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Abstract

Background. Glioblastoma (GBM) is the most common primary malignant brain cancer, and is currently incur-
able. Chimeric antigen receptor (CAR) T cells have shown promise in GBM treatment. While we have shown that
combinatorial targeting of 2 glioma antigens offsets antigen escape and enhances T-cell effector functions, the
interpatient variability in surface antigen expression between patients hinders the clinical impact of targeting 2
antigen pairs. This study addresses targeting 3 antigens using a single CART-cell product for broader application.
Methods. We analyzed the surface expression of 3 targetable glioma antigens (human epidermal growth factor
receptor 2 [HER2], interleukin-13 receptor subunit alpha-2 [IL13Ra2], and ephrin-A2 [EphA2]) in 15 primary GBM
samples. Accordingly, we created a trivalentT-cell product armed with 3 CAR molecules specific for these validated
targets encoded by a single universal (U) tricistronic transgene (UCART cells).

Results. Our data showed that co-targeting HER2, IL13Ra2, and EphA2 could overcome interpatient variability by a
tendency to capture nearly 100% of tumor cells in most tumors tested in this cohort. UCART cells made from GBM
patients’ blood uniformly expressed all 3 CAR molecules with distinct antigen specificity. UCART cells mediated
robust immune synapses with tumor targets forming more polarized microtubule organizing centers and exhibited
improved cytotoxicity and cytokine release over best monospecific and bispecific CART cells per patient tumor
profile. Lastly, low doses of UCART cells controlled established autologous GBM patient derived xenografts (PDXs)
and improved survival of treated animals.

Conclusion. UCART cells can overcome antigenic heterogeneity in GBM and lead to improved treatment outcomes.

Keywords

Glioblastoma (GBM), the most common primary malig-  antigens on their surface,”* and a number of these anti-
nant brain cancer, is currently incurable. Even with optimal  gens, such as human epidermal growth factor receptor 2
multimodal therapy, to date the median survival rate is less (HER2), interleukin-13 receptor subunit alpha-2 (IL13Ra2),
than 15 months. GBM cells overexpress distinct targetable  ephrin-A2 (EphA2), and epidermal growth factor receptor
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Impact summary

Approximately 20000 people develop GBM annually
in North America; to date GBM is incurable. CART cells
have shown promise by employing killing mechanisms
against which GBM is not immune. The antigenic het-
erogeneity of GBM, as shown earlier, results in antigen
escape and relapse following monovalent targeting.
Combinatorial targeting of 2 antigens mitigated this
escape and improved tumor control. Target pairs cho-
sen based on tumor antigen expression varied between
patients such that clinical translation entails generating

variant lll (EGFRVvIII), have been successfully targeted using
T cells that express chimeric antigen receptors (CARs).
CARs are artificial molecules with an antigen-recognition
extracellular domain, usually derived from an antibody,
fused to an intracellular zeta (C)-signaling chain of the
T-cell receptor.® We have shown that autologous HER2-
CART cells killed primary GBM and GBM stem cells and
induced regression of patient-derived xenografts (PDXs).6
More recently, we reported a phase | clinical trial in which
17 pediatric and adult patients with progressive GBM were
infused systemically with autologous HER2-CAR T cells,
establishing a favorable safety profile and demonstrat-
ing promising objective clinical responses and prolonged
survival.”

While CART cells have high curative potential, the com-
plex biology of GBM necessitates tumor-specific refine-
ments in preclinical models to achieve complete tumor
elimination.®® Challenges to CAR T-cell therapy include
a hostile tumor microenvironment that hinders immune
response sustenance, tumor antigen heterogeneity that
renders GBM resistant to monotherapy, and poorT-cell traf-
ficking to GBM augmented by the effect of the blood-brain
barrier.’® High tumor antigenic heterogeneity is of particu-
lar pertinence to GBM. Interpatient heterogeneity hinders
the development of a universal monovalent CART cell for
GBM, in the same sense as do cluster of differentiation
(CD)19 CART cells to B-cell acute lymphoblastic leukemia.
Intrapatient heterogeneity results in the survival of CAR-
targeted antigen-deficient variants in patients infused with
monovalent CARs."-'® Recent data from our group have
shown a clear advantage for simultaneous targeting of a
second glioma antigen. T cells coexpressing either 2 dis-
tinct CAR molecules or a single bivalent CAR (also known
as tandem CAR or TanCAR) offset antigen escape and
exhibited enhanced functionality.”'2 However, specific
antigen pairs varied between patients, such that the need
for generating permutations of bivalentT-cell products will
make the successful clinical translation of this approach
challenging.

Therefore, we explored whether targeting a third antigen
could overcome this interpatient antigenic variability and
could be a more universally applicable approach for the
majority of GBM patients. Therefore, the goal of this work
was to determine the frequency of 3 targetable antigens to
assess the feasibility of killing nearly 100% of tumor cells
treated in a cohort of GBM patients.

multiple clinical-grade products with associated logis-
tic, financial, and regulatory obstacles. In this study, we
show that co-targeting a third prevalent glioma anti-
gen using a single trivalent T cell can overcome this
obstacle. We show that the trivalent CAR T-cell product
is superior to univalent and bivalent T-cell products in
vitro and induces significantly better tumor elimination
of autologous orthotopic glioma PDXs. The proposed
innovation can be translated into a first-in-human clini-
cal study.

Materials and Methods

Blood Donors, Primary Tumor Cells, and
Cell Lines

Blood samples from healthy donors and GBM patients and
primary tumor cells from GBM patients were obtained on
a protocol approved by the Baylor College of Medicine and
Houston Methodist Hospital institutional review boards.
Tumor samples were processed aseptically and primary
cell cultures were initiated using Dulbecco’s modified
Eagle’s medium (DMEM) with 15% heat-inactivated fetal
calf serum (FCS), 2 mM GlutaMAX-l, 1% insulin-transfer-
rin-selenium-X supplement, and 1% penicillin-streptomy-
cin mixture (Invitrogen). Cells were used within 7 days of
plating or established as primary cell lines.

The U373-GBM cell line was purchased from the
AmericanType Culture Collection and maintained in DMEM
with 10% FCS, 2 mM GlutaMAX-I, 1.5 g/L sodium bicarbo-
nate, 0.1 mMol/L nonessential amino acids, and 1.0 mMol/L
sodium pyruvate. T cells were maintained in T-cell media
(250 mL Roswell Park Memorial Institute medium-1640,
200 mL Click’'s Medium with 10% FCS containing 2 mMol/L
GlutaMAX-I). All cell lines were validated using short tan-
dem repeat analysis before use from the Characterized
Cell Line Core Facility of the MD Anderson Cancer Center,
Houston, Texas.

Construction, Delivery, and Expression of the
UCAR-encoding Transgene

The IL13Ra2 binding IL-13 mutein, HER2-specific single-
chain variable fragment (scFv), FRP5, and EphA2-specific
scFv, 4H5, were previously described.*'® The trivalent
transgene—each consisting of the scFv followed by a short
hinge, the transmembrane and signaling domain of the
costimulatory molecule CD28, and the C-signaling domain
of the T-cell receptor—was assembled on Clone Manager
(Sci-Ed Software) separated by 2A sequences with restric-
tion enzyme sites at the ends for cloning. The expression
optimized UCAR transgene was synthesized by GeneArt
Gene Synthesis service (Thermo Fisher Scientific), cloned
into the Gateway entry vector pDONR 221, sequence-
verified, subcloned in frame into an SFG retroviral vector,
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and the construct confirmed using restriction digests. The
5'-3" as well as the 3'-5’ sequences of the whole construct
were confirmed using pyrosequencing (SeqWright DNA-
Technology) with >97% homology with the optimized
construct map.

To produce UCAR retroviral supernatant, human embry-
onic kidney 293T cells were co-transfected with the UCAR-
encoding retroviral transfer plasmid, Peg-Pam-e plasmid
encoding MoMLV gag-pol, and plasmid containing the
sequence for RD114 envelope, using GenedJuice (EMD
Biosciences) and supernatants collected 48 and 72 hours
later. Anti-CD3 (OKT3)/anti-CD28-activated T cells were
transduced with retroviral vectors as described in the
Supplemental Methods.

Flow Cytometry

Surface staining of tumor cells was done using a goat
anti-human IL13Ra2-allophycocyanin, a mouse anti-
human HER2-phycoerythrin (PE), and a mouse anti-human
EphA2-Alexa Fluor 488 (R&D Systems). Cell surface
expressions of FRP5 (HER2 CAR), IL-13 mutein, and EphA2
CAR were detected separately using HER2 Fc, IL13Ra2.Fc
(R&D Systems), and EphA2.GST (Thermo Fisher Scientific)
chimeric proteins, respectively, followed by PE-conjugated
goat anti-human Fc (Thermo Fisher Scientific) for HER2.
Fc and IL13Ra2.Fc and anti-glutathione S-transferase
(GST)-PE (Abcam) for EphA2.GST. After 30-minute incu-
bation at 4°C in the dark, cells were washed with fluores-
cence activated cell sorting buffer (PBS containing 2% FBS
and 0.1% sodium azide) and fixed in 0.5% paraformalde-
hyde for analysis. Analysis was done on Gallios (Beckman
Coulter) or Accuri C6 (Becton Dickinson). Kaluza (Beckman
Coulter) or FlowJo data analysis software was used for all
analyses.

Confocal Imaging of CAR Synapse

For confocal microscopy, conjugates between CART cells
and GBM cells were incubated for 45 minutes at 37°C and
then fixed, permeabilized, and stained for F-actin (phal-
loidin), perforin, and a-tubulin. Conjugates were imaged
as Z stacks of 0.2 micron thickness to cover the entire
volume of the immunological synapse, determined indi-
vidually for each conjugate, on a Zeiss Axio-Observer Z1
equipped with a Yokogawa CSU10 spinning disc, Zeiss
63X 1.43 NA objective, and Hamamatsu Orca-AG camera.
Images were acquired and analyzed with Velocity software
(PerkinElmer).

Analysis of T-Cell Cytokine Production

T cells were co-cultured with autologous GBM or U373
cells at equal ratios (1 x 10° cells), and levels of interferon
(IFN)-y and IL-2 were determined in conditioned-culture
supernatants 24 hours post incubation using an enzyme-
linked immunosorbent assay (ELISA) per manufacturer’s
instructions (R&D Systems).

To assess T-cell activation upon encountering immobi-
lized target, nontissue culture treated 24-well plates (BD

Falcon) were kept overnight at 4°C with HER2.Fc (range
0-0.8 pg/mL), IL13Ra2.Fc (range 0-10 pg/mL), EphA2.Fc
(range 0-10 pg/mL; R&D Systems), or an irrelevant target
(monoclonal anti-idiotype 1A7'6; TriGem Titan) and a non-
specificT-cell receptor stimulant (OKT3). After T-cell incuba-
tion for 24 hours at 37°C, the supernatant was analyzed for
IFN-y and IL-2.

Cytotoxicity Assays

Cytolytic activity of T cells was assessed using a chro-
mium-51 (5'Cr) assay described in the Supplementary
Methods as earlier."”

Orthotopic Xenogeneic SCID Mouse Model
of GBM

All animal experiments were conducted according to pro-
tocol AN-3949 approved by the Baylor College of Medicine
Institutional Animal Care and Use Committee. Recipient
nonobese diabetic severe combined immunodeficient (NOD-
SCID) mice (lcrTac-Prkdcsed), 4 groups of 5 mice each per PDX,
were purchased from Taconic Biosciences. Patient derived
GBM cell lines (transduced with enhanced green fluorescent
protein [eGFP]. Firefly luciferase fusion gene) and autologous
T cells were injected into the right caudate nucleus of mouse
brain as described in the Supplementary Methods.

All animals with progressively growing xenografts were
randomly assigned a condition of treatment with nontrans-
duced (NT) T cells, best monospecific T cells (EphA2 for
UPNO0O1 and IL13Ra2 for UPN0O05), best bispecific CART
cells (IL13Ra.2 and EphA2 biCAR for UPNOO1 and UPNO005),
or UCAR T cells and received an intratumoral injection
of 1 x 108T cells on days 5 and 12 following tumor injec-
tion. Bioluminescence imaging was performed using the
Xenogen IVIS in vivo imaging system as mentioned in the
Supplementary Methods.

Immunofluorescence Imaging

Brains were collected from mice at the end of the experi-
ment or upon death and embedded in optimal cutting
temperature compound. Brain tumor xenografts (n = 3),
from NT and UCAR treated mice, were sectioned to 7-um
frozen sections in a cryomicrotome. Sections were fixed
with methanol/acetone, blocked with 5% horse serum,
incubated overnight at 4°C with primary antibodies, mouse
anti-HER2 (Abcam) in 1:10 dilution, rabbit anti-EphA2
(Cell Signaling) in 1:100 dilution, and goat anti-IL13Ra2
(R&D Systems) in 1:10 dilution. Slides were incubated
for 1 hour at room temperature in secondary antibod-
ies diluted at 1:200 (anti-mouse 488, anti-rabbit 568, and
anti-goat 647, respectively; Invitrogen). Microscopy images
of 4/,6’-diamidino-2-phenylindole (DAPI) counterstained
slides were captured using a Zeiss Axioimager spinning
disc confocal microscope at 40x magnification. Nucleus-
tethered quantifications of cells expressing HER2, IL13Ra.2,
and EphA2 were performed on 20 high power fields col-
lectively from 3 mice in each group using ImagedJ software
(National Institutes of Health).
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Statistical Analysis

Data were summarized using descriptive statistics.
Elliptical Venn diagrams were constructed using the
Euler APE drawing tool (University of Kent Computing).'®
Comparisons of percentage tumor coverage when target-
ing 1, 2, or 3tumor antigens were made using the Wilcoxon
signed rank test. For ELISA, cytotoxicity assays, and immu-
nofluorescence quantifications, comparisons between
groups were carried out using one-way ANOVA or t-test.
P-values were adjusted for multiple comparisons using
the Hommel method or Tukey’s test when appropriate.
The Kaplan-Meier method was used to estimate survival
curves, and the Gehan-Breslow-Wilcoxon test was used to
compare the curves. GraphPad Prism 7 software and SAS
9.4 were used for statistical analysis. A P-value of less than
0.05 was considered significant.

Results
Interpatient Antigenic Variability in Primary GBM

Individual GBMs show substantial intercellular heteroge-
neity in the surface expression of glioma antigens,'#1219.20
yet interpatient heterogeneity of antigen expression has not
been well characterized.?"?> We thus used multicolor flow
cytometry to study the simultaneous single-cell expression
pattern of 3 targetable glioma-restricted antigens, HER2,
IL13Ra2, and EphA2, in 15 primary GBM samples obtained
from surgical resections (Fig. 1A and 1B; Supplementary
Table S1). All 3 antigens were expressed in this cohort except
in 2 patient lines, but the percentage of cells in each patient
tumor and the percentage of cells included in various per-
mutations of antigen pairs varied from patient to patient
(Supplementary Table S2). In 6 of 15 patients (40%), target-
ing HER2 and EphA2 was shown to result in the highest
percentage of tumor killing, while 7/15 (47%) patients were
correlated to EphA2 and IL13Ra2, and 2/15 (13%) to HER2
and IL13Ra2. In order to assess superiority of trivalent CAR
T-cell product for patients in the studied cohort, we analyzed
percentage tumor coverage when targeting 1, 2, and 3 tumor
antigens in each patient. It was observed that targeting all
3 antigens provided significant tumor coverage over 2 anti-
gens (P=0.0001), which had superior coverage over target-
ing a single antigen (P=0.0001; SupplementaryTable S3).

Further, RNA expression analyses were performed
for these antigens (Supplementary Figure S1) on 2 large
cohorts of GBM primary tumors (n =206 and n=152) from
the glioblastoma datasets of The Cancer Genome Atlas
via cBioPortal.?>?* In the Nature 2008 dataset, the onco-
print result showed that HER2 (Erb-B2 receptor tyrosine
kinase 2 [ERBB2]), IL13Ra2, and EphA2 were differen-
tially expressed in 5%, 69%, and 8% of the GBM patients
(z-score = +/- 1). More importantly, 44% (n = 92/206) of the
patients had at least one of the 3 genes upregulated in the
tumors. In the Cell 2013 dataset, HER2 (ERBB2), IL13Ra.2,
and EphA2 were differentially expressed in 20%, 17%, and
7% of the GBM patients (z-score = +/- 1; Supplementary
Fig. S1) with 32% (n = 48/152) of the patients having at least
one of the 3 genes upregulated in the tumors.

A Single Tricistronic Transgene Encoding HER2,
IL13Ra2, and EphA2 CAR Molecules Renders
GBM Patients’ T Cells Trivalent

After concluding that a singleT-cell product targeting these
3 glioma antigens could potentially overcome interpatient
variability, we used a single tricistronic vector encoding
3 CAR molecules, specific for HER2, IL13Ra2, and EphA2
(Fig. 2A). The DNA construct successfully packaged 3 sec-
ond-generation (CD28 ¢-signaling domain) CAR-encoding
transgenes, and using a strategy specific for each individ-
ual CAR molecule, we detected CAR molecules in propor-
tionate percentages on the surface of donorT cells (Fig. 2B)
by flow cytometric analysis.

To test whether UCAR T-cells could distinctly recognize
all 3 tumor antigens, IFN-y and IL-2 release were measured
in culture supernatants 24 hours after plate-bound stimu-
lation with recombinant human (rh)HER2, rhiL13Ra2, or
rhEphA2. UCAR T-cells released higher levels of IFN-y and
IL-2 compared with controls upon culture with all 3 indi-
vidual plate-bound targets (Fig. 2C).

Further, we selected Raji cells, negative for all 3 anti-
gens, as a platform to generate model tumor cells positive
for single antigens. We used a lentiviral vector to generate
IL13Ra2+ (Raji-IL13Ra2), HER2+ (Raji-HER2), or EphA2+ (Raji-
EphA2) cell lines to test the antitumor activity of UCAR T
cells against a cell platform expressing individual antigens
(Fig. 2D).? UCART cells showed significant killing of Raji-
IL13Ra2, Raji-HER2, and Raji-EphA2 cells individually, while
monovalent CART cells only recognized and killed the tumor
cells expressing their respective target antigen (Fig. 2E). The
glioblastoma line U373 expressing all 3 antigens (HER2: 77%;
IL13Ra2: 80%, and EphA2: 81%) was also killed by UCART
cells. We thus concluded that the UCAR is cytolytic to tumor
cells expressing any of the target tumor antigens.

Visualization of the CAR Immune Synapse
Reveals Improved Cytolytic Properties

The in vitro studies prompted us to examine the ultrastruc-
tural characteristics of the CAR immune synapse (CARIS)
and the lytic machinery of UCART cells. F-actin polymeri-
zation at the CARIS, perforin containing lytic granule con-
vergence to the microtubule organizing center (MTOC), and
MTOC recruitment to the CARIS have been previously estab-
lished as indicators of enhanced cytotoxic CAR synapse.”
U373 tumor cells were co-cultured with NT, HER2 CAR,
and UCART cells and were stained for perforin, phalloidin,
and a-tubulin to detect the MTOC (Fig. 3A). Compared with
NT and HER2 CART cells, UCART cells had higher F-actin
accumulation at the CARIS and significantly less distance
on average between the synapse and the MTOC, indicating
enhanced cytolytic potential of these CART cells (Fig. 3B).
Increased F-actin polymerization at the synapse is one of
the first steps for cytotoxic synapse formation and indicated
greater cytolytic ability of these cells."?The convergence of
granules was not significantly different between UCAR and
HER2 CART cells but was much higher for both than for NT
cells. These findings collectively demonstrate that UCART
cells have enhanced CARIS organization, which correlates
with their enhanced cytolytic function.
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Fig. 1

Antigen expression pattern of HER2, IL13Ra2, and EphA2 for 15 primary patient GBM samples. Patient tumor samples were co-stained

for all 3 antigens, and >100000 primary GBM cells were simultaneously interrogated using flow cytometry. (A) Sample of flow cytometry histo-
grams for patient UPN0O1. (B) Euler diagrams with ellipsis representing the percentage of cells in patient tumor expressing each antigen. Areas

of overlap indicate percentage of cells expressing multiple antigens.

UCAR T Cells Exhibit Improved In Vitro
Effector Functions Against Autologous Primary
Tumor Cells

We hypothesized that UCART cells would have improved
activation and antitumor efficacy and tested UCAR T-cell
effector function in a clinically relevant autologous sys-
tem using matched patient tumor and T cells. The autolo-
gous UCAR T cells produced from UPNO001 had 81%,
82%, and 77%, while UPN003 had 83%, 82%, and 79% of
HER2, IL13Ra2, and EphA2 CAR expression, respectively
(Fig. 4A). UPNOO1 T cells had 59% and 36%, UPN003 had
44% and 53% of CD8+T cells and CD4+T cells, respectively
(Fig. 4B). The UCART cells did not show more exhaustion
during transduction and propagation when compared
with respective NT T cells (Supplementary Figure S2).
The in vitro doubling times of the lines UPN001, UPNO0O03,

UPNO0O05, and UPNOO7 were 46, 37,45, and 61 hours, respec-
tively (Supplementary Figure S3). We compared monova-
lent (CART cells) and bivalent (biCAR) T-cell products to
UCART cells in an autologous setup for the GBM patients
UPNO0O01, UPN003, UPNOO5, and UPNOO7. IFN-y secretion
after 24 hours was significantly higher with UCART cells
over other CART cells in 3 of 4 patients (one-way ANOVA;
P-value < 0.05; Fig. 4C). A similar trend was observed for
IL-2 release (Fig. 4D).

To assess the cytolytic activity in this autologous sys-
tem, a %'Cr cytotoxicity assay was performed (Fig. 4E).
Cytotoxicity was higher with biCAR T cells than single
CAR T cells, while UCAR T cells consistently showed
more killing compared with biCART cells in all 4 patients.
Collectively, these ex vivo results indicate that UCART cells
have enhanced in vitro antiglioma functionality against
autologous GBM tumor cells.
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Fig.2 Expression of 3 separate CAR molecules simultaneously on the surface of T cells and their antigen specificity. (A) Plasmid map showing
the single transgene encoding for 3 CAR molecules in tandem separated by viral 2A sequences. (B) Staining for 3 CAR molecules by flow cytom-
etry in T cells for 2 separate donors. (C) IL-2 and IFN-gamma production by UCAR and NT T cells when exposed to plate-bound antigens HER2,
IL13Ra2, and EphA2 measured by ELISA. ***P < 0.001. (D) Raji tumor force express model for humanized HER2 antigen (Raji-hHER2), IL13Ra.2
antigen (Raji-hIL13R0:2), or EphA2 antigen (Raji-hEphA2) to test specificity of tumor killing by UCAR T cells. The reporter green fluorescent pro-
tein gene detection by flow cytometry is shown for each. (E) Four-hour *'Cr cytotoxicity assay demonstrating tumor killing of various CAR T-cell
products with Raji cells that contain single tumor antigens and negative (Raji) and positive (U373) controls.



512 Bielamowicz et al. HER2/IL13Ra2/EphA2 trivalent UCAR T cells for GBM

Set 1 Set 2
A o
Merged + Brightfield Merged Merged + Brightfield Merged
°
3
=
x
<C
3)
-]
°
3
=
(4
<
)
AN
o
1]
I
K]
3
=
'_
P4
B Perforin (green), MTOC (tubulin — blue), and phalloidin (actin — red)
p = 0.0003
D 4. p = 0.0068
o -
0o
E
o 64
(8]
C
S
7]
Q 4
[0]
(]
Q. [ ]
(V]
S 2
@
S
E 0 T T T
= NT HER2-CAR UCAR

Fig.3 Immune synapse (IS) imaging of CAR T-cell/tumor interface demonstrates enhanced cytolytic potential of UCAR T cells. (A) Conjugates
of U373 and UCAR, HER2-CAR, and NT T cells stained and incubated with U373 cells. Co-stains performed for perforin (green), the microtubule
organizing center (MTOC; a-tubulin, blue), and phalloidin (F-actin, red). Scale bar =5 pm. (B) Distance of MTOC from IS measured for different
combinations of T cells with U373.



Bielamowicz et al. HER2/IL13Ra2/EphA2 trivalent UCAR T cells for GBM

=)
QS
23
o
A B o T
HER2 CAR IL13Ra2 CAR EphA2 CAR 8
100 7 80.8% 1% 7 82.3% %7 771% 10
30 4 20 80
5 3
S 80 20 €0 -‘
Z E
O 40 40 40
> 3
20 20 20 ]
3Q4
o 0] o] 359 1597
10° 0 10®  10° w0° 0t ©° 10f 10%10" 102 10% 10* 10%0°
63
1007 83.4% |1 82.4% | ™07 79.1% 0”3a1 az
[s2] 80 80
o
S
Zz 87
o
2w 40
20 20 ] Ja4
0 1275
0. 0] 2 . s . T T Tt u ™
10° w0 0% 10° 10 10 10 10 10%10" 102 10° 0% 10%0°
CD8
C
a UPNO001 UPNO003 UPNO005 UPNO007
@ 20000 S— 20000
+H — ]
c =+
& 15000 15000
= ——
£ 10000{ — 10000
>
2 5000 5000
>
Z
i 0 0

2 -
4 10000 - 10000 -
3 8000 = 8000 "
= 6000 = 6000 —
E e ok *x * T
?g_» 4000 4000
Y] 2000 -_. 2000
= ol : 0 :
R SRS S SN ARSI NIRN 3 P A
.(\g\"'oP v\c,P* \3C'P~ $ ch\eClP‘ ‘6\0"“ Kea s(\Q\eC’P& ‘(,\OP~ \)OP“
) o I\
E —¥- UCARTCells -4 biCART Cells ® SingleCART Cells - NT
100
g 100 ok 100 " 100 80
H 80 F e 80 80 —
© bl \\i\\' 60
2 w0 " 60 * 60 — 0
w 40 o 40 {P’% 40 N\ 2
— &
2 2 e, T 20 g 20 #\ . \; o
Tl oy S S
B 40:1 20:1 10:1 51 10:1 5:1 40:1 20:1 10:1 51
< Effector: Target ratio >
Fig. 4 In vitro activity of UCAR, biCAR, single CAR, and NT T cells in autologous GBM patient models. (A) Staining for 3 CAR molecules by

flow cytometry in T cells for UPN001 and UPNOQO3. (B) CD4/CD8 distribution of autologous T cells after transduction and expansion. (C) IFN-
gamma production and (D) IL-2 production by UCAR, biCAR, single CAR, and NT T cells derived from patient peripheral blood mononuclear cells
(PBMCs) when exposed to patient primary tumor samples measured by ELISA. (E) Four-hour *'Cr cytotoxicity assay demonstrating tumor killing
of UCAR, biCAR, single CAR, and NT T cells derived from patient PBMCs when exposed to patient primary tumor samples. *P < 0.05, **P < 0.01,
and ***P<0.001.



Bielamowicz et al. HER2/IL13Ra2/EphA2 trivalent UCAR T cells for GBM

Adoptive Transfer of UCAR T Cells Improves
Elimination of Established Autologous
Orthotopic PDXs

We established orthotopic PDXs from 2 patients (UPNO0O1
and UPNO0O05), modified with an eGFPFirefly luciferase
fusion reporter gene, to assess the in vivo anti-GBM
functionality of UCART cells. In order to dissect the dif-
ference in efficacy between cellular products, we per-
formed a “stress test” experiment wherein relatively
large GBM PDXs (cellular doubling time ~45 h) were
treated with 1 x 108 autologous T cells on days 5 and 12
post tumor injection (Fig. 5A and 5B). Tumors derived from
patients UPN0O0O1 and UPNOO5 grew exponentially in NT
T-cell injected animals. NT T-cell injection did not alter the
growth pattern. Mice treated with single CART cells target-
ing the most prevalent antigens in these tumors showed
only transient antitumor responses after T-cell injections.
Mice with UPNOO5 PDX tumors treated with biCART cells
also demonstrated transient antitumor responses. In con-
trast, antitumor responses to UCART cells were sustained
and all treated mice were alive >60 days for UPN001, and
4 of 5 treated mice were alive >60 days for UPNO0O05. The
UCAR-treated mice had significantly better survival com-
pared with biCAR T-cells and single CAR T-cells treated
mice in PDX UPNO0O5 (P=0.0204 and P=0.02, respectively,
Gehan-Breslow-Wilcoxon test), while the UCAR-treated
mice had significantly better survival compared with sin-
gle CAR T-cells treated mice in PDX UPN0O01 (P = 0.0174,
Gehan-Breslow-Wilcoxon test). Collectively, UCART cells
mediated significantly higher and more sustained antitu-
mor effects compared with the other products and induced
a significantly longer survival in treated animals (Fig. 5C).

Further, we characterized the expression of glioma anti-
gens HER2, EphA2, and IL13Ra2 on mice explants of PDXs
UPNO001 and UPNOO5 post treatment (Fig. 6A). In a control
group treated with NTT cells, we found that the growing
tumor xenografts had detectable levels of all 3 antigens.
Post UCAR T-cell treatment, the recurrent tumors had
expression of the 3 antigens, albeit at a lower level, except
IL13Ra2 in UPNOO1 (Fig. 6B). The results show significant
antigen loss (P < 0.01 to P < 0.001) in both PDXs in HER2
and EphA2, and in IL13Ra2 in UPNOO5 on recurrent tumors
post treatment with UCART cells.

Discussion

Genetic and epigenetic interrogation of GBM reveals spa-
tial heterogeneity. Despite this known intratumor hetero-
geneity, interpatient heterogeneity of antigen expression
in GBM has not been well characterized.?"?? Here, we dem-
onstrate a heterogeneous antigenic landscape in primary
glioblastoma lines of 15 GBM patient samples. As varying
expression patterns in areas of GBM could render some
tumor cells resistant to targeted therapies, we created a
multispecific yet targeted approach to parallel this intri-
cate hierarchy of antigenic expression by targeting HER2,
IL13Ra2, and EphA2. We demonstrated that trivalent UCAR
T cells were able to approach killing 100% of tumor cells
in nearly all patients modeled. UCART cells can overcome
this intrapatient and interpatient antigenic variability in

GBM and mediate enhanced antiglioma effector functions
compared with mono- and bivalent CART-cell products.

In previous studies, we created and tested a clinically
relevant bivalent T-cell product'?; however, our antigenic
profiling in a larger patient cohort (n = 15) showed that the
odds of capturing the bulk of tumor cells by targeting 3
glioma antigens simultaneously were superior to any biva-
lent combination. Further, the degree of variability in the
optimal bivalent combinations between patients justifies
targeting all 3 glioma antigens with one immunotherapeu-
tic product. While one bivalent combination (EphA2 and
IL13Ra2) resulted in a higher median percentage of cells
targeted for the majority, there was no universally favora-
ble combination for the whole cohort. Thus, we reasoned
that a trivalent product could lead to better tumor cell kill-
ing by extending the reach of effectors to the majority of
tumor cells in all patients, broadening its therapeutic reach.
Indeed, UCART cells showed superiority in autologous in
vitro and in vivo experiments.

Our group and others have explored strategies to co-
deliver multiple transgenes using retroviral constructs
expressing 2A sequences.?”?¢ We demonstrated that these
UCAR T cells can be efficiently generated and multiple
CARs with distinct specificity can be comparably trans-
duced by retroviral transduction using viral 2A sequences
and consistently expressed without compromising T-cell
activation, proliferation potential, or antitumor activity.
Additionally, the trivalent activation and proliferation as
demonstrated by surface staining and autologous in vitro
models confirm that the 3 CAR molecules were expressed
in their entirety in a proportionate and functional form.

Several attributes could explain the superiority of UCAR
T cells to their bivalent CAR and monovalent CAR coun-
terparts, including potentially enhanced signaling, engage-
ment of a larger domain of GBM cells, and/or their ability
to mediate a robust immune synapse.' Indeed, our super-
resolution imaging results indicated better organization
of the killing machinery embodied in the proximity of the
MTOC to the T-cell contact point with the tumor and better
perforin clustering.?® Such arrangement indicates that the
subsynaptic structure in the UCART cell is better poised for
target cell killing. This could explain, at least in part, their
superior activity against autologous GBM.

While this product can move to clinical trials, the optimi-
zation of a multispecificT-cell product for GBM may include
modifications to enhance efficacy and decrease the likeli-
hood of adverse effects where systemic administration is
intended. These could include modifying or adding sign-
aling domains to promote persistence of T cells or induce
favorable phenotypes,?®3° adding a safety mechanism
in the event of severe adverse events,?'32 or including or
exchanging candidate CAR molecules for other known
GBM tumor antigens, such as EGFRvIIL.3

A recently completed pilot study showed feasibility, toler-
ability, and some evidence of efficacy of a trivalent peptide
based vaccine targeting 3 validated surface-expressed gli-
oma antigens—EphA2, IL13Ra2, and survivin—in pediatric
malignant gliomas.3*The choice of target antigens was based
on heterogeneous expression of these antigens in a previous
study™ with development of a product that targeted tumor
cells in nearly all patients with pediatric malignant gliomas.
This product is effective only in human leukocyte antigen
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(HLA)-A2 positive patients, while a multivalent CAR T-cell
approach is not limited by HLA restriction and thus may have
broader applicability in this patient population.

This proof of concept could lead to applications in other
diseases. While CAR therapy has shown lasting remissions
in patients with relapsed acute lymphoblastic leukemia
(ALL) and chronic lymphoblastic leukemia, failure of CD19
CART-cell therapy for ALL has been associated with devel-
opment of CD19-negative tumor clones that may represent
escape variants.®® The probability of antigen escape may
be reduced if T cells are engineered to recognize multiple
disease-specific B-cell antigens—such as CD22, CD20, or
receptor tyrosine kinase-like orphan receptor 1 (ROR1)—in
addition to CD19."336 |n a wide spectrum of cancers, mul-
tiplex targeting of tumor antigens with T cells represents
a platform to impact outcomes by targeting tumor tissue
specifically while preventing escape variants.To our knowl-
edge this is the first product successfully targeting 3 anti-
gens with promise of broad spectrum activity to impact
patient outcomes.

In summary, we have shown in a cohort of GBM patients’
tumors that simultaneous targeting of 3 glioma antigens
with autologous trivalent CART cells, developed using a
universal tricistronic construct, could overcome interpa-
tient antigen variability. UCART cells exhibited enhanced
antiglioma activity and better tumor control in 2 estab-
lished, autologous orthotopic PDX mouse models.

|
Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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