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B7-H3 is actively being explored as an immunotherapy target for
pediatric patients with solid tumors using monoclonal anti-
bodies or T cells expressing chimeric antigen receptors (CARs).
B7-H3-CARs containing a 41BB costimulatory domain are
currently favored by several groups based on preclinical studies.
In this study, we initially performed a detailed analysis of T cells
expressing B7-H3-CARs with different hinge/transmembrane
(CD8a versus CD28) and CD28 or 41BB costimulatory domains
(CD8a/CD28, CD8a/41BB, CD28/CD28, CD28/41BB). Only
subtle differences in effector function were observed between
CAR T cell populations in vitro. However, CD8a/CD28-CAR
T cells consistently outperformed other CAR T cell populations
in three animal models, resulting in a significant survival advan-
tage.Wenext exploredwhether adding 41BB signaling toCD8a/
CD28-CART cells would further enhance effector function. Sur-
prisingly, incorporating 41BB signaling into the CAR endodo-
mainhad detrimental effects, while expressing 41BBL on the sur-
face of CD8a/CD28-CAR T cells enhanced their ability to kill
tumor cells in repeat stimulation assays. Furthermore, 41BBL
expression enhanced CD8a/CD28-CAR T cell expansion in vivo
and improvedantitumoractivity inoneof four evaluatedmodels.
Thus, our study highlights the intricate interplay between CAR
hinge/transmembrane and costimulatory domains. Based on
our study, we selected CD8a/CD28-CAR T cells expressing
41BBL for early phase clinical testing.

INTRODUCTION
Solid tumors contribute disproportionately to the morbidity and
mortality of all pediatric patients with cancer despite aggressive man-
agement with multimodality therapy.1 This problem is especially
acute in children and young adults with relapsed or refractory
disease,2–6 whose poor rates of survival have remained relatively un-
changed during the last two decades.1 Thus, new therapeutic strate-
gies are needed to improve outcomes and reduce treatment-related
complications for this group of patients. Treatment with chimeric an-
tigen receptor (CAR) T cells offers a promising approach to enhance
survival without the overlapping toxicities observed with conven-
tional chemotherapy.
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Individual pediatric solid tumor types are rare, and thus developing
CAR T cells to recognize one antigen found on multiple solid tumors
is ideal. B7-H3 (CD276) is a transmembrane glycoprotein expressed
in a high percentage of solid tumors with limited expression in
normal tissues.7–10 B7-H3 is part of the B7-CD28 immune modula-
tory family,11 and it functions to inhibit T cell activation and prolif-
eration.12 B7-H3-CAR T cells targeting solid tumors have been
described, and they exhibit antitumor activity without reported
toxicity in murine models.10,13–15 However, most evaluated B7-H3-
CARs follow a second-generation (2G) design, incorporating either
CD28 or 41BB costimulatory (costim) domains. Since 2G-CAR
T cells targeting other solid tumor antigens, including HER2 and
mesothelin, have limited antitumor activity in early-phase clinical
studies,16,17 there is concern that 2G-CAR T cells targeting B7-H3
will have limited antitumor activity in humans.

Several approaches are currently being pursued to increase the anti-
tumor activity of 2G-CAR T cells, including the transgenic expression
of cytokines, chimeric cytokine receptors, or knocking out genes that
inhibit T cell function.18–20 Another approach is to provide additional
costimulation to 2G-CAR T cells, either by incorporating additional
costim domains to generate third-generation (3G) CARs,21 or ex-
pressing ligands of costim molecules on their cell surface.22 While
studies focused on CD19-CAR T cells have demonstrated that expres-
sion of 41BB ligand (41BBL) on the surface of CD28.z CAR T cells is
superior to incorporating 41BB signaling into the CD28.z CAR endo-
domain,23 this has not been evaluated for other 2G CARs.

To explore how to best provide CD28 and 41BB costimulation to
T cells expressing B7-H3-CARs, we first compared the effector func-
tion of four 2G CARs with different hinge/transmembrane (H/TM)
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Figure 1. IHC for B7-H3 on Pediatric Solid Tumors

and Normal Adult Tissues

Pediatric solid tumors and normal tissues were evaluated

for B7-H3 expression by IHC. (A) Representative images

for LM7KO (B7-H3�/�) and LM7 (B7-H3+/+) tumors, CNS

tissue, and osteosarcoma. Staining intensity: 0+, no

staining; 1+, weak positive; 2+, moderate positive; 3+,

strong positive. Scale bars represent 200 mm. (B) H-

scores for pediatric solid tumors (left panel) and normal

tissues (right panel).
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and CD28 or 41BB costim domains. We then evaluated the best strat-
egy to combine both signals. From our detailed 2G CAR comparison,
one of the two designed CD28.z CARs emerged as the lead CAR.
Incorporating the 41BB signaling domain into this CAR had detri-
mental effects on CAR T cell function, whereas 41BBL surface expres-
sion significantly enhanced effector function.

RESULTS
Pediatric Solid Tumors Express B7-H3

We evaluated B7-H3 protein expression in tumor and normal tissue
by performing immunohistochemistry (IHC) on formalin-fixed,
paraffin-embedded sections from pediatric solid tumor and adult
normal tissue microarrays (TMAs). To establish positive and negative
controls, we inoculated NSG mice with B7-H3+/+ LM7 or B7-H3�/�

LM7 (LM7 knockout [KO]) cells, followed by tumor harvest,
sectioning, and staining. LM7 tumors grown in vivo were diffusely
B7-H3-positive, while LM7KO tumors had only minimal background
staining, confirming specificity of the B7-H3 antibody (Figure 1A).
Using an H-score R100 to determine positive versus negative sam-
ples, we found that a high percentage of pediatric solid tumors were
B7-H3-positive (Figure 1B), including desmoplastic small round
cell tumor (DSRCT) (73%), malignant peripheral nerve sheath tumor
(MPNST) (67%), neuroblastoma (NBL) (55%), osteosarcoma (OS)
(80%), alveolar rhabdomyosarcoma (80%), and embryonal rhabdo-
myosarcoma (70%). All Ewing sarcoma (EWS) tumors evaluated
were negative (N = 20). For normal tissues, the majority were
completely B7-H3-negative or had an H-score less than 100
Molecular The
(Figure 1B; Figure S1), except for adrenal cortex
(H-score 300, N = 1) and adrenal medulla (H-
score 170, N = 1). To further evaluate B7-H3
expression on adrenal tissue, we stained pediat-
ric whole-section non-neoplastic adrenal glands
and 10/10 were positive.

Generation of B7-H3-CAR T Cells

Four lentiviral vectors (LVs) were generated en-
coding 2G B7-H3-CARs utilizing a single-chain
variable fragment (scFv) derived from the hu-
manized B7-H3-specific monoclonal antibody
(mAb) MGA271,8 CD3z, and combinations of
two different H/TM (CD8a or CD28) and cos-
tim (CD28 or 41BB) domains (CD8a/CD28,
CD8a/41BB, CD28/CD28, CD28/41BB) (Figure 2A; Figure S2).
T cells transduced with a non-functional B7-H3-CAR containing a
CD8a H/TM domain without a signaling domain served as control
(CD8a/D). Healthy donor-activated T cells were transduced with
LVs at a multiplicity of infection (MOI) of 50. Transduction efficiency
was determined by measuring vector copy number (VCN) and CAR
surface expression. All constructs successfully transduced human
T cells (Figures 2B–2D, black asterisks: N = 13, p < 0.001). LVs encod-
ing the CD28/CD28 CARs had significantly lower transduction as
judged by VCN (N = 13, p < 0.01), resulting in a lower cell surface
expression of CARs (N = 13, p < 0.001) compared to all other 2G con-
structs (Figures 2C and 2D; blue asterisks). Phenotyping of CAR-pos-
itive cells demonstrated comparable CD4- to CD8-positive T cell ra-
tios, as well as T cell memory phenotypes for the 2GCARs (Figures 2E
and 2F). In summary, 2G B7-H3-CAR LV constructs successfully
transduced human T cells with comparable phenotype. However,
transduction efficiency was consistently lowest for CD28/CD28-
CARs.

CD28-CAR T Cells Have Superior Effector Function In Vitro

To evaluate expansion and basal apoptosis, T cells were grown in me-
dia containing interleukin 7 (IL-7)/IL-15 and quantified on day 9 or
10 post-transduction to measure overall fold expansion, and stained
with annexin V and DAPI to measure the percentage of apoptotic
cells. 2G CARs with a CD28 costim domain had greater expansion
compared to those with a 41BB costim domain (Figure 3A; N = 10,
p < 0.05). There was no difference in expansion when comparing
rapy: Oncolytics Vol. 18 September 2020 203
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Figure 2. Transduction and Phenotypes of 2G B7-

H3-CAR T Cells

Activated T cells were transduced with LV particles en-

coding 2G B7-H3-CARs or a control CAR (CD8a/D).

Vector copy number (VCN) was determined by digital

droplet PCR. CAR surface expression was measured by

flow cytometry. (A) Schematic representation of 2G CAR

LVs. The color in the circle is used throughout to identify

constructs. (B) Representative flow plots of non-trans-

duced (NT) and transduced T cells. (C and D) VCN (C) and

CAR (D) surface expression (N = 13; one-way ANOVA;

black asterisks, comparison to NT T cells; blue asterisks,

comparison between 2G CARs). (E and F) CD4/CD8 ra-

tios (E) and memory phenotypes (F) (N = 5). Data, mean ±

SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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non-transduced (NT) T cells, CD8a/CD28, CD28/CD28, or CD8a/D,
or comparing CD8a/41BB to CD28/41BB. 2G CARs with a 41BB cos-
tim domain had greater basal apoptosis compared to NT T cells (Fig-
ure 3B; N = 8, p < 0.05), whereas no significant difference was found
when comparing CD8a/CD28, CD28/CD28, or CD8a/D to NT
T cells.

To evaluate 2G CAR T cell specificity and cytokine production we
used tumor cells for which we confirmed absence (LM7KO) or pres-
ence of B7-H3 (LM7, A549, U373) by flow cytometry (Figure S3).
T cells were incubated with tumor cells, and after 24 h supernatants
were collected for quantitative ELISA to measure interferon g

(IFNg) and IL-2. All functional 2G B7-H3-CARs specifically recog-
nized B7-H3-positive targets as judged by greater IFNg production
in the presence of B7-H3-positive (LM7) compared to B7-H3-nega-
204 Molecular Therapy: Oncolytics Vol. 18 September 2020
tive (LM7KO) tumor cells (Figure 3C; blue as-
terisks, N = 4, p < 0.01). In addition, high levels
of IFNg production were observed in the pres-
ence of the other two (A549, U373) B7-H3-pos-
itive tumor cells. While 2G CARs with a CD28
costim domain or controls induced minimal
IFNg in the absence of B7-H3 antigen (media
or LM7KO), 2G CARs with a 41BB endodo-
main induced significant IFNg production in
comparison to controls without antigenic stim-
ulation (media only or LM7KO), indicative for
tonic signaling (Figure 3C; red asterisks, N =
4, p < 0.01). Furthermore, 2G CARs with
41BB costim domains secreted limited amounts
of IL-2 in comparison to 2G CARs with CD28
costim domains in the presence of B7-H3-pos-
itive tumors (Figure 3D; black asterisks, N = 4,
p < 0.05).

To characterize in vitro antitumor activity, an
impedance assay (xCELLigence) was used to
determine killing of B7-H3-positive tumors
(LM7). Cells were cocultured at a 0.5 T cell-
to-1 tumor cell ratio without exogenous cytokines. Seventy-two hours
post-incubation, cytolysis was measured and T cells were plated on
fresh tumors for repeat stimulation. The assay was repeated for
each donor until no CAR T cell population killed >50% of tumor cells.
Given that donor variability affects CAR T cell repeat killing capacity,
the last stimulation where CAR T cells killed >50% of targets was
deemed the final stimulation for each donor. Figure S4 shows individ-
ual stimulations for all donors tested, and Figures 3E and 3F show
summary data. After the first stimulation, all 2G CARs killed
�100% of targets, with minimal background cytolysis in the control
group (Figure 3E; N = 5, p < 0.0001). The median final stimulation
was 3 (range 2–4; Figure S4), at which point all 2G CARs had greater
tumor killing than did control T cells (Figure 3F; black asterisks, N =
5, p < 0.01). While no significant differences were observed between
CD8a/CD28-, CD8a/41BB-, and CD28/CD28-CAR T cells, CD28/



Figure 3. 2G B7-H3-CAR T Cell Expansion, Basal

Apoptosis, Cytokine Secretion, and Repeat Killing

Capacity

2G B7-H3-CAR T cells were evaluated for in vitro expan-

sion and effector function. (A) Expansion of NT and CAR

T cells (N = 10). (B) Basal apoptosis of NT and CAR T cells.

(C and D) IFNg (C) and IL-2 (D) production after coculture

with B7-H3-positive (LM7, A549, U373) or B7-H3-negative

(LM7KO) tumor cells, or media alone. Media were collected

after 24h and cytokinesweredetermined byELISA (N=4 in

duplicate; blue asterisks, LM7KO versus LM7 for functional

CARs; black asterisks, CD8a/D versus functional CARs;

red asterisks, CD8a/41BB-CAR or CD28/41BB-CAR

versus CD8a/D-CAR in media alone or coculture with

LM7KO). (E and F) Repeat impedance-based cytotoxicity

assay (xCELLigence) using LM7 cells as targets and CAR

T cells as effectors (N = 5 in triplicate). (E and F) First (E) and

final (F) stimulation (black asterisks, CD8a/D-CAR versus

functional CARs; blue asterisks or ns, CD28/41BB-CAR

versus other functional CARs). One-way ANOVA was used

for all analyses except for blue asterisks in (C) and (D) (two-

way ANOVA). Data, mean ± SEM. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. ns, not significant.
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41BB-CAR T cells had significantly lower killing than did CAR T cells
with CD28 costim domains (Figure 3F; blue asterisks; p < 0.01).

Expression of 41BBL on the Surface of B7-H3-CAR T Cells

Enhances Their Effector Function In Vitro

While our 2G CAR studies gave initial insight into the function of CD28
and 41BB-CAR T cells, they did not explore whether activating both
CD28 and 41BB signaling pathways is beneficial in B7-H3-CAR
T cells. This was addressed in the following experiments for the CD8a/
CD28-CAR, since it was consistently expressed at higher levels on the
cell surface than the CD28/CD28-CAR. We compared two different
forms of 41BB costimulation, which have been explored in other exper-
imental systems.21–25We either inserted the 41BB signaling domain into
Molecular The
the CD8a/CD28-CAR (CD8a/CD28.41BB),
creating a 3G CAR, or generated a bicistronic LV
encoding 41BBL, a 2A sequence, and the CD8a/
CD28-CAR (41BBL) (Figure 4A; Figure S5).

Both LVs successfully transduced human T cells,
as judged by VCN and percent surface expres-
sion, and expanded to similar levels (Figure 4B;
Figures S6A–S6D). Phenotypic analysis demon-
strated similar CD4- and CD8-positive T cell
ratios; however, transduction with the 3G-CAR
resulted in higher levels of central memory
T cells (Figures S6E and S6F). To evaluate
specificity and cytokine secretion, T cells were
incubated with B7-H3-positive or B7-H3-nega-
tive tumors for 24 h. CD8a/CD28-, 3G-, or
41BBL-CAR T cells specifically recognized B7-
H3-positive targets as judged by significant
IFNg production versus B7-H3-positive (LM7) compared to B7-H3-
negative (LM7KO) tumor cells (Figure 4C; blue asterisks, N = 4, p <
0.01). In addition, CAR T cells recognized other B7-H3-positive tumor
cells, including A549 and U373 (Figure 4C; black asterisks, N = 4, p <
0.05 for all constructs compared to control T cells). CD8a/CD28-, 3G-,
or 41BBL-CAR T cells also produced significantly greater IL-2 in cul-
ture with LM7 compared to LM7KO (Figure 4D; blue asterisks, N =
4, p < 0.01) and compared to control T cells against all B7-H3-positive
targets (Figure 4D; black asterisks, N = 4, p < 0.01, except comparing
3G CAR to CD8a/D against A549 = not significant [ns]).

To characterize cytolytic activity, CD8a/CD28-, 3G-, or 41BBL-CAR
or control T cells were cocultured using the repeat killing assay
rapy: Oncolytics Vol. 18 September 2020 205
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described above. All three B7-H3-CAR T cell types killed �100% of
targets after the first stimulation, withminimal cytolysis in the control
group (Figure 4E; N = 4, p < 0.0001; Figure S7 shows individual stim-
ulations for each donor). The median final stimulation was 3 (range
2–5; Figure S7). At final stimulation 41BBL-CAR T cells had signifi-
cantly greater killing compared to CD8a/CD28- or 3G-CAR T cells
(Figure 4F; blue asterisks, N = 4, p < 0.001) and compared to control
T cells (Figure 4F; black asterisks, N = 4, p < 0.0001). Thus, expression
of 41BBL on CD8a/CD28-CAR T cells significantly enhances their
ability to repeatedly kill tumor cells.
CD8a/CD28- and 41BBL-CAR T Cells Have Enhanced Antitumor

Activity In Vivo

Having shown that 41BBL-CAR T cells have improved antitumor ac-
tivity after repeat exposure to B7-H3-positive tumor cells, we next
compared the antitumor activity of 2G-CAR, 3G-CAR, 41BBL-
CAR, or control T cells in three preclinical models as follows: (1) lo-
coregional LM7 (Figures 5A and 5B), (2) systemic A549 (Figures 5C
and 5D), and (3) systemic LM7 (Figures 5E and 5F). Given that
CD28/41BB-CAR T cells had the lowest repeat killing capacity
in vitro, we did not use this 2G product for in vivo testing. In all three
models EGFP.firefly luciferase (ffLuc)-expressing tumor cells were
used to allow for noninvasive tracking of tumor cell growth in vivo.
In addition, low doses of CAR T cells were used to decipher differ-
ences between the antitumor activity of CAR T cell populations (lo-
coregional LM7 model, 1 � 105 T cells; systemic A549 model, 3 �
106 T cells; systemic LM7 model, 1� 106 T cells). In the locoregional
LM7 and systemic A549 models, CD8a/CD28- and 41BBL-CAR
T cells had superior antitumor activity in comparison to other CAR
T cell populations, resulting in a significant survival advantage,
with no significant differences between both constructs (Figures 5B
and 5D; N = 5 mice/group, p < 0.01). In the systemic LM7 model,
41BBL-CAR T cells had improved antitumor activity in comparison
to all other CAR T cell populations (Figure 5F; N = 5 mice/group,
p < 0.01). In all three models, infusion of CD8a/41BB-CAR T cells
did not improve survival in comparison to controls at the evaluated
cell doses. Additionally, 3G-CAR T cells had limited antitumor activ-
ity. Furthermore, potent antitumor activity of CD8a/CD28- and
41BBL-CAR T cells was confirmed in the orthotopic U373 high-grade
glioma (HGG) model (Figure S8).

To evaluate whether differences in antitumor activity between CAR
T cell populations could be explained by differences in in vivo CAR
T cell expansion, we injected EGFP.ffLuc-expressing CAR T cells
into A549-bearing mice. 41BBL-CAR T cells persisted at significantly
Figure 4. Comparison of 2G-, 3G-, and 41BBL-CAR T Cell Effector Function In

(A) Schematic representation of the B7-H3-CAR with a CD8a/CD28 backbone combine

flow plots of NT and transduced T cells. (C and D) IFNg (C) and IL-2 (D) production after c

cells, or media alone. Media were collected after 24 h and cytokines were determined b

black asterisks and ns, CD8a/D-CAR versus functional CARs). (E and F) Repeat imped

T cells as effectors (N = 4 in triplicate). First (E) and final (F) stimulation (black asterisks and

functional CARs). One-way ANOVAwas used for all analyses except for blue asterisks in

****p < 0.0001. ns, non-significant.
higher levels (N = 5, p < 0.01) starting on day 14 post-infusion in com-
parison to other CAR T cell populations (Figure 6A). 3G-CAR T cell
persistence was the poorest, whereas CD8a/CD28- and CD8a/41BB-
CAR T cell persistence was in-between. Since mice treated with
CD8a/CD28- or 41BBL-CAR T cells survived long-term tumor-free
in the locoregional LM7 model, we re-challenged four mice from
each group with a second intraperitoneal (i.p.) dose of 1 � 106

LM7 tumor cells 133 days after initial tumor injection. Five mice
without prior tumor or T cell injection received the same i.p. dose
of LM7 cells as controls (tumor only). While tumors grew rapidly
and resulted in death of control mice, those previously treated with
CD8a/CD28- or 41BBL-CAR T cells had minimal tumor growth
(Figure 6B) and survived to the end of the experiment (day 50 after
tumor re-challenge; Figure 6C).

Collectively, the in vivo studies demonstrated that infused CD8a/
CD28- and 41BBL-CAR T cells have potent antitumor activity and
persist long-term in mice.
DISCUSSION
In this study, we describe the development and characterization of
CARs that recognize the pediatric solid tumor antigen B7-H3. We
show that 2G-CARs with a CD28 costim domain have superior anti-
tumor activity in comparison to those with 41BB costimulation. In
addition, we demonstrate that while incorporating a 41BB costim
domain into the CD28-CAR is detrimental to effector function, ex-
pressing 41BBL on the surface of CD28-CAR T cells is beneficial.

Several studies have demonstrated that B7-H3 is expressed on a broad
range of pediatric solid tumors and brain tumors.7,10,26 However,
most B7-H3 IHC protocols have not taken advantage of gene-editing
technologies to validate B7-H3 immunoreactivity. In this study, we
used such an approach to validate our staining protocol before eval-
uating pediatric solid tumors and normal tissues. We confirmed high
B7-H3 expression in OS, rhabdomyosarcoma, DSRCT, and NBL as
reported by others,7,10,26 and in MPNST. However, B7-H3 expression
in EWS was low to absent, which is in contrast to reports by other
groups.7,10 These discrepant results might be due to a small sample
size since we and others have only stained a limited number of
EWS tumors (less than 30 each), or due to different antibodies used
to detect B7-H3 in each study.7,10 We are planning to stain a larger
set of EWS tumors in the future. Although so far not investigated
for pediatric solid tumors, B7-H3 expression has been demonstrated
in putative CD133-posititve cancer stem cell populations in colorectal
cancer.27
Vitro

d with a 41BB endodomain (3G) or surface 41BB ligand (41BBL). (B) Representative

oculture with B7-H3-positive (LM7, A549, U373) or B7-H3-negative (LM7KO) tumor

y ELISA (N = 4 in duplicate; blue asterisks, LM7KO versus LM7 for functional CARs;

ance-based cytotoxicity assay (xCELLigence) using LM7 cells as targets and CAR

ns, CD8a/D-CAR versus functional CARs; blue asterisks, 41BBL-CAR versus other

(C) and (D) (two-way ANOVA). Data, mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001,
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We also stained normal tissues and confirmed limited B7-H3 expres-
sion in normal tissues.7,9,13 However, we found a high level of B7-H3
expression in non-neoplastic adrenal glands. High-level B7-H3 stain-
ing of adrenal glands has not been reported by other investigators,7,13

and our findings need to be confirmed in an independent analysis. In
addition, preclinical studies in immune-competent mouse models did
not reveal adrenal toxicity of murine B7-H3-CAR T cells.13 While the
clinical experience with B7-H3 mAbs is limited, only 1 of 133 patients
treated with PD-1 inhibitor plus B7-H3 mAb combination therapy
experienced adrenal insufficiency,28 a side effect previously reported
with PD-1 inhibitor therapy alone.29 In total, clinical monitoring
for adrenal insufficiency, especially for early-phase clinical testing
of B7-H3-CAR T cells, is advisable.

Despite intense research efforts andmajor advances inCAR technology,
CAR design remains largely empirical.30We therefore designed a panel
of LVs encoding different B7-H3-CARs and, with an MOI of 50,
achieved a median VCN of 2.4 (±1.3) in CAR T cells, which is less
than the upper VCN limit (<5.0) currently approved by the US Food
and Drug Administration (FDA). We initially evaluated the outcome
of combining different H/TM (CD8a or CD28) and costim (CD28 or
41BB) domains on the effector function of B7-H3-CAR T cells. 41BB-
CAR T cells had impaired expansion, a high basal apoptosis rate, and
secreted IFNg in the absence of antigenic stimulation, indicating base-
lineor tonic signaling,whichhasbeen associatedwithdecreased effector
function.31 Indeed, both 41BB-CAR T cell populations produced less
IL-2 than did CD28-CAR T cells in the presence of B7-H3-positive tu-
mor cells, and infusionofCD8a/41BB-CARTcells didnot improve sur-
vival of tumor-bearing mice compared to controls in three separate
models. Our findings contrast with two recent studies that demon-
strated potent antitumor activity of CD8a/41BB-CAR T cells in mice
bearing B7-H3-positive tumors.10,13 The observed differences are
most likely due to several factors. First, we used a lower cell dose (1�
105–3� 106 CAR T cells/mouse) compared to the other studies, which
used a cell dose of 1� 107 CAR T cells/mouse for most of their exper-
iments.10,13 Second, one group used a different B7-H3-specific scFv
(376.96) as an antigen recognition domain,13 and several reports high-
light that antigen recognition domains of CARs targeting the same an-
tigen influence CAR function.32,33 Lastly, transduction methods
differed between our study and others (lentiviral versus gammaretrovi-
ral vectors), and at least one study highlighted that CAR T cells trans-
duced with lentiviral or gammaretroviral vectors encoding the same
CAR construct differ in their effector function.34

To investigate whether provision of 41BB costimulation enhances the
effector function of our selected CD28-CAR, we compared two ap-
Figure 5. CD8a/CD28- and 41BBL-CAR T Cells Have Superior Antitumor Activi

(A and B) Mice were injected with 1 � 106 LM7.ffLuc (OS) cells i.p. on day 0, followed by

photons/s) over time (A) and Kaplan-Meier survival curve (B) are shown. (C and D) NSGm

106 CAR or control T cells on day 7. Bioluminescent signal over time (C) and Kaplan-Me

cells i.v. on day �28, followed by injection of 1 � 106 CAR or control T cells i.v. 28 days

injected mice (F) are shown. The log-rank (Mantel-Cox) test was used to determine stati
^p = 0.0214 for 41BBL versus CD28/CD28, **p < 0.01. ns, not significant.
proaches. The first approach relied on incorporating the 41BB
signaling domain in the 2G CD28-CAR, creating a 3G CAR, or ex-
pressing 41BBL on CD28-CAR T cells. While the former approach
has been explored for numerous CARs, the latter approach has, so
far, only been explored for 2G CD19-CARs, or prostate-specific
membrane antigen (PSMA)-specific CARs lacking a CD28 costim
domain.21–23,35 In preclinical models the benefit of incorporating
41BB costimulation into 2G CARs has been model-dependent.24,36,37

Direct comparison of 2G- and 3G-CAR T cells in humans is limited.
However, one recent study compared the in vivo fate of 2G (CD28.z)
and 3G (CD28.41BB.z) CD19-CAR T cells simultaneously infused
into individual patients with CD19-positive non-Hodgkin’s lym-
phoma.38 3G CD19-CAR T cells had greater expansion and persis-
tence compared to 2G CD19-CAR T cells after lymphodepleting
chemotherapy; however, it is unclear whether this enhanced anti-
lymphoma activity. While there were no differences between the
LVs encoding our 2G and 3G B7-H3-CARs, as judged by VCN and
CAR expression, incorporating 41BB into the 2G CAR had delete-
rious effects on the ability of CAR T cells to kill tumors in our recur-
sive killing assay and in vivo. Of note, incorporating 41BB into the
CAR did not induce baseline IFNg secretion, excluding tonic
signaling of our 3G CAR as a potential explanation. Having both
signaling molecules present might result in overactivation of 3G
CAR T cells after activation, leading to activation-induced cell death.
Alternatively, the configuration of the costim domains in the 3G CAR
may alter CD28 and/or 41BB signaling, resulting in impaired effector
function. Mechanistic studies to differentiate between both possibil-
ities are in progress.

The second strategy we pursued to enhance the effector function of
CD28-CAR T cells was to express 41BBL on their cell surface. This
approach takes advantage of the activation-dependent expression of
41BB on the surface of conventional and CAR T cells.39–41 Thus, there
is a temporospatial separation of CD28 and 41BB costimulation in
this approach, in contrast to a 3G CAR, in which both signals are pro-
vided simultaneously.23 This approach has been studied in great detail
for CD19-CAR T cells, and CD28-CAR T cells expressing 41BBL on
their cell surface had superior effector function in comparison to 3G
CD19-CAR T cells, and mechanistic studies revealed that activation
of the IRF7/IFNb pathway was critical.23 While immune dysregula-
tion has been observed in mice that transgenically express 41BBL,
or inmice that received agonistic mAbs after hematopoietic cell trans-
plantation,42,43 CD28-CAR T cells expressing surface 41BBL were
evaluated in a clinical trial for adults with CD19-positive malig-
nancies (ClinicalTrials.gov: NCT03085173). Preliminary results of
this clinical trial demonstrate that administration of these cells is
ty In Vivo

1 � 105 CAR or control (CD8a/D) T cells i.p. on day 7. Bioluminescent signal (flux =

ice were injected i.v. with 2� 106 A549.ffLuc (lung cancer) on day 0, followed by 3�
ier survival curve (D) are shown. (E and F) Mice were injected with 2� 106 LM7.ffLuc

later (day 0). Bioluminescent signal over time (E) and Kaplan-Meier survival curve for

stical significance between survival curves for all experiments. N = 5 mice per group.
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Figure 6. CAR T Cell Persistence and Repeat Tumor Challenge In Vivo

(A) NSG mice were injected with 2 � 106 A549 cells i.v. on day �7, followed by 1 �
106 ffLuc-expressing CAR or control (CD8a/D) T cells i.v. 7 days later (day 0). The

graph depicts the T cell bioluminescent signal (flux = photons/s) over time (N = 5 per

group; one-way ANOVA at indicated time points; mean ± SEM). (B and C) Mice

treated with CD8a/CD28- or 41BBL-CAR T cells survived long-term tumor-free in

the locoregional LM7model andwere re-challenged (N = 4 per group) with a second

i.p. dose of 1 � 106 LM7.ffLuc tumor cells 133 days after the initial tumor injection.

Five mice without prior tumor or T cell injection received the same i.p. dose of LM7

cells as controls (tumor only). (B) Bioluminescent signal over time. (C) Kaplan-Meier

survival curve after repeat tumor challenge. Survival data were analyzed using the

log-rank (Mantel-Cox) test. **p < 0.01, ****p < 0.0001.
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safe and efficacacious.35 In the present study, we explored whether cell
surface expression of 41BBL enhances the effector function of B7-H3-
CAR T cells. Our results demonstrate that provision of 41BB costimu-
lation through this route enhances the capability of CD28-CAR
T cells to sequentially kill tumor cells, expand in vivo, and have greater
antitumor activity in one of four tumor models evaluated. These re-
sults are consistent with studies by others indicating that the benefit
of 41BB costimulation in the context of CD28-CAR is model-depen-
210 Molecular Therapy: Oncolytics Vol. 18 September 2020
dent.24,37 Of note, 41BBL CAR T cells had a lower percentage of cen-
tral memory T cells compared to 3G CAR T cells. While pre-clinical
and clinical evidence suggests that a lower percentage of naive or cen-
tral memory T cells is associated with decreased in vivo expansion of
CD19-CAR T cells,44 the benefit of memory phenotype for other CAR
T cell products, especially those targeting solid tumors, is largely un-
known. Based on our pre-clinical data, the memory phenotype does
not appear to affect efficacy in our model.

In summary, using an scFv derived from mAb MGA271, CD28-
CAR T cells have superior antitumor activity than 41BB-CAR
T cells for targeting B7-H3-positive tumors. In addition, we
demonstrate that their effector function can be further enhanced
by expressing 41BBL on the cell surface and not by incorporating
41BB into the endodomain. While we have selected 41BBL-CAR
T cells for future clinical testing, our study also serves as a
reminder that CAR design remains largely empirical, necessitating
careful analysis of multiple constructs in vitro as well as in a panel
of animal models.
MATERIALS AND METHODS
Human Solid Tumor and Normal Tissue Samples

Archived pediatric solid tumor samples were obtained from multiple
surgical sources (resection, autopsy) and constructed into TMAs.
Each solid tumor TMA was constructed in duplicate and consisted
of a grid of 2-mm cores. Adult normal tissue samples were provided
by the Cooperative Human Tissue Network (CHTN), which is funded
by the National Cancer Institute. Other investigators may have
received specimens from the same CHTN tissue specimens. Addi-
tional pediatric whole-section non-neoplastic adrenal glands were ob-
tained from autopsies (n = 5) or surgical resections that included
removal of adrenal tissue (n = 5). The St. Jude Children’s Research
Hospital Institutional Review Board deemed that these studies do
not constitute human subjects research.
IHC

Formalin-fixed, paraffin-embedded sections were cut at 4 mm,
collected onto charged slides, stained on a Leica BOND-III Immunos-
tainer (Leica Biosystems, Germany) after 20 min of heat-induced
epitope retrieval (ER2, EDTA [pH 9], Leica Biosystems), and incu-
bated with a 1:50 dilution of monoclonal rabbit B7-H3 antibody
(clone D9ML, Cell Signaling Technology, Danvers, MA, USA) for
30 min at room temperature, followed by visualization of a chromo-
genic signal with the Refine Polymer diaminobenzidine (DAB) detec-
tion kit (Leica Biosystems). The antibody protocol was developed on
solid tumor-derived xenografts from LM7 wild-type (B7-H3+/+) and
LM7 B7-H3-KO (B7-H3�/�) cells grown in non-obese diabetic
(NOD)-scid IL2Rgnull (NSG) mice. The intensity of B7-H3 staining
was scored as 0 for no positivity, 1 for weak positivity, 2 for moderate
positivity, and 3 for strong positivity. Total B7-H3 positivity was
enumerated using an H-score (range 0–300) determined by summing
the product of the intensity score by the percentage of cells stained
positive at each intensity.
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B7-H3 KO Cells

B7-H3�/� LM7 cells (LM7KO) were generated using CRISPR-Cas9
technology. Briefly, 400,000 LM7 cells were transiently transfected
with precomplexed ribonucleoproteins (RNPs) consisting of 150 pmol
of chemically modified single guide RNA (sgRNA) (50-GAUCAAACA
GAGCUGUGAGG-30, Synthego) and 35pmol of Cas9 protein (St. Jude
Protein Production Core) via nucleofection (4D-Nucleofector X unit;
Lonza, Switzerland) using solution P3 and program DS-150 in a small
(20-mL) cuvette according to the manufacturer’s recommended proto-
col.Aportionof thepool of cellswasharvested3days after nucleofection
and verified to contain the desired modification via targeted deep
sequencing and analysis with CRIS.py.45 Post-nucleofection LM7KO
cells were stainedwith B7-H3 antibody (clone 7-517; BectonDickinson,
Franklin Lakes, NJ, USA) and sorted on the B7-H3-negative population
using a BDFACSAria III instrument. This sorting stepwas repeated one
additional time to produce a final LM7KO product. After KO and flow
sorting, LM7KO cells were authenticated by short tandem repeat (STR)
profiling using the service of the American Type Culture Collection
(FTA sample collection kit; ATCC, Manassas, VA, USA).

Cell Lines

The metastatic OS cell line, LM7, was kindly provided by Dr. Eugenie
Kleinerman (MD Anderson Cancer Center, Houston, TX, USA). The
A549 (lung cancer), U373 (HGG), and KG1A (acute myeloid leuke-
mia [AML]) cell lines were purchased from ATCC. LM7, A549,
and U373 cells expressing EGFP and ffLuc were previously
described.46–48 All adherent cell lines were grown in DMEM (GE
Healthcare, Marlborough, MA, USA), supplemented with 10% fetal
bovine serum (FBS) (GE Healthcare) and 1% GlutaMAX (Thermo
Fisher Scientific, Waltham, MA, USA), and sub-cultured with
0.05% trypsin-EDTA (Thermo Fisher Scientific). KG1A cells were
grown in Iscove’s modified Dulbecco’s medium (IMDM) (Thermo
Fisher Scientific) supplemented with 20% FBS and 1% GlutaMAX.
All cells were maintained at 37�C in 5% CO2. Cell lines were authen-
ticated by STR profiling as described above, and routinely checked for
mycoplasma using the MycoAlert mycoplasma detection kit (Lonza).

Generation of B7-H3-CAR LVs

The LV backbone used for this study has been previously described,49

except the insulators were removed from the self-inactivating 30

partially deleted viral LTRs based on the safety records of LVs in clin-
ical trials.50 The expression cassette of the LV is under control of the
MND promoter (myeloproliferative sarcoma virus enhancer, negative
control region deleted, dl587rev primer-binding site substituted).
Minigenes encoding B7-H3-CARs (Figures 2A and 4A), derived
from the mAb MGA271, were synthesized by GeneArt (Thermo
Fisher Scientific) and subcloned by standard techniques. All cloned
B7-H3-CAR constructs were verified by sequencing (Hartwell Center,
St. Jude Children’s Research Hospital, Memphis, TN, USA). LVs were
produced as previously described.51 Briefly, 293T cells (ATCC CLR-
11268), adapted to grow in suspension using serum-free media, were
transfected with the transfer vector and helper plasmids, pCAG-
kGP1-1R-AF, pCAG-vesicular stomatitis virus glycoprotein G
(VSVG))-AF, and pCMV-Rev-AF expressing HIV-1 gagpol, the ve-
sicular stomatitis virus glycoprotein, and HIV-1 Rev, respectively.
Forty-eight hours later, the supernatant was harvested by a combina-
tion of centrifugation and 0.22 mm filtration to remove cell debris. LV
particles were purified by high-performance liquid chromatography
(HPLC) and titered on HOS cells as previously described.51

Generation of B7-H3-CAR T Cells

Human peripheral blood mononuclear cells (PBMCs) were obtained
from whole blood of healthy donors under an Institutional Review
Board (IRB)-approved protocol at St. Jude Children’s Research Hos-
pital, after informed consent was obtained in accordance with the
Declaration of Helsinki. To generate CAR T cells, PBMCs were iso-
lated by Lymphoprep (Abbott Laboratories, Abbott Park, IL, USA)
gradient centrifugation. On day 0, CD4+ and CD8+ T cells were en-
riched from PBMCs by immunomagnetic separation using CD4
and CD8 microbeads (Miltenyi, Germany), an LS column (Miltenyi),
and a MidiMACS separator (Miltenyi). Enriched T cells were resus-
pended at 1 � 106 cells/mL in RPMI 1640 (GE Healthcare) supple-
mented with 10% FBS (GE Healthcare), 1% GlutaMAX (Thermo
Fisher Scientific), and cytokines IL-7 and IL-15 (10 ng/mL each) (Bio-
logical Resources Branch, National Cancer Institute, Frederick, MD,
USA, and PeproTech, Rocky Hill, NJ, USA) and stimulated overnight
on 24-well non-tissue culture-treated plates that were precoated with
CD3 and CD28 antibodies (Miltenyi). Transduction was performed
on day 1 by adding VSVG-pseudotyped LV particles at an MOI of
50, and protamine sulfate at 4 mg/mL. On day 4, T cells were trans-
ferred into new 24-well tissue culture-treated plates and subsequently
expanded with IL-7 and IL-15 (10 ng/mL each). All experiments were
performed 7–14 days post-transduction. Biological replicates were
performed using PBMCs from different healthy donors.

VCN

Transduced T cells were harvested and total genomic DNA was iso-
lated using the Zymo Research Quick-DNA 96 kit (Zymo Research,
Irvine, CA, USA). To determine the VCN per cell, genomic DNA
was digested with MspI and used as a template in PCR using a digital
droplet PCR (ddPCR) instrument (QX200; Bio-Rad, Hercules, CA,
USA). The following primer-probe sets were used to amplify the
HIV psi sequence located on the vector genome and the endogenous
control gene RPP30, 50-ACTTGAAAGCGAAAGGGAAAC-30, 50-
CACCCATCTCTCTCCTTCTAGCC-30, and probe 50-FAM-AGC
TCTCTCGACGCAGGACTCGGC-30 and 50-GCGGCTGTCTCCA
CAAGT-30, 50-GATTTGGACCTGCGAGCG-30 and probe 50-HEX-
CTGACCTGAAGGCTCT-30, respectively. The reaction mixture
contained ddPCR Supermix for probes without uridine 50-triphos-
phate (UTP) (Bio-Rad). The cycled droplets were read with the
QX200 droplet reader (Bio-Rad). The ratio of the numbers of mole-
cules of these two genes is the sample’s gene of interest relative
copy number analyzed with QuantaSoft droplet reader software
version 1.7.4.0917 (Bio-Rad).

Flow Cytometry

A FACSCanto II (BD Biosciences) instrument was used to acquire
flow cytometry data, which was analyzed using FlowJo v10 (BD
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Biosciences). For surface staining, samples were washed with and
stained in PBS (Lonza) with 1% FBS (GE Healthcare). For all exper-
iments, matched isotypes or known negatives (e.g., NT T cells) served
as gating controls. CAR detection was performed using F(ab0)2 frag-
ment=specific antibody (polyclonal, Jackson ImmunoResearch, West
Grove, PA, USA). T cells were stained with fluorochrome-conjugated
antibodies using combinations of the following markers: CD4 (clone
SK3, BD Biosciences), CD8 (clone SK1, BD Biosciences), CCR7 (clone
G043H7, BioLegend, San Diego, CA, USA), CD45RO (clone UCHL1,
BD Biosciences), and 41BBL (clone 5F4, BioLegend). Tumor cell lines
were evaluated for expression of B7-H3 using B7-H3 antibody (clone
7-517, BD Biosciences, or clone FM276, Miltenyi). To determine
apoptosis, T cells were labeled with annexin V (BD Biosciences)
and DAPI (BD Biosciences). The percentages of apoptotic cells
were determined by the percent annexin V positive.

Analysis of Cytokine Production

5 � 105 T cells were cocultured with no tumor cells or 5 � 105

LM7KO, LM7, A549, or U373 cells, without the provision of exoge-
nous cytokines. Approximately 24 h after coculture, supernatant
was collected and frozen for later analysis. Production of IFNg and
IL-2 was measured using a quantitative ELISA per the manufacturer’s
instructions (R&D Systems, Minneapolis, MN, USA).

Cytotoxicity and Repeat Killing Assays

The xCELLigence real-time cell analyzer (RTCA) MP instrument
(Agilent Technologies, Santa Clara, CA, USA) was used to assess
CAR T cell cytotoxicity and repeat killing capacity. All assays were
performed in triplicate and without the addition of exogenous cyto-
kines. First, 30,000 LM7 cells in complete RPMI were added to
each well of a 96-well E-Plate (Agilent). After LM7 cells adhered to
the E-Plate for approximately 24 h and reached a cell index (relative
cell impedance) plateau, 15,000 T cells in complete RPMI were added.
LM7 cells alone served as negative controls. The cell index was moni-
tored every 15 min for 3 days and normalized to the maximum cell
index value immediately prior to T cell plating. Percent cytotoxicity
was calculated using the RTCA Software Pro immunotherapy module
(Agilent).52 For repeat killing assays, 72 h after T cell plating, media
and T cells were gently removed to avoid disrupting adherent LM7
cells and plated on 30,000 fresh LM7 cells adhered to a new 96-well
E-Plate. Repeat cytolysis was assessed until T cells stopped killing,
defined by no CAR T cell killing greater than 50% of LM7 target cells,
or over a maximum of five total stimulations per donor.

Xenograft Mouse Models

Animal experiments followed a protocol approved by the St. Jude
Children’s Research Hospital Institutional Animal Care and Use
Committee. All experiments utilized 8- to 12-week-old male or female
NSG mice purchased from The Jackson Laboratory (Bar Harbor, ME,
USA) or obtained from the St. Jude NSG colony. Mice were eutha-
nized when they reached our bioluminescent flux endpoint of 1 �
1010 photons/s, or when they met physical euthanasia criteria (signif-
icant weight loss, signs of distress), or when recommended by the St.
Jude veterinary staff. For the local OS model, mice received an i.p. in-
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jection of 1 � 106 LM7.eGFP.ffLuc cells and, 7 days later, an i.p. in-
jection of 1 � 105 CAR T cells. For the systemic lung cancer model,
2 � 106 A549.eGFP.ffLuc cells were injected intravenously (i.v.).
Seven days later 3 � 106 CAR T cells were injected i.v. For the sys-
temic OS model, 2 � 106 LM7.eGFP.ffLuc cells were injected i.v.
Twenty-eight days later 1 � 106 CAR T cells were injected i.v. For
the orthotopic HGG model, NSG mice were injected with 5 � 104

U373.eGFP.ffLuc cells intracranially (i.c.). Seven days later 2 � 106

CAR T cells were injected i.c. For the CAR T cell expansion model,
2� 106 A549 cells were injected i.v., followed by 1� 106 ffLuc labeled
T cells 7 days later. For the repeat tumor challenge locoregional OS
model, mice that were initially treated with CD8a/CD28- or
41BBL-CAR T cells received a second dose of 1 � 106 LM7.eGFP.f-
fLuc tumor cells 133 days after the initial tumor cell injection. Five
mice that received no previous tumor or CAR T cell infusion served
as controls.

Bioluminescent Imaging

Mice were injected i.p. with 150 mg/kg of D-luciferin 5–10 minutes
before imaging, anesthetized with isoflurane (1.5%–2% delivered in
100% O2 at 1 L/min), and imaged with an in vivo imaging system
(IVIS) 200 (PerkinElmer, Waltham, MA, USA). The photons emitted
from the luciferase-expressing cells were quantified using Living Im-
age software (PerkinElmer). Mice were imaged once per week to track
tumor burden, and one to two times per week to track T cells.

Statistical Analysis

For comparison of three or more groups with a single independent
variable, statistical significance was determined by one-way
ANOVA with a Tukey’s multiple comparison test. For comparison
of three or more groups with two or more independent variables, sta-
tistical significance was determined by two-way ANOVAwith Sidak’s
multiple comparison test. Survival curves were plotted using the Ka-
plan-Meier method. Statistical significance between survival curves
was determined using the log-rank (Mantel-Cox) test.
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