubated with L

cytokine production using ELISA (mean and range, n = 6; **p % 0.01, ****p < 0.0001).

antigen targets. Supernatant from 7-day co-cultures was used to quantify cytokine prod

either a CD28H/Tm or CD8H/Tmwere stained with CSFE and incubatedwith LAN-1, Ke

proliferation against different targets (representative 1 of 3). The DMFI (median fluoresce

compared with the unstimulated untransduced control (mean and range, n = 3; **p %

untransduced T cells were evaluated for cytotoxicity against LAN-1 target cells in a chr
g at levels significantly above background (Figure 6). In our hands,
the addition of the cytokine signaling domains was consistently infe-
rior to conventional second-generation TE9-28z cells for both persis-
tence and cytokine production (Figures 6 and S7).

Although Kelly cells have a lower level of antigen expression than
LAN-1 cells (Figure 2C), TE9-CD28z CAR-T cells and TE9-IL2R
CAR-T cells produced similar levels of cytokines when cultured
with either cell line and show greater proliferation in culture with
Kelly. This could be because LAN-1 cells are more inhibitory than
Kelly cells, suppressing T cell effector function, or it could be because
cells cultured with a moderate level of target antigen are less prone to
exhaustion. Further testing looking at T cell dysfunction in the form
of exhaustion markers and metabolic function could be used to inves-
tigate this further.

To determine if the long-term persistence of TE9-28z during repeat
stimulation in stress conditions translated into effective in vivo func-
tion we used the LAN-1 subcutaneous neuroblastoma model, which
we demonstrated previously to have been resistant to growth inhibi-
tion by GD2-28z CAR-T cells using the same GD2 CAR construct
that we have recently demonstrated to lead to short-term clinical ac-
tivity in patients (Figure S8).30 To provide further comparative data
on CD28 versus 4-1BB endodomains in the context of longer-term
CAR-T function than had been evaluated in vitro, the two endodo-
mains were compared side by side. Mice treated with TE9-28z
CAR-T cells showed enhanced survival and shrinkage of small estab-
lished tumors compared with TE9-BBz- and anti-GD2 CAR-T-
treated mice (Figure 7). We did not observe reduction in B7-H3 or
GD2 antigen expression in treated mice, and hence have not found
evidence that antigen loss could account for treatment failure, albeit
in the context of a single model evaluated (Figure 7F). Blood, spleen,
and tumor samples were harvested when tumors reached a threshold
size or at the end of the experiment. Samples from all mice were pro-
cessed; however, one mouse treated with TE9-28z had no detectable
tumor at the end of the experiment and samples from one mouse
treated with TE9-BBz had to be discarded due to a processing error.
Samples with <100 human CD45 cells were not included as numbers
were felt to be too low to be accurate. Human CD45 cells were then
further evaluated for CAR+ cells through staining for the detection
marker CD34. Data are presented as total number of CAR-T cells
in each respective organ. Higher total numbers of CAR+ cells were
seen in the blood and spleen of mice treated with TE9-BBz while
kine production and proliferation in the presence of low antigen expression

/Tm. (B) Cytokine production by T cells transduced with second-generation CARs

overnight with different concentrations of plate bound B7-H3 and the supernatant

) The transduction efficiency of TE9-CD8 St and TE9 CD 28 H/Tm (mean with range,

AN-1, Kelly, K562, or no antigen stimulus for 18 h. Supernatant was used to quantify

(E) After 7 days of co-culture, T cells were re-stimulated with fresh target cells or no

uction using ELISA (mean and range, n = 4; ****p < 0.0001). (F) TE9 CAR T cells with

lly, K562, or no antigen stimulus for 7 days. Histograms show dilution of CSFE due to

nce intensity) was calculated as the difference between the MFI of the test condition

0.01, ***p % 0.001). (G) CAR T cells with the CD8 and CD28 H/Tm domains and

omium release assay (mean and SD, n = 3).
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Figure 6. TE9-28z shows superior expansion and cytokine production in long-term assays compared with GD2-28z

CAR T cells were transduced with TE9-28z (TE9), TE9-28-ILR2z (TE9-ILR2), or GD2-28z (GD2). (A) A schematic of the CAR T cells used in this study. (B) CAR T cells or

untransduced cells were cultured with either LAN-1, Kelly, or no antigen stimulus. Each week, cells were given a fresh antigen stimulus, cultured for a further 24 h then

analyzed. The production of IFN-g and IL-2 was determined using ELISA after each antigen stimulus (mean and range, n = 4; *p % 0.05, **p % 0.01, ***p % 0.001,

****p < 0.0001). (C) The proliferation as measured by the fold change of CD3+ cells measured using flow cytometry. The significance is shown between cell numbers on day

28 (mean with range, n = 4; **p % 0.01, ***p % 0.001, ****p < 0.0001).

www.moleculartherapy.org
only 1/5 of tumors of TE9-BBz-treated mice had detectable CAR-T
cells. In contrast, detectable numbers of CAR-T cells were seen in
4/5 of tumors inmice treated with TE9-28z (Figure S9). This may sug-
gest better penetrance and/or survival into LAN-1 tumors in mice
treated with this CAR, although more work is needed to investigate
this further. Taken together, the data indicate the ability of TE9-28z
CAR-T cells to effect tumor shrinkage of an established and treatment
Figure 5. TE9 is comparable with two previously described anti-B7-H3 scFvs i

(A) CD28-CD3z CAR T cells were produced with the anti-B7-H3 scFvs MGA271 and 37

using a chromium release assay against LAN-1 target cells (mean with SD, n = 3; ****p <

no target cells (unstimulated) for 18 h. ELISA of cell supernatant was used to meas

****p < 0.0001). (D) T cells or untransduced T cells were cultured with LAN-1, Kelly, or n

CD25, CD69, and the degranulation marker CD107a as a proxy for cytotoxicity. TheMFI

****p < 0.0001). (E) CAR T cells or untransduced T cells were stained with CSFE and cultu

measured using flow cytometry. The histogram is representative 1 of 3. The bar chart

0 (mean with SD, n = 3; *p% 0.05, ***p% 0.001, ****p < 0.0001). (F) CAR T cells or untra

stimulated with fresh antigen targets. Twenty-four hours after re-stimulation, cell superna

with SD, n = 3; **p % 0.01, ***p % 0.001, ****p < 0.0001).
refractory neuroblastoma model without evidence of the emergence
of antigen loss variants.

DISCUSSION
We successfully identified 17 unique scFvs following panning of li-
braries derived from splenic RNA from immunized mice. The li-
braries following immunotube panning and bead panning were of a
n in vitro models

6.96. (B) Cytotoxicity of anti-B7-H3 CAR T cells or untransduced T cells measured

0.0001). (C) CAR T cells or untransduced T cells were cultured with LAN-1, Kelly, or

ure IFN-g and IL-2 production (mean with SD, n = 6; *p % 0.05, ***p % 0.001,

o target cells (unstimulated) for 18 h. Cells were stained for T cell activation markers

wasmeasured using flow cytometry (mean with SD, n = 3; **p% 0.01, ***p% 0.001,

red with LAN-1, Kelly, or no target cells for 7 days. At the end of 7 days, the MFI was

shows the change in MFI from untransduced, unstimulated cells, which is taken as

nsduced T cells were cultured with LAN-1, Kelly, or no target cells for 7 days then re-

tant was collected for quantification of IFN-g and IL-2 production using ELISA (mean
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Figure 7. In vivo testing of TE9-28z, TE9-BBz, and ⍺GD2-28z

Mice treated with TE9-28z show increased survival and reduced tumor growth compared with other groups. (A) Experiment plan. (B) IVIS imaging. (C) Survival curve showing

percentage of overall survival: analyzed and found to be significant using log-rank (Mantle-Cox) test (**p% 0.01). (D) Region of interest (ROI) measurements taken at weekly

IVIS imaging (photons/second/cm2/sr). (E) Main graph: largest tumor diameter (mm) measured with digital calipers. Insert: representation of tumor size at day 50 (mean, n = 6;

*p % 0.05, **p % 0.01). (F) Antigen expression after treatment as illustrated by the MFI of fluorophores used to stain antigens in tumor samples (mean and range, mice in

untransduced, and anti-GD2-28z groups, n = 6. Mice in TE9-28z group n = 5).
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similar, relatively small size (Figure S1D). Although optimal diversity
of a library for the generation of binders is not known, in theory, a
greater diversity allows a greater range of epitope targets to be iden-
tified.34,35 However, some sequence convergence is observed
following high-throughput library screening, in part due to survival
advantages conferred to the phage by the plasmid, and in part due
to specific recognition of epitopes used in the screening platform.
Moreover, some studies suggest that complementarity determining
region-H3 diversity, usually considered important to antibody
response, is not necessary to generate functional binders in phage
display libraries.36,37 In this study, the identification of a range of
scFvs that could be taken forward for further testing, and at least
two binders that function as CAR T cells, suggest that the panned li-
braries were sufficiently diverse for our purposes (Figures 1 and S2).

Ten scFvs were taken forward into scFv-Fc protein format, and
showed a range of B7-H3-specific binding to cell bound B7-H3
(Figures 1D and S3A). Five of these were selected for testing in
CAR-T cell format. Despite specific binding to cell bound B7-H3,
only two scFvs, TE9 and TC6, showed anti-tumor activity in
CAR-T cell format, as assessed by cytotoxicity and cytokine produc-
tion (Figures 2B, 2D, and S3C). Further work is needed to understand
the mechanics of why scFvs with apparent similar binding have very
different function when applied to CARs. We hypothesized that the
optimal binding kinetics for antibody binders are not the same as
those for CAR-T cells due to the different spatial constraints, and it
is possible that the binding sites for “CAR-resistant” scFvs prevent
immune synapse formation.38,39 Similarly, CAR receptors are known
to function as dimers, with dimerization largely defined by their
H/Tm and transmembrane domains.32,40 Again, the geometry of
the binding site for these scFvs may obstruct dimerization and reduce
function. The second-generation CARs tested in our study comprise
an scFv, H/Tm, and an intracellular domain. Each of these modules
can influence CAR performance.41 It is possible that modifications
to these, particularly to the H/Tm domain, may have improved the
function of CARs not taken forward for further analysis. Having iden-
tified two scFvs capable of similar levels of cytotoxicity as a previously
optimized CAR, we proceeded to test CAR function in other ways.

CAR T cell therapy has been tested in pediatric neuroblastoma and,
although clinical trials have generally found the treatment safe, no
sustained responses have been reported.30,42 In this study, we chose
to focus on the neuroblastoma cell lines LAN-1 and Kelly for two
reasons. Firstly, they display different levels of antigen to each other
yet very similar levels of B7-H3 and GD2, which allowed us to
benchmark our CAR-T cells against the anti-GD2 CAR, which
showed objective clinical response in a recent trial.30 Secondly, neu-
roblastomas and their derived cell lines are known to create inhibi-
tory environments.43–45 We wanted to identify a model that was
resistant to treatment allowing better discrimination between alter-
nate CAR-T for clinical translation. The inhibitory effects of
LAN-1 can be seen as inhibition of killing and proliferation of un-
transduced T cell controls compared with control conditions
(Figures 2B, 4F, and 5E).
Despite showing limited clinical response, the anti-GD2 CAR did not
show efficacy against the in vivo LAN-1 model (Figures 7, S8, and S9)
in contrast with TE9-28z, which was effective, although sustained
control was only observed in 1/6 of mice at the end of the experiment
(Figure 7). Furthermore, there was no evidence of antigen loss
following TE9-28z CAR-T cells treatment in 4/5 of mice, suggesting
that T cell persistence is an early cause of CAR T cell failure in this
model (Figures 7F and S9). For clinical success, CAR-T cells need
to overcome the inhibitory tumor environment, and lack of CAR
T cell persistence is a known reason for treatment failure.4 We tested
our CAR-T cells in two different long-term or stress assays. When
comparing with the FMC63 anti-CD19 CAR-T construct, by the
end of 4 weeks only TE9-28z the anti-CD19 CAR-T cells were capable
of IL-2 production in response to antigen stimulation. Of note, hema-
tological malignancies, especially leukemias, may display differences
in their microenvironment compared with solid tumors that influ-
ence T cell persistence.46 TE9-CD28 CAR also maintained signifi-
cantly greater proliferation over 4 weeks of re-stimulation compared
with the anti-GD2-CAR.30 This was the primary reason TE9 was
selected as our lead binder.

Further modifications to the CAR structure were made to enhance
T cell persistence in the form of the 4-1BB costimulatory endodomain
and a truncated ILR2 endodomain with a mutated CD3z domain
(Figures 3A and 6A). As described, in our hands, the TE9-ILR2
CAR did not show superiority over TE9-28z and was not taken for-
ward for further evaluation.33 4-1BB is associated with reduced
exhaustion and enhanced persistence in second-generation CAR-T
cells.31 Against the neuroblastoma cell lines included in this study,
TE9-BBz showed some anti-tumor activity at the early time point
of 18 h but minimal cytokine production at 7 days (Figure 3). Consid-
eration was given to long-term in vitro assays, but the decision was
made to proceed directly to in vivo testing instead for more definitive
results. TE9-BBz CAR-T cells showed greater persistence in the blood
and spleen compared with the other CARs, but CAR-T cells were only
detectable in the tumors of 1/5 of mice and no growth retardation or
survival advantage was noted in the TE9-BBz treatment group (Fig-
ures 7 and S9). It is possible that the fast-acting CD28 endodomain
is necessary to overcome the inhibitory microenvironment created
by LAN-1 cells. Further work, including looking at the functionality
and exhaustion profile of T cells found in the tumor microenviron-
ment, is needed to test this hypothesis.

Further modifications to TE9 included testing of the CD28 H/Tm
domain, which is known to improve effectiveness against low antigen
density targets.8,40 We substituted the CD8 H/Tm to the CD28 H/Tm
and showed increased sensitivity of CAR-T cells against low levels of
plate-bound antigen and low-density cell lines, particularly in the
context of IFN-g secretion. Although our findings supported previous
work, the extent of enhanced function with CD28 H/Tm was of
modest magnitude, suggesting that other factors, such as the scFvs,
also impact antigen sensitivity. The optimal CAR must strike a bal-
ance between targeting malignant cells, which often display heteroge-
neous levels of target antigens and avoiding healthy cells, which may
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display antigens at low levels. As our CD8 H/Tm displayed good
levels of activity against antigen-dim tumor cells, we elected to
move forward with this structure as we deemed this the safest
approach without a large compromise in efficacy.

Other anti-B7-H3 scFvs have been adapted from anti-B7-H3 anti-
bodies and used to generate anti-B7-H3 CAR-T cells. Such scFvs
include MGA271 and 376.96.7,14 Both these CAR-T cells have shown
in vivo activity against B7-H3-positive tumors and are currently being
evaluated in clinical trials. We cloned these scFvs into our CD8H/Tm-
CD28-CD3z and compared their function against that of TE9 in
short-term in vitro assays (Figure 5). In such tests, all three CAR-T
cells perform similarly, and little difference is noted between the
CARs. When described in the literature, both MGA271 and 376.96
will have been tested in their optimal structures. For example,
MGA271 is usually tested with the 4-1BB-CD3z endodomains.12,14

Therefore, it is difficult to comment on relative utility of alternate
scFvs without further testing, but it is of encouragement that TE9-
28z performs at least as well in our hands.

In this study, we successfully used phage display technology to iden-
tify a range of scFvs that could be rapidly tested in CAR format. Hav-
ing established a lead scFv, we could then test further modifications to
the CAR structure. Given the need for new treatments, particularly
for childhood solid tumors like neuroblastoma, the ability to rapidly
evaluate preclinical modifications may increase the pace at which
therapies can be translated into the clinical setting. Furthermore,
we have identified a new anti-B7-H3 scFv that demonstrates
in vitro persistence and in vivo tumor control and penetrance, war-
ranting further evaluation.

MATERIALS AND METHODS
Cells and culture conditions

Cell lines used in this study were obtained from the following sup-
pliers: Jurkat (ATCC), 293 T (ATCC), CHO (Thermo Fisher Scienti-
fic), MEXi 293E (IBA), 293F (Thermo Fisher Scientific), LAN-1
(ECACC), Kelly (gift from Andrew Stoker, UCL), SupT1 (ECACC),
and K562 (gift from Bobby Gaspar, UCL). CHO were cultured in
CHO culture medium (Gibco) + 8 mM GlutaMAX (Gibco) +
0.4 mM hypoxnthine + 0.32 mM thymidine (Gibco). MEXi 293E cells
were cultured inMEXi cultivationmedium (IBA) + 50mg/L geneticin
and 8 mM GlutaMAX. 293F cells were cultured in Freestyle 293
Expression medium (Thermo Fisher Scientific). All three of these cells
were cultured at 37�C in 5% CO2 in an orbital shaker. A temperature
of 32�C was used for protein production. A total of 293 T cells were
grown in IMDM (Sigma) with 10% FCS (Gibco) and 100 U penicillin/
0.1 mg streptomycin/L. They were grown at 37�C in 5% CO2. The
remainder of the cells were grown in RPMI (Sigma) + 10% FCS
100 U penicillin/0.1 mg streptomycin/L at 37�C in 5% CO2.

g-Retroviral transduction

A total of 293 T cells were plated at 1.5� 106, 24 h before transfection.
Cells were transduced using GeneJuice (Merck) with gene of interest
expression cassette and helper plasmids env (RD114), gagpol
440 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
(PegPam-env). Supernatant-containing retrovirus was harvested at
48 and 72 h. For stable transduction, target cells were plated on
24-well plates coated in retronectin (Takara) and incubated with
retroviral supernatant for 72 h.

Production of the B7-H3 phage display library

Jurkat cells were stably transduced using g-retroviral transduction to
produce recombinant B7-H3-mouseFc protein. Protein was produced
in a bioreactor and purified on protein A columns. Three BALB/cJ
mice were injected with recombinant protein. Serial serum extrac-
tions confirmed seroconversion by flow cytometry. Splenic mRNA
was extracted using RNeasy Mini Kit (QIAGEN). mRNA was reverse
transcribed (Superscript III Reverse Transcriptase, Invitrogen) and
then amplified via PCR (Amplitaq Polymerase, Applied Biosystems).
Further PCR reactions were used to connect heavy- and light-chain
DNA with a serine glycine linker. Amplified DNA was first cloned
into an intermediary pSP73 vector before being cloned into the
pHEN vector. E. coli were transduced using electroporation.

Panning of the B7-H3 library

4Ig-B7-H3 cDNA was purchased (Sinobiological) and cloned into
two vectors to produce B7-H3-Histag and B7-H3-Streptag. CHO cells
and MEXi293E cells, respectively, were transiently transduced with
these constructs. Cells were cultured until there was a drop in their
viability and protein filtered from cell supernatant using HiTrap
MabSelect Protein-A Columns (Cytiva) or Strep-Tactin XT:Twin
Strep-tag purification columns (IBA).

2TY medium was inoculated with E. coli. Bacteria were cultured until
the OD was 0.5. Bacteria were infected with the M13KO7 Helper
Phage (New England Biolabs) and incubated overnight. Bacteria
were removed by centrifugation and phage particles in the superna-
tant precipitated with PEG 600/2.5 M NaCl. After washing, the phage
were re-suspended in sterile water.

Immunotubes were incubated with B7-H3-Histag andMagStrep “type
3” XT beads (IBA) were incubated with B7-H3-Streptag overnight at
4�C to coat tubes/beads. Tubes/beads were washed �3 in PBS and
blocked by incubating with Marvel Milk for 2 h at room temperature.
Precipitated phage was blocked with Marvel Milk separately. Tubes/
beads were washed�3 with PBS. Blocked phage was applied to coated
and blocked tubes and incubated for 2 h at room temperature. Tubes/
beadswerewashed, andboundphagewas elutedwith1mL100mMtrie-
thylamine. Eluted phagewas incubatedwith TG1 E. coliwith anOD0.5
for 40 min. Bacteria were pelleted and plated on agar plates.

Selection of anti-B7-H3 scFvs

Selected colonies from panned libraries were grown in 96-well plates.
Positive binders were identified using ELISA against immobilized re-
combinant B7-H3. Bound scFv-myc was detected with anti-myc
(Sigma) followed by an anti-rabbit HRP (Sigma). Selected binders
were cloned into scFv-Fc format in a pcDNA3.1 expression vector.
293F cells were transiently transfected with PEI (Sigma). Cells were
cultured until viability dropped and supernatant was harvested.
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Protein was purified on HiTrap MabSelect Protein-A Columns (Cy-
tiva). Purified, diluted protein was used to stain cell bound B7-H3 on
Jurkats and the binding analyzed using flow cytometry.

Production of B7-H3-positive Jurkat cells

A truncated B7-H3 (T-B7-H3) in an SFG g-retroviral expression
cassette was a gift from Karin Straathof (UCL). A 4Ig-B7-H3 isoform
of B7-H3 was purchased (Sinobiological) and cloned into a g-retro-
viral expression cassette. 4Ig-B7-H3 was digested to produce 2Ig-
B7-H3. Retroviral transduction was used to stably transduce Jurkat
cells with each of these three isoforms of B7-H3.

PBMC and T cell isolation

Leukapheresis cones were acquired from NHS Blood and Transplant.
PBMCs were separated through ficoll centrifugation using Lympho-
prep (STEMCELL Technologies). PBMCs were washed and residual
red cells lysed with ACK Lysis buffer (Thermo Fisher Scientific).
NK cells were depleted using magnetic CD56 depletion beads (Milte-
nyi Biotec) and LD depletion columns (Miltenyi Biotec).

Generation of CAR-T constructs

Geneblocks for each of the anti-B7-H3 CAR-T cells were designed and
cloned into a previously described expression vector scFv-CH2-CH3-
CD28-CD3z g-retroviral CAR expression cassette with an RQR8
marker gene for selection/elimination based on CD34 expression,47 us-
ing restriction sites at the 3ʹ and 5ʹ ends of the CAR (Thermo Fisher
Scientific). These geneblocks included TE9-CD8H/Tm-CD28-CD3z,
TC6-CD8H/Tm-CD28-CD3z, TF9-CD8H/Tm-CD28-CD3z, BF9-
CD8H/Tm-CD28-CD3z, BH6-CD8H/Tm-CD28-CD3z, TE9-CD8H/
Tm-4-1BB-CD3z, TE9-CD28H/Tm-CD28-CD3z, TE9-CD8H/Tm-
CD28-ILR2-CD3z, MGA271-CD8H/Tm-CD28-CD3z, and 376.96-
CD8H/Tm-CD28-CD3z.

CAR-T cell transduction

PBMCswere suspended in RPMI containing FCS and L-glutamine at a
concentration of 1� 106 cells/mL. They were activated with 0.5 mg/mL
of anti-CD3 (Miltenyi Biotec) and anti-CD28 antibodies (Miltenyi Bio-
tec). Forty-eight hours before transduction and on the day of transduc-
tion, 100 IU/mL recombinant human IL-2 (Proleukin, Novartis) was
added. T cells were transduced using g-retroviral transduction. Trans-
duction efficiency was measured 3 days after transduction using flow
cytometry by staining forCD34 (R&D).T cell populationswerenot cor-
rected for transduction efficiency in functional assays.

T cell functional assays

For the 18-h co-culture assay, CAR-T cells were co-cultured with
LAN-1, Kelly, K562, or no antigen stimulus in 48-well plates at an
effector: target ratio of 2:1. After 18 h, supernatant was removed for
ELISA and cells incubated with monensin (BioLegend). Activation
markers CD69 and CD25, and the degranulation marker CD107a,
were detected by flow cytometry. For the 7-day co-culture, CAR-T
cells were labelled with CSFE (Thermo Fisher Scientific) co-cultured
with LAN-1, Kelly, K562, or no antigen target in a 24-well plate for
6 days at an effector:target ratio of 2:1. On the 6th day, plates were
centrifuged to pellet cells, 1 mL medium was removed and 1 mL
added containing fresh target cells. After a further 24 h, the superna-
tant was removed for ELISA and the cells pelleted and the levels of
exhaustion markers Tim3, Lag-3, and PD-1 and proliferation as
measured by CSFE dilution were examined using flow cytometry.

To evaluate the proliferative capacity of the IL-2Rb-modified CAR
construct, CAR-T cells were labelled with CellTrace Violet (Thermo
Fisher Scientific) and co-cultured with wild-type Jurkats, B7-H3-ex-
pressing Jurkats, or no target cells for 6 days at an effector:target ratio
of 1:1 in 48-well plates. Cells were plated with either no cytokine,
70 ng/mL IL-15 (PeproTech), or 100 IU/mL IL-2 (Proleukin,Novartis),
respectively, and were fed with fresh target cells on days 2 and 4 of co-
culture. Cell proliferation and fold expansion were evaluated on the 6th
day by flow cytometric analysis using Precision Count Beads
(BioLegend).

For the 28-day co-culture assay, CAR-T cells were co-cultured with
irradiated LAN-1, Kelly, or no target cells in 24-well plates at an effec-
tor:target ratio of 2:1. Cell medium was replenished every 2–3 days.
CAR-T cells were challenged with irradiated target cells every
6 days, cultured for a further 24 h, and analyzed. Cells were pelleted
and supernatant was removed every week for ELISA. CAR-T cell pro-
liferation was measured weekly by flow cytometry using Precision
Count Beads (BioLegend). The levels of cytokines IL-2 and IFN-g
were quantified using ELISA MAX Deluxe Set Human IL-2 and
ELISA MAX Deluxe Set Human IFN-g (BioLegend).

Cytotoxicity was tested using a Cr51 release cytotoxicity assay. Target
cells were incubated with Cr51 for 1 h then washed and plated in
96-well plates. CAR-T cells or untransduced cells were plated at effec-
tor:target ratios of 10:1, 5:1, 2.5:1, and 1.25:1. The plates were incu-
bated for 4 h at 37�C and then the supernatant was removed and incu-
bated with scintillation fluid (PerkinElmer) overnight at room
temperature. Cr51 released into the supernatant was measured using
a 1450 MicroBeta TriLux (PerkinElmer).

The activity of CAR-T cells against decreasing concentrations of B7-
H3 protein was measured using a plate-based assay. ELISA plates
were coated in decreasing concentrations of recombinant B7-H3
and incubated overnight at 4�C. Plates were washed and CAR-T cells
or untransduced cells added. Plates were incubated overnight at 37�C,
cells were pelleted, and the supernatant removed for use in ELISA.

Antibodies and flow cytometry analysis

The following antibodies were used in this study: anti-B7-H3 (FM276,
Miltenyi Biotech), anti-GD2 (14.G2a, BD Biosciences), human Ig
(polyclonal, Thermo Fisher Scientific), anti-mouse IgG (polyclonal,
R&D), anti-CD3 (UCHT1, BioLegend), anti-HisTag (J095G45,
BioLegend), anti-CD34 (QBEnd10, R&D), anti-ab-TCR (IP26,
BioLegend), anti-CD107a (H4A3, BioLegend), anti-cD25 (BC96,
BioLegend), anti-CD69 (FN50, BioLegend), anti-Tim3 (F38-2E2,
BioLegend), anti-Lag3 (11C3C65, BioLegend), anti-PD-1 (EH12.1,
BD Biosciences), anti-mouse CD45 (30-F11, BioLegend), anti-human
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CD45 (HI30, BioLegend), Ghost Red 780 (Tonbo Biosciences),
Zombie YellowViability Dye (BioLegend), propidium iodide (Gibco),
Cell Trace Violet (Thermo Fisher Scientific), and Precision Count
Beads (BioLegend).

Cross-reactivity of TC6, TE9, and BH6 whole antibodies

TC6, TF9, and BH6 were produced as chimeric antibodies with a hu-
man IgG1 Fc domain by Evitria. Antibodies purified on protein A col-
umns (Cytiva) and were tested in ELISA against plate bound antigen,
with detection using goat anti-human IgG (H+L) (SeraCare). Cross-
reactivity against mouse B7-H3 was tested using flow cytometry
against the mouse cell line 3T3/NA1.

In vivo LAN-1 model

Animal protocols were approved by local institutional research com-
mittees and in accordance with UK Home Office guidelines. Male
NSG mice aged between 6 and 8 weeks were supplied by UCL. All
experiments were carried out under UK home office licenses project
license number 15981/01, personal license number 12972. NSG mice
were injected with 1� 106 LAN-1-BFP/Luc in Geltrex (Thermo Fisher
Scientific) subcutaneously into the flank. CAR-T cells (1 � 107) were
injected intravenously into the tail vain at day 10.Tumor sizewasmoni-
tored twice aweekwithdigital calipers.Micewere given200mL luciferin
into the scruff and imaged using a PhotonIMAGERTMoptical imaging
system (Biospace Lab) weekly. When tumors reached threshold size,
mice were sacrificed and blood, spleen, and tumor samples taken. Cells
were disaggregated using a cell strainer and residual red blood cells
removed using ACK Lysis buffer (Thermo Fisher Scientific). Cells
were stained and markers analyzed using flow cytometry.

Statistical analysis

All statistical analyses were performed in GraphPad Prism v.8. Unless
otherwise stated, data are expressed as mean ± range. Statistical ana-
lyses of in vitro assays were undertaken by one-way ANOVAwith Tu-
key multiple comparisons, except for the Cr51 cytotoxicity assay
where a two-way ANOVA was used. For the in vivo analysis, tumor
size and region of interest were compared using the Kruskal-Wallis
test and survival analyzed by the log-rank (Mantle-Cox) test. Unless
otherwise stated the p values used in this study are as follows *p %

0.05, **p % 0.01, ***p % 0.001, ****p < 0.0001.
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