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Advancing chimeric antigen receptor (CAR)-engineered T cells
for the treatment of solid tumors is a major focus in the field of
cellular immunotherapy. Several hurdles have hindered similar
CAR T cell clinical responses in solid tumors as seen in hema-
tological malignancies. These challenges include on-target off-
tumor toxicities, which have inspired efforts to optimize CARs
for improved tumor antigen selectivity and overall safety. We
recently developed a CAR T cell therapy targeting prostate
stem cell antigen (PSCA) for prostate and pancreatic cancers,
showing improved preclinical antitumor activity and T cell
persistence by optimizing the intracellular co-stimulatory
domain. Similar studies were undertaken to optimize HER2-
directed CAR T cells with modifications to the intracellular
co-stimulatory domain for selective targeting of breast cancer
brain metastasis. In the present study, we evaluate various
nonsignaling extracellular spacers in these CARs to further
improve tumor antigen selectivity. Our findings suggest that
length and structure of the extracellular spacer can dictate
the ability of CARs to selectively target tumor cells with high
antigen density, while sparing cells with low antigen density.
This study contributes to CAR construct design considerations
and expands our knowledge of tuning solid tumor CAR T cell
therapies for improved safety and efficacy.

INTRODUCTION
Chimeric antigen receptor (CAR) T cell therapy has demonstrated
unprecedented clinical responses in patients with B cell malignancies,
and efforts are under way to translate CAR T cell therapies for the
treatment of solid tumors. However, CAR T cells have shown under-
whelming clinical responses in solid tumors,1,2 uncovering several
challenges that must be overcome to develop safe and effective
CAR T cell therapies for these diseases.3–5 The success of CAR
T cell therapy is contingent upon the combination of robust and du-
rable antitumor activity and tumor specificity with minimal targeting
of normal tissues. The highly restricted and uniform expression of B
cell lineage markers CD19 and BCMA have been crucial in their clin-
ical successes as CAR T cell therapies for hematological malignancies.
Solid tumors lack such tumor-restricted targets, and CAR T cells for
the treatment of solid tumors are directed to tumor-associated anti-
gens that are commonly expressed on normal tissues. Adoptive trans-
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fer of solid tumor CAR T cells can therefore result in on-target off-tu-
mor toxicities.6,7 Therefore, designing tumor-selective CARs will be
critical to the successes of solid tumor CAR T cells.

CARs consist of an antigen-binding domain, a nonsignaling extracel-
lular spacer, and transmembrane and intracellular signaling domains,
and themodular design of CARs has allowed rigorous optimization to
improve potency and tumor antigen selectivity. Monoclonal anti-
body-derived single-chain variable fragment (scFv) is most used for
antigen-binding domain, and many groups have performed affinity
tuning of scFvs to discriminate tumors with high antigen expression
from normal tissues with low antigen expression to minimize on-
target off-tumor activities.7–10 The intracellular co-stimulatory
signaling domain with CD3z is crucial for inducing CAR T cell func-
tion upon antigen engagement. The choice of co-stimulatory domain
affects the antigen density selectivity, persistence, and cytokine secre-
tion of CAR T cells. CD28 and 4-1BB co-stimulatory domains are best
characterized, and CD28 co-stimulatory domain is known to promote
potent cytotoxicity, enabling superior sensitivity to low-density anti-
gen expression, and 4-1BB favors CAR T cell persistence.11–15

We previously designed a prostate stem cell antigen-directed
CAR (PSCA-CAR) comprising a humanized anti-PSCA scFv (A11
clone) tethered to a CD4 transmembrane domain via an extracellular
immunoglobulin G (IgG)4-Fc spacer (void of the Fcg receptor
(FcgR)-binding CH2 domain) and an intracellular signaling domain
consisting of 4-1BB co-stimulatory domain andCD3z cytolytic domain
(PSCA(DCH2)BBz).12 This CAR, compared to a similar CAR
construct containing a CD28 co-stimulatory domain (PSCA(DCH2)
28z), showed improved overall in vitro and in vivo antitumor activity.
Importantly, PSCA(DCH2)BBz CAR T cells showed superior selec-
tivity for tumor cells with higher PSCA expression relative to
PSCA(DCH2)28z CAR T cells. However, PSCA(DCH2)BBz CAR
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T cells killed tumor cells with low PSCA expression in vitro, suggesting
that further modifications to the construct may be warranted to avoid
potential targeting of normal tissues with endogenous PSCA expres-
sion, including bladder, stomach, and colon.

Preclinical studies have showed that nonsignaling extracellular
spacers can affect CAR T cell function,16–19 and the domain can be
modified to alter antitumor activity. For instance, spacers derived
from endogenous receptors such as CD3z and CD28 enhance CAR
T cell function by improving CAR stability in themembrane via inter-
action with endogenous proteins.18,20 Extracellular spacers also lend
flexibility and extracellular length to CARs and contribute to main-
taining an optimal synapse necessary for antigen recognition. Flexible
spacers such as IgG1 and IgG4 Fc enable access to sterically hindered
antigens relative to rigid CD28- and CD8-derived spacers.17,21,22

Moreover, the Fc region of IgG1 and IgG4 elicits FcүR-mediated
immunogenicity, and IgG1- and IgG4-derived spacers have been
further mutated to avoid this interaction and to improve CAR
T cell persistence.16,19,23 Although these previous reports have shown
that the extracellular spacer domain contributes to overall CAR T cell
functionality, little is known about its impact on tumor antigen
selectivity.24

In this study, we varied the length and structure of the extracellular
spacer domain in PSCA-BBz and human epidermal growth factor re-
ceptor 2 (HER2)-BBz CARs to evaluate the impact of this domain on
tumor antigen selectivity of CAR T cells. We found that varying the
spacer length and structure alters activation, cytokine secretion, pro-
liferation, and tumor cell killing of CAR T cells following in vitro
coculture of T cells and tumor cells with varying antigen density, as
well as in vivo using human xenograft mouse models. Shortening
the spacer domain led to CAR T cell selectivity toward target cells
with high antigen density, sparing those with low antigen density.
We identified a spacer that promotes potent, selective, and durable
antitumor activity of CAR T cells against cells with high antigen
expression. This study emphasizes the importance of evaluating the
spacer domain when optimizing solid tumor CARs, and provides in-
sights into engineering approaches to achieve robust and durable
CAR T cell activity with improved tumor antigen selectivity.

RESULTS
Nonsignaling extracellular spacer affects tumor antigen

sensitivity and function of PSCA-CAR T cells in vitro

To investigate the impact of the extracellular spacer length and to
further optimize CAR T cell selectivity to high antigen density, we
varied the spacer domain of PSCA-CARs with the 4-1BB co-stimula-
tory domain.12 We tested 4 spacers: a 229-amino acid-long IgG4-Fc
spacer with 2-point mutations (L235E; N297Q) in the CH2 domain
(EQ), a 129-amino acid-long IgG4-Fc spacer with a deletion of
the CH2 domain (DCH2), a 22-amino acid-long IgG4 hinge
linker (HL) spacer with a deletion of the CH2-CH3 domains and a
10-amino acid-long synthetic spacer (L) (Figure 1A). T cells were
transduced with lentivirus to express PSCA-CARs that varied in the
extracellular spacer domain, and the molecular weight of respective
2 Molecular Therapy: Oncology Vol. 32 June 2024
PSCA-CARs was confirmed by western blotting (Figure 1B). All of
the constructs contained the truncated CD19 (CD19t) as a marker
of lentiviral transduction, and we demonstrated comparable trans-
duction by CD19t expression (Figure 1C) and cell surface expression
of PSCA-CARs by protein L staining (Figure 1D) using flow cytom-
etry. All of the spacer variants of PSCA-CAR as well as untransduced
(UTD) control T cells had similar CD4/CD8 ratios (CD4 34.5% ±

1.36% SEM, CD8 65.5% ± 1.36% SEM), and ex vivo expansion of
PSCA-CAR T cells was also comparable (Figure 1E).

We next assessed CAR T cell function using in vitro tumor cell killing
assays by coculturing CAR T cells with the prostate cancer cells PC3
and DU145, engineered to express high antigen density PSCA under
the EF1a promoter (PC3-PSCAhi, DU145-PSCA), along with PC3
cells engineered to express PSCA under the control of an attenuated
promoter (PGK100) to generate cells with low antigen density (PC3-
PSCAlo) (Figures 2A and 2B). T cell activation was measured by
protein expression of CD137 by flow cytometry, and interferon g

(IFN-g) secretion was quantified by ELISA after 24 h. All PSCA-
CAR T cell variants showed robust activation against DU145-PSCA
and PC3-PSCAhi tumor cells (Figure 2C). PSCA-CAR T cells contain-
ing EQ and DCH2 (PSCA(EQ), PSCA(DCH2)) showed high CD137
expression against tumor cells regardless of antigen density, albeit a
lower CD137 mean fluorescence intensity (MFI) against PC3-
PSCAlo cells (Figure 2D). However, PSCA-CAR T cells with HL
and L spacers significantly reduced both the frequency and cell-sur-
face density of CD137 in the presence of tumor cells with low antigen
density, suggesting their greater selectivity for tumor cells with high
antigen density. IFN-g production by EQ,DCH2, and HL-containing
PSCA-CAR T cells against DU145-PSCA and PC3-PSCAhi cells was
robust, yet only EQ- and DCH2-containing PSCA-CAR T cells pro-
duced measurable IFN-g against PC3-PSCAlo tumors (Figure 2E).
We next stimulated PSCA-CAR T cells with varying concentrations
of plate-bound recombinant human PSCA protein, against observing
that only EQ- and DCH2-containing PSCA-CAR T cells produced
robust IFN-g in response to recombinant PSCA protein below
1.25 mg/mL (Figure 2F). L-containing PSCA-CAR T cells failed to
produce IFN-g regardless of tumor antigen density, despite their acti-
vation in response to tumor cells with high antigen density
(Figures 2C–2F). Varying only the nonsignaling extracellular spacers
in the PSCA-CAR resulted in differences in CD137 expression and
IFN-g production, providing evidence that this domain has the po-
tential to affect the function of CAR T cells, and that shortening
the spacer length enhances tumor antigen selectivity.

We next evaluated whether these differences in T cell activation trans-
late into differences in tumor cell killing by coculturing PSCA-CAR
T cell variants with PC3 tumor cells with low or high antigen density
at an effector-to-tumor (E:T) ratio of 1:20 in long-term assays. All of
the spacer variants demonstrated potent and comparable cytotoxicity
against PC3-PSCAhi tumor cells, but cytotoxicity against PC3-PSCAlo

tumor cells varied among the spacer variants (Figures 3A and 3B).
While PSCA-CAR T cells with EQ and DCH2 demonstrated robust
tumor cell killing independent of antigen density, the HL- and
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Figure 1. PSCA-CAR T cells containing varying nonsignaling extracellular spacers

(A) Diagram of the lentiviral expression cassette with PSCA-CARs containing the humanized scFv (A11 clone) targeting PSCA, a CD4 transmembrane domain, a cytoplasmic

4-1BB co-stimulatory domain, and a cytolytic CD3z domain. The nonsignaling extracellular spacer domain was altered to be either a 229-amino acid-modified human IgG4

Fc spacer with a double mutation (L235E; N297Q) within the CH2 region (EQ), a 129-amino acid-modified human IgG4 Fc spacer (void of the CH2 domain, DCH2), a

22-amino acid IgG4 HL, or a 10-amino acid synthetic linker (L). A nonsignaling CD19t, separated from the CAR with a T2A ribosomal skip sequence, was expressed as a

surrogate marker of transduction. (B) Molecular weight of CARs with varying spacer length detected by western blotting CD3z protein. Endogenous T cell receptor was also

detected (17–24 kDa). (C) UTD and PSCA-CAR T cells containing either EQ, DCH2, HL, or L spacers were evaluated by flow cytometry for CD19t expression to detect

lentiviral transduction of CARs. (D) Protein L bindingwas evaluated by flow cytometry to detect cell surface expression of the scFv of the CAR. (E) Ex vivo expansion kinetics for

UTD and PSCA-CAR T cells over 16 days in culture. All of the data are representative of at least 2 independent experiments with at least 2 donors.
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L-containing PSCA-CAR T cells showed significantly reduced killing
of PC3-PSCAlo tumor cells, consistent with the trends in reduced
CD137 expression and IFN-g production in response to low antigen
density. Despite the potent cytotoxicity against PC3-PSCAhi

cells, only EQ-, DCH2-, and HL-containing CAR T cells expanded
following coculture. None of the spacer variants were able to expand
in coculture with PC3-PSCAlo tumor cells, even though PSCA-CAR
T cells with EQ and DCH2 were able to kill these cells (Figure 3C).
We also evaluated programmed cell death protein 1 (PD-1) induction
as ameasure of T cell exhaustion, and surprisingly, PSCA-CART cells
with HL showed significantly lower induction of PD-1 than those
with EQ and DCH2 spacers despite their similar activation and pro-
liferation (Figure 3D). Taken together, these results suggest that the
nonsignaling extracellular spacer affects tumor antigen sensitivity
and function of CAR T cells.

Nonsignaling extracellular spacer affects tumor antigen

sensitivity and function of HER2-CAR T cells in vitro

To extend these findings to other CAR targets, we evaluated HER2-
directed CAR (HER2-CAR) T cells with respect to the impact of
the spacer length on activation and tumor cell killing. We used the
same spacer variants in HER2-CARs comprising a humanized
anti-HER2 scFv (4D5 clone) tethered to a CD8 transmembrane
domain and a 4-1BB co-stimulatory domain14 (Figure 4A). All of
the HER2-CAR designs demonstrated comparable transduction eval-
uated by cell surface expression of CD19t and CAR (Figures 4B and
4C), as well as ex vivo expansion (Figure 4D); however, the presence
of a DCH2 spacer resulted in lower cell surface density measured by
protein L staining, suggesting reduced expression stability of this
HER2-CAR construct (Figure 4C).

To assess the in vitro functionality of these HER-CAR T cells, we used
breast cancer lines with varying levels of endogenous or engineered
HER2 expression measured by flow cytometry (HER2� MDA-MB-
468 cells, low HER2-expressing MDA-MB-361 and MDA-MB-
231BR [231BR] cells, and high HER2-expressing BBM1 cells and
MDA-MB 231BR cells engineered to overexpress HER2 [231BR-
HER2]) (Figure 4E). We found that all of the HER2-CAR T cell var-
iants produced IFN-g against MDA-MB 231BR-HER2 and BBM1
cells with abundant HER2 expression, but levels of IFN-gwere signif-
icantly lower in HER2-CAR T cells containing HL and L spacers rela-
tive to those with EQ spacers (Figure 4F). HER2-CAR T cells with HL
Molecular Therapy: Oncology Vol. 32 June 2024 3
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Figure 2. Nonsignaling extracellular spacer regulates antigen sensitivity and functionality of PSCA-CAR T cells in vitro

(A) Flow cytometry analysis of PSCA expression in lentivirally transduced human prostate cancer cell lines PC3 and DU145. (B) Fluorescence microscopy analysis of PSCA

expression in PC3, PC3-PSCAlo, and PC3-PSCAhi tumor cells. (C and D) Percentage (C) and MFI (D) of CD137 expression in UTD and PSCA-CAR T cells containing either

EQ, DCH2, HL, or L spacers. CD137 expression was evaluated by flow cytometry following 24-h coculture with the indicated tumor targets at a 1:2 E:T ratio. (E) IFN-g

production quantified by ELISA in supernatants from UTD or indicated PSCA-CAR T cells cultured overnight with tumor targets at a 1:1 E:T ratio. (F) IFN-g production

quantified by ELISA in supernatants from UTD or indicated PSCA-CAR T cells cultured overnight on plate-bound recombinant human PSCA at varying protein concen-

trations. All of the data are representative of at least 2 independent experiments performed with duplicates with at least 2 donors. Mean ± SEM is presented with p value (*p <

0.05, **p < 0.01, ***p < 0.001).
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and L spacers did not produce IFN-g when cocultured with MDA-
MB-361 and 231BR tumor cells with low HER2 expression, suggest-
ing the selectivity of HL- and L-containing HER2-CAR T cells to tu-
mors with higher antigen density. This trend in IFN-g secretion was
4 Molecular Therapy: Oncology Vol. 32 June 2024
further confirmed by stimulating HER2-CAR T cells with varying
concentrations of plate-bound recombinant human HER2 protein
(Figure 4G). We also assessed tumor cell killing in coculture assays
by flow cytometry and found that all of the HER2-CAR T cell variants
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Figure 3. Short extracellular spacers improve selectivity of PSCA-CAR T cells to prostate tumor cells with higher antigen density

UTD and PSCA-CAR T cells containing either EQ, DCH2, HL, or L spacers were cocultured with PC3, PC3-PSCAlo, and PC3-PSCA tumor cells at a 1:20 E:T ratio, and flow

cytometry analysis was performed after 9 days. (A) Representative flow cytometry plots comparing the spacer variants. Gating strategy to distinguish tumor cells and T cells

(left). (B–D) Quantification of tumor cell killing (B), T cell expansion (C), and PD-1 expression (D). Tumor cell killing was normalized to respective conditions containing control

UTD T cells. PD-1 expression was assessed in CAR T cells detected by CD19t expression. All of the data are representative of at least 2 independent experiments performed

with duplicates with at least 2 donors. Mean ± SEM is presented with p value (*p < 0.05, **p < 0.01, ***p < 0.001).

www.moleculartherapy.org
potently killed BBM1 and 231BR-HER2 cells (Figure 4H). Although
HER2-CAR T cells with EQ spacer showed robust killing of
MDA-MB-361 and 231BR tumor cells, HER2-CAR T cells with HL
and L spacers did not kill these tumor cells with low antigen density.
Taken together, these results indicate selectivity of HL- and
L-containing HER2-CAR T cells to high antigen density similar to
that of PSCA-CAR T cells. Although both HL- and L-containing
HER2-CAR T cells were selective to tumor cells with abundant anti-
gen expression, the HL spacer allowed for superior tumor killing and
IFN-g secretion compared with the L spacer, suggesting that extracel-
lular spacer length can regulate CAR T cell function.

Nonsignaling extracellular spacer affects tumor antigen

sensitivity and efficacy of PSCA-CAR T cells in vivo

The presence of the HL spacer in both PSCA- and HER2-CAR T cells
resulted in improved selectivity for tumor cells with high antigen den-
sity.We next evaluated the impact of spacer length on the in vivo ther-
apeutic activity of PSCA-CAR T cells. We subcutaneously engrafted
PC3-PSCAhi cells in one flank and PC3-PSCAlo cells in the opposite
flank of male NSG mice, and adoptively transferred 5 � 106 PSCA-
CAR T cells with DCH2, HL, or L spacers by intravenous (i.v.) injec-
tion (Figure 5A). Regardless of the spacer, mice that received PSCA-
CAR T cells showed potent growth inhibition of PC3-PSCAhi tumors
(Figures 5B and 5D). Although DCH2-containing PSCA-CAR T cells
managed to control the growth of PC3-PSCAlo tumors, PSCA-CAR
T cells with HL and L spacers showed minimal antitumor activity
against these tumors (Figures 5C and 5E). Furthermore, despite the
durable antitumor activity of PSCA-CAR T cells with DCH2 and
HL spacers against PC3-PSCAhi tumors, L-containing PSCA-CAR
T cells failed to show similar therapeutic activity (Figures 5B and
5D). These results reproduced the trend we observed in vitro, with
PSCA-CAR T cells with the HL spacer demonstrating the greatest po-
tency and selectivity for tumors with high tumor antigen density
in vivo.
Molecular Therapy: Oncology Vol. 32 June 2024 5
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Figure 4. Nonsignaling extracellular spacer controls antigen sensitivity and functionality of HER2-CAR T cells in vitro

(A) Diagram of the lentiviral expression cassette with HER2-CARs containing the humanized scFv (4D5 clone) targeting HER2 with a CD8 transmembrane domain, a

cytoplasmic 4-1BB co-stimulatory domain, and a cytolytic CD3z domain. The nonsignaling extracellular spacer domain was altered to be either a 229-amino acid-modified

human IgG4 Fc spacer with a double mutation (L235E; N297Q) within the CH2 region (EQ), a 129-amino acid-modified human IgG4 Fc spacer (void of the CH2 domain,

DCH2), a 22-amino acid IgG4HL, or a 10-amino acid synthetic linker (L). A nonsignaling CD19t, separated from the CARwith a T2A ribosomal skip sequence, was expressed

as a surrogate marker of transduction. (B) UTD and HER2-CAR T cells containing either EQ, DCH2, HL, or L spacers were evaluated by flow cytometry for CD19t expression

to detect lentiviral transduction of CARs. (C) Protein L binding was evaluated by flow cytometry to detect cell surface expression of the scFv of the CAR. (D) Ex vivo expansion

kinetics for UTD and PSCA-CAR T cells over 18 days in culture. All of the data are representative of at least 2 independent experiments. (E) Flow cytometric analysis of HER2

expression in human breast cancer cell lines. HER2-MDA-MB-468 (468), MDA-MB-361 (361), MDA-MB-231BR (231BR), and MDA-MB-231BR cells engineered to

overexpress HER2 (231BR-HER2), and BBM1 tumor cells have varying HER2 expression. (F) IFN-g production quantified by ELISA in supernatants from UTD or indicated

HER2-CAR T cells cocultured overnight with tumor targets at a 1:1 E:T ratio. (G) IFN-g production quantified by ELISA in supernatants from UTD or indicated HER2-CAR

T cells cultured overnight on plate-bound recombinant human HER2-Fc at varying protein concentrations. (H) Tumor cell killing by HER2-CAR T cells. HER2-CAR T cells

containing either EQ, DCH2, HL, or L spacers were cocultured with indicated tumor cells at a 1:20 E:T ratio, and flow cytometry analysis was performed after 8 days. Tumor

cell killing was calculated by normalizing to respective conditions containing control UTD T cells. All of the data are representative of at least 2 independent experiments

performed with duplicates or triplicates with at least 2 donors. Statistical analysis was performed to compare EQ, HL, and L spacers. Mean ± SEM is presented with p value

(*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 5. Short extracellular spacers in PSCA-CAR T cells promote selective killing of prostate cancer cells with high antigen density in vivo

(A) Illustration of in vivomodel. Male NSG mice bearing subcutaneous PC3-PSCAhi and PC3-PSCAlo tumor cells (2.5� 106 each site) on either flank with treated with 0.5 M

Mock or indicated PSCA-CAR T cells by i.v. injection on day 22. (B–E) Average and individual tumor volumes (mm3) of PC3-PSCAhi (B and D) and PC3-PSCAlo (C and E)

tumors. All of the data are representative of at least 2 independent experiments with at least 2 donors. Each group had NR 5. Statistical significance shown indicates results

of ANOVA performed on 56 days posttumor injection. Mean ± SEM is presented with p value (*p < 0.05, **p < 0.01, ***p < 0.001).
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We validated our findings using the human pancreatic adenocarci-
noma (HPAC) model that expresses high levels of endogenous
PSCA (Figure 6A). DCH2-, HL-, and L-containing PSCA-CAR
T cells were statistically different in HPAC tumor cell killing using
in vitro coculture assays (Figure 6B). In mice bearing subcutaneous
HPAC tumors, potent antitumor activity was observed with PSCA-
CAR T cells containing DCH2 and HL spacers, with heterogeneous
responses with L-containing PSCA-CAR T cells (Figures 6C and
6D). Moreover, the trend in antitumor activity among PSCA-CAR
T cells correlated with the abundance of tumor-infiltrating PSCA-
CAR T cells in HPAC tumors (Figures 6E–6G) and circulating
PSCA-CAR T cells in peripheral blood (Figure 6H), suggesting their
varying ability to traffic to and proliferate in HPAC tumors. Overall,
these data support the differential antitumor activity of CAR T cells
against tumors with varying antigen density through the nonsignaling
extracellular spacer.
DISCUSSION
On-target-off-tumor-toxicities are a major concern in the develop-
ment of solid tumor-directed CAR T cells. Many studies have shown
that modifications to the scFv, transmembrane, and intracellular
signaling domains alter the antigen sensitivity of CARs, and opti-
mizing these domains can improve the tumor selectivity of CAR
T cells. We previously developed PSCA- and HER2-CAR T cells
that demonstrated durable antitumor activity against target cells,
including those with low and high antigen density. In this study, we
further modulated these CAR designs to show that varying the non-
signaling extracellular spacer domain length and structure can
improve the tumor selectivity of CAR T cells. Importantly, we left
all of the other domains in the CAR construct constant while focusing
exclusively on the impact of modifying the nonsignaling extracellular
spacer domain on CAR T cell function and tumor selectivity. Our
data using two different CAR targets show that in contrast to the
Molecular Therapy: Oncology Vol. 32 June 2024 7
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Figure 6. Nonsignaling extracellular spacer regulates antitumor activity of PSCA-CAR T cells against pancreatic ductal adenocarcinoma in vivo

(A) PSCA expression in HPAC cells evaluated by flow cytometry. (B) Quantification of tumor cell killing by PSCA-CAR T cells containing either DCH2, HL, or L spacers

following a 3-day coculture with PSCA+ HPAC tumor cells at a 1:1 E:T ratio. (C and D) Average (C) and individual (D) tumor volumes (mm3) in NSGmice bearing subcutaneous

HPAC (2.5 � 106) tumors on day 0, and treated with 5 M UTD or indicated PSCA-CAR T cells by i.v. injection on day 16. Statistical significance shown indicates results of

ANOVA performed on 51 days posttumor injection. (E) Immunohistochemistry staining of human CD3 in HPAC tumors from mice treated with UTD or PSCA-CAR T cells

containing either DCH2, HL, or L spacers. (F) Quantification of CD3+ human T cells per unit area of HPAC tumors stained by immunohistochemistry. (G) Frequency of CAR

T cells relative to the total cells in HPAC tumorsmeasured by flow cytometry. (H) Concentration of circulating CAR T cells in peripheral bloodmeasured by flow cytometry. All of

the data are representative of at least 2 independent experiments with at least 2 donors. In vitro tumor killing assays were performed with duplicates (B). In vivo studies were

performedwith N = 10 per group. Circulating CAR T cells were quantified in all of themice (H). Tumor was harvested from 2mice (E–G), and tumor volume is shown with N = 8

(A and B). Mean ± SEM is presented with p value (*p < 0.05, **p < 0.01, ***p < 0.001).
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longer IgG4 spacer domains, the 22-amino acid HL spacer resulted in
selective antitumor activity against target cells with high antigen den-
sity while sparing those with low antigen density. We assessed the
in vivo antitumor activity of PSCA-CAR T cells in mice bearing sub-
cutaneous human prostate and pancreatic tumors and demonstrated
potent and selective antitumor activity of PSCA(HL)-CAR T cells
in vivo for tumors with higher antigen density, as compared with
the longer spacer-containing PSCA-CAR T cells. The presence of
the synthetic short L spacer hampered IFN-g production and prolif-
eration, with dampened overall antitumor function of CAR T cells
8 Molecular Therapy: Oncology Vol. 32 June 2024
in vitro and in vivo regardless of antigen density, suggesting that
a nonstructural short spacer is inadequate for eliciting robust
antitumor activity. Taken together, these findings highlight the
importance of optimizing the spacer domain to develop effective solid
tumor CAR T cell therapies with reduced potential for on-target off-
tumor toxicities in normal tissue with low target expression. This
study not only supports that the spacer domain modulates the anti-
tumor activity of CAR T cells16–23 but also identifies the spacer
domain as a regulator to adjust the sensitivity of CAR T cells to target
antigen density.
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Previous studies have suggested that long spacers may provide suffi-
cient length and flexibility necessary for binding epitopes proximal to
the cell membrane, and short spacers may be more suitable for CAR
binding epitopes distal to the cell membrane.21,25–27 HER2 has large
extracellular domains, and the trastuzumab-derived scFv used in
this study binds to an epitope proximal to the cell membrane.27 In
contrast, PSCA is a relatively small protein, and the scFv used in
this study targets an epitope located in the middle region of the extra-
cellular domain (US patent US8404817B2). Despite this difference
in the distance of the targeted epitopes to the cell membrane, we
observed similar functional trends in PSCA- and HER2-CAR
T cells when varying the spacer length. Haso et al. reported that ex-
tending the spacer length in CD22-targeted CAR did not enhance
binding to a membrane-proximal epitope in CD22,28 and although
the distance of targeted epitopes to the cell membrane may be an
important parameter to be considered, epitope accessibility is affected
by the structure of targeted proteins and steric hindrance caused by
protein-protein interaction.28,29 Moreover, engineering the spacer
domain without major alteration of the spacer length has an impact
on epitope binding of CARs and tumor selectivity.19,27 These studies
indicate that the spacer domain must be optimized for each CAR, and
also may be affected by functions of other domains, including scFv af-
finity, transmembrane domain stability, and intracellular co-stimula-
tory domain activity.

In this study, we found that the HL spacer in PSCA- and HER2-CAR
was able to spare cells with low antigen expression. HER2 expression
in normal tissues may pose a concern for CAR T cell off-tumor on-
target activity, and our results indicate that the HL spacer may be
more suitable than the EQ in HER2-CARs to normal tissue toxicities.
PSCA expression may be more restricted in normal tissue expression
relative to HER2, where a longer spacer length may be used to target
tumor cells with lower antigen density. We have also demonstrated
that cytokine secretion can be regulated by the spacer domain without
affecting antitumor activity. Systemic CAR T cell-derived cytokines
can lead to dose-limiting cytokine release syndrome side effects,
and using a short spacer such as HL may provide a safer yet compa-
rably effective clinical CAR design. Preclinical studies have demon-
strated that IFN-g secreted by CAR T cells is necessary for remodel-
ing the immune landscape in the solid tumor microenvironment30–32

and crucial for tumor cell killing in solid tumors.33 Choosing a long
extracellular spacer such as EQ or DCH2 in our PSCA- and HER2-
CAR may allow for increased IFN-g secretion critical for eliciting
overall antitumor activity against solid tumors. In this study, we eval-
uated the efficacy of CAR T cells using immunodeficient mouse
models with human xenografts. Cytokine release syndrome, which
is known to be mediated by monocytes,34,35 and antitumor function
of the endogenous immunity cannot be adequately measured in these
murine models that lack the fully functional endogenous immune
system. Moreover, IFN-g signaling regulates CD8+ T cell differentia-
tion and memory phenotypes,36–38 and repeated antigen stimulation
drives T cell effector function and exhaustion.39,40 We demonstrated
that the spacer domain regulates the IFN-g secretion and activation of
CAR T cells, and although we did not evaluate differentiation and
memory phenotypes in this study, modifications to the spacer domain
may shift the memory/effector composition of CAR T cells and influ-
ence overall antitumor activity. Although further studies are war-
ranted, these preclinical data inform on requirements for the extracel-
lular nonsignaling spacer domain of CARs in regulating antitumor
activity and tumor antigen selectivity and shed light on engineering
CARs to develop potent solid tumor CAR T cells with minimal off-tu-
mor toxicity.

MATERIALS AND METHODS
Cell lines

Human metastatic prostate cancer cell lines DU145 (American Type
Culture Collection [ATCC] HTB-81) and PC3 (ATCC CRL-1435)
were cultured in RPMI 1640 (Lonza) containing 10% fetal bovine
serum (FBS, Hyclone). The human fibrosarcoma cell line HT1080
(ATCC CCL-121), human breast cancer cell line MDA-MB-468
(ATCC HTB-132), and HEK293T (ATCC CRL-3216) were cultured
in DMEM (Gibco, 11960-051) containing 10% FBS, 25 mM HEPES
(Irvine Scientific, 9319), and 2 mM L-glutamine (Lonza, 17-605E).
The human pancreatic cancer cell line HPAC (ATCC CRL-2119)
and human breast cancer cell lines MDA-MB-361 (ATCC HTB-27)
andMDA-MB-231BR (a kind gift fromDr. Patricia S. Steeg, NIH, Be-
thesda, MD41) were cultured in DMEM:Nutrient Mixture F-12
(DMEM/F12, Life Technologies) containing 10% FBS. The low pas-
sage patient-derived breast cancer tumor line (BBM1) generated at
City of Hope was cultured in DMEM/F12 containing 10% FBS on
300 mg/mL collagen-coated plates, as previously described.42

DU145 and PC-3 tumor cells were engineered to express PSCA,
and 231BR cells was engineered to express HER2 by lentiviral trans-
duction under the control of the EF1a promoter. To generate PC-3
tumor cells with low PSCA expression, a truncated PGK promoter,
PGK100, was used as previously described.12 Antigen-expressing cells
were isolated using the BD FACSAria Special Order Research Product
cell sorter, expanded, and frozen in CryoStor CS10 cryopreservation
media (BioLife Solutions) until needed for experiments.

DNA constructs and lentivirus production

The PSCA-targeting scFv (A11) sequence was kindly provided by
Drs. Anna Wu and Robert Reiter (University of California, Los An-
geles), and the HER2-targeting scFv was derived from Herceptin.
The intracellular signaling domain of both PSCA- and HER2-CAR
constructs contained the co-stimulatory domain of 4-1BB with the
CD3z cytolytic domain. The transmembrane domain of CD4 and
CD8 was used in the PSCA- and HER2-CAR constructs, respectively.
The extracellular spacer was altered in the CAR constructs by
cloning one of the four spacers: (1) the 229-amino acid-long IgG4
Fc-derived spacer with 2 point mutations in the CH2 domain
(L235E; N297Q, abbreviated EQ),16 (2) the 129-amino acid-long
IgG4 Fc-derived spacer with deletion of the CH2 domain
(DCH2),16 (3) the 22-amino acid-long IgG4 Fc-derived spacer with
deletion of the CH2 and CH3 domains (HL), and (4) the 10-amino
acid-long synthetic spacer (L). CAR constructs with a CD19t sepa-
rated by a T2A ribosomal skip sequence were cloned in an epHIV7
lentiviral backbone.
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Lentivirus was manufactured following previously established
methods.12 In short, lentivirus was generated using 293T cells in
T-225 flasks and cultured overnight before transfection with pack-
aging plasmids and desired lentiviral backbone plasmid. Supernatants
containing lentivirus were collected after 3 to 4 days, filtered, and
centrifuged to remove residual cell debris. Lentivirus containing su-
pernatant then underwent incubation with 2 mM magnesium and
25 U/mL Benzonase endonuclease. Suspended lentivirus was then
concentrated by high-speed centrifugation (6,080 � g) overnight at
4�C. Lentiviral pellets were resuspended in PBS-lactose solution
(4 g lactose per 100 mL PBS) and then aliquoted and stored at
�80�C. Lentiviral titers were determined by quantifying the expres-
sion of CD19t in HT1080 cells.

T cell isolation, lentiviral transduction, and ex vivo expansion

Leukapheresis products were obtained from consented research par-
ticipants (healthy donors) under protocols approved by the City of
Hope institutional review board. On the day of leukapheresis, periph-
eral blood mononuclear cells (PBMCs) were isolated by density
gradient centrifugation over Ficoll-Paque (GE Healthcare) followed
by multiple washes in PBS/EDTA (Miltenyi Biotec). Cells were rested
overnight at room temperature (RT) on a rotator and subsequently
washed and resuspended in X-VIVO-15 (Lonza) with 10% FBS (com-
plete X-VIVO). PBMCs were immediately frozen in CryoStor CS5
cryopreservation media (BioLife Solutions) until further processing.

Freshly thawed PBMCs were washed once and cultured in X-VIVO-
15 (Lonza) with 10% FBS (complete X-VIVO) containing 100 U/mL
recombinant human interleukin-2 (rhIL-2, Novartis Oncology) and
0.5 ng/mL rhIL-15 (CellGenix). For CAR lentiviral transduction,
T cells were cultured with CD3/CD28Dynabeads (Life Technologies),
100 mg/mL protamine sulfate (APP Pharmaceuticals), cytokine
mixture (as stated above), and desired lentivirus at a 0.3–1 MOI the
day following stimulation. Cells were then cultured in and replen-
ished with fresh complete X-VIVO containing cytokines every 2–
3 days. After 7 days, beads were magnetically removed, and cells
were further expanded in complete X-VIVO containing cytokines
to achieve desired cell yield. CAR T cells were positively selected
for CD19t using the EasySep CD19 Positive Enrichment Kit I or II
(StemCell Technologies) according to the manufacturer’s protocol.
Following further expansion, cells were frozen in CryoStor CS5 before
in vitro functional assays and in vivo therapeutic models. Purity and
phenotype of CAR T cells were verified by flow cytometry.

Flow cytometry

Fluorophore-conjugated antibodies targeting human CD3 (BD Bio-
sciences, clone: SK7), CD4 (BD Biosciences, clone: SK3), CD8 (BD
Biosciences, clone: SK1), CD19 (BD Biosciences, clone: SJ25C1), hu-
man CD45 (BD Biosciences, clone: 2D1), CD137 (BD Biosciences,
clone: 4B4-1), PD-1 (CD279) (eBiosciences, clone: J105), and mouse
CD45 (BioLegend, clone: 30-F11) were used for flow cytometry anal-
ysis. The mouse anti-human PSCA antibody (1G8) was kindly pro-
vided by Dr. Robert Reiter for detecting PSCA, and biotinylated pro-
tein L (GenScript USA) was used for detecting scFv of CARs as
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previously described.43 Fluorescent labeled goat anti-mouse Ig (BD
Biosciences) and streptavidin (BD Biosciences) secondary antibodies
were used for quantifying PSCA and CAR expression, respectively.
Cells collected from mice were blocked with rat anti-mouse FcR anti-
body before staining. Cells were washed and resuspended in buffer
(Hank’s balanced salt solution without Ca2+, Mg2+, or phenol red,
HBSS�/�, Life Technologies) containing 2% FBS and 0.5% sodium
azide, and incubated with antibodies for 30 min at 4�C in the
dark. Cells were washed twice before analysis and staining with sec-
ondary antibodies. Cell viability was determined using DAPI
(Sigma-Aldrich). Flow cytometry was performed on a MACSQuant
Analyzer 10 (Miltenyi Biotec), and the data were analyzed with
FlowJo software. CAR T cells were identified by coexpression of
CD3 and CD19t, a surrogate marker of transduction, to analyze
coculture assays and tissue collected from mice.

In vitro T cell functional assays

CAR T cells and tumor targets were cocultured at indicated E:T ra-
tios with 50,000 target tumor cells (with the exception of HPAC, in
which 6,000 target tumor cells were used). T cells and tumor
cells were cocultured in X-VIVO containing 10% FBS in the absence
of exogenous cytokines in round-bottom 96-well plates for 1–9 days
(with media replenishment every 2–4 days). A portion of superna-
tant from cocultures was collected and frozen for cytokine analysis
by ELISA, and cells were analyzed by flow cytometry. To prepare for
flow cytometry, the remaining supernatant was transferred to new
round-bottom 96-well plates to collect nonadherent cells. Adherent
cells were then washed with PBS, lifted by trypsin, and combined
with nonadherent cells before staining for flow cytometry as
described above. Tumor cell killing by CAR T cells was normalized
to UTD T cell conditions.

ELISA

IFN-g in supernatant was measured using the Human IFNg ELISA
Kit (Invitrogen, 88-7316-88) according to the manufacturer’s proto-
col. Plates were read at 450 nm using Cytation 5 (BioTek).

Animal studies

All of the animal experiments were performed under protocols
approved by the City of Hope Institutional Animal Care and Use
Committee. A total of 5.0� 106 respective tumor cells were prepared
in HBSS�/� and injected subcutaneously in the flanks of male NSG
mice. For the dual tumor study (Figure 5), PC3-PSCA cells were in-
jected in the left flank on day 0, and PC3-PSCAlo cells were injected
in the right flank on day 3. Tumor growth was monitored via caliper
measurement. When tumors reached 150–250 mm3, CAR T cells
were prepared in PBS and injected i.v. Once tumors reached
15 mm in diameter, mice were euthanized, and tumors were har-
vested for analysis by immunohistochemistry and flow cytometry.
To prepare tumors for flow cytometry, harvested tumors were minced
and digested with DNase I and collagenase type D for 30 min at 37�C.
Debris was removed through a 70-mm cell strainer, and single-cell
suspension was collected. Peripheral blood was collected from isoflur-
ane-anesthetized mice by retro-orbital bleed through heparinized
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capillary tubes (Chase Scientific) into polystyrene tubes containing a
heparin/PBS solution (1,000 U/mL, Sagent Pharmaceuticals). The
volume of blood draw was recorded for cell quantification per micro-
liter of blood. Red blood cells were lysed in single-cell suspension of
tumors and peripheral blood using red cell lysis buffer (Sigma-
Aldrich) according to the manufacturer’s protocol.

Immunohistochemistry

Tumor tissue was fixed for 3 days in 4% paraformaldehyde (Boston
BioProducts) and stored in 70% ethanol until further processing. His-
tology was performed by the Pathology Core at City of Hope. Briefly,
paraffin-embedded sections (10 mm) were stained with mouse anti-
human CD3 (DAKO). Images were obtained using the Nanozoomer
2.0HT digital slide scanner, and NDP.view2 software (Hamamatsu)
was used to determine the area of a tumor section. Fiji (ImageJ)
was used to quantify the number of CD3+ human T cells detected
by immunohistochemistry to determine the density of CD3+ human
T cells per unit area.

Western blotting analysis

Cells were resuspended in RIPA buffer consisting of 25 mM Tris-HCl
(pH 8.5), 150 mM NaCl, 1 mM EDTA (pH 8.0), 1% (v/v) NP-40 sub-
stitute, 0.5% (w/v) sodiumdeoxycholate, 0.1% (w/v) SDS, 10mMNaF,
1 mMNaOV, 10 mM b-glycerophosphate, and 1�Halt Protease and
Phosphotase Inhibitor Cocktail (Thermo Scientific). Lysates were
incubated on ice for 30 min and then centrifuged at 17,200 � g for
20 min at 4�C. Lysate supernatant was transferred to a new tube and
analyzed for total protein concentration by bicinchoninic acid assay.
Laemmli sample buffer (BioRad) containing DTT (Sigma-Aldrich)
was added to proportional quantities of total protein, and samples
were boiled at 95�C for 5 min. Protein was electrophoresed on a
12% Criterion TGX Precast Midi Protein Gel (BioRad) using the Cri-
terion Cell (BioRad) and transferred to 0.- nitrocellulose blotting
membranes (Genesee) in Tris-glycine transfer buffer (Thermo Scien-
tific) using the Trans-Blot Turbo Electrophoretic Transfer Cell
(BioRad). Membranes were washed in deionized water, incubated in
Ponceau S solution (Sigma-Aldrich) to confirm protein transfer, and
then washed in Tris-buffered saline containing 0.05% Tween 20
(TBST) (Sigma-Aldrich) for 1 min. Membranes were then blocked
for 1 h at RT in blocking buffer containing 5% BSA in TBST. After
blocking, membranes were transferred to blocking buffer containing
mouse anti-human CD3z primary antibodies (8D3, BD Biosciences)
and incubated overnight at 4�C. Membranes were washed in TBST
and then incubated for 45 min at RT in blocking buffer containing
horseradish peroxidase-conjugated goat anti-mouse secondary anti-
body. Membranes were washed in TBST, and images were developed
using SuperSignal chemiluminescent substrate (Thermo Scientific).

Statistical analysis

Data are presented as mean ± SEM. Statistical comparisons between
groups were performed using the one-way ANOVA with Tukey’s
multiple comparisons test to calculate p value (*p < 0.05,
**p < 0.01, ***p < 0.001). Note that spacers were compared, and
UTD T cells were not included in the statistical analyses.
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