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CART cells recognizing CD19 effectively treat relapsed and re-
fractory B-ALL and DLBCL. However, CD19 loss is a frequent
cause of relapse. Simultaneously targeting a second antigen,
CD22, may decrease antigen escape, but is challenging: its
density is approximately 10-fold less than CD19, and its large
structure may hamper immune synapse formation. The charac-
teristics of the optimal CD22 CAR are underexplored. We
generated 12 distinct CD22 antibodies and tested CARs derived
from them to identify a CAR based on the novel 9A8 antibody,
which was sensitive to low CD22 density and lacked tonic
signaling. We found no correlation between affinity or
membrane proximity of recognition epitope within Ig domains
3-6 of CD22 with CART function. The optimal strategy for
CD19/CD22 CART co-targeting is undetermined. Co-adminis-
tration of CD19 and CD22 CARs is costly; single CARs target-
ing CD19 and CD22 are challenging to construct. The co-ex-
pression of two CARs has previously been achieved using
bicistronic vectors. Here, we generated a dual CART product
by co-transduction with 9A8-41BB{ and CAT-41BB{ (obe-
cel), the previously described CD19 CAR. CAT/9A8 CART
eliminated single- and double-positive target cells in vitro
and eliminated CD19" tumors in vivo. CAT/9A8 CART is being
tested in a phase I clinical study (NCT02443831).

INTRODUCTION

CD19-directed chimeric antigen receptor (CAR) T cell therapy has
shown remarkable success in the treatment of refractory B cell malig-
nancies.'” The emergence of CD19 negative tumor escape is a
frequent cause of relapse with a reported incidence between 25%
and 70%.>*° One strategy to prevent CD19-negative tumor escape
is the simultaneous targeting of CD19 and a second B lineage antigen.

CD22 is expressed early in B cell ontogeny and continues to be
expressed until differentiation into plasma cells.”* CD22 is expressed
by B cell acute lymphoblastic leukemia (B-ALL),”* with 50%-100%
of adult B-ALL"”"" and 90% pediatric B-ALL malignant cells being
positive.'™!” CD22 is also expressed in other B cell malignancies
such as mantle cell lymphoma,'® follicular lymphoma, and diffuse
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large B cell lymphoma (DLBCL)."” Further, clinical experience dem-
onstrates efficacy of CD22 CAR in B-ALL and DLBCL.**>*'

However, CD22 CAR design faces two challenges: first, CD22 density
is modest, with a median density of 2,839-3,470 molecules per cell,'?
which is further decreased after CAR targeting,”* Second, CD22 has a
large, rigid, heavily glycosylated ectodomain®* comprising seven im-
munoglobular domains.> The size and rigidity of the ectodomain can
compromise immune synapse formation and hence impede CAR
function.”*

Binder requirements for optimal CD22 CAR function are not well es-
tablished. Most pre-clinical and clinical exploration of CD22 CAR
function has been performed using CARs derived from the human
phage library antibody M971.>° To increase this experience, we devel-
oped a library of novel CD22 CARs, each based on a unique binder, of
which 12 were interrogated for in vitro efficacy and sensitivity, allow-
ing for the selection of an optimal CD22 CAR.

The optimal strategy for CAR targeting of two antigens has not been
established. Clinical studies using a two-CAR approach against CD19
and CD22 have been successful, but require the manufacture of two
products.”® Alternative approaches using single CARs that express
two scFv are technically challenging, with recent disappointing
clinical data.””

We have previously described CAT-41BBC (obe-cel), a CD19 CAR
designed to improve engraftment and decrease toxicity.”>” We
next explored a co-transduction approach to co-express CAT-
41BB{ with the newly developed CD22 CAR. This approach allowed
the generation of a CD19/CD22-specific CAR T product with activity
against both antigens in vitro and in vivo.
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RESULTS

Screening novel CD22-targeting CARs for efficacy against low-
density targets

CD22 has a tall, bulky ectodomain (Figure 1A). We discovered a set of
novel CD22-specific antibodies, which were derived from hybrid-
omas from immunized Abveris DiversimAb mice and Wistar
rats.”™" Only antibodies binding the proximal 3-6 Ig domains of
CD22 were characterized further. Five antibodies bound domains
5-6, three bound domain 4, and four bound domain 3. The affinity
ranged between 28 pM and 36.5 nM (Figure S1B). The biophysical
properties and identification of the domain recognized are summa-
rized in Figure 1B. These antibodies were next formatted into
CARs. To avoid the requirement for optimization of scFv orientation
and linker lengths, a Fab 41BB-{ CAR format was chosen for
screening (Figure S1A).*

Functional screening was performed using primary human T cells
transduced to express the CD22 CARs. Our interest was focused on
identifying CARs that are functional against low antigen density
and high disease burden. Hence, we engineered SupT1 cells to express
the pathological density of CD22 (3,594 copies per cell) as target cells
(SupT1 CD22M). SupT1 target cells engineered to express CD22
(6,603 molecules/cell) were also used as targets (SupT1 CD22Mishy
(Figure S2).

The level of expression for the 12 CD22 CARs was comparable as
determined by flow cytometric analysis through labeling with soluble
CD22 (sCD22). The majority of the CD22 CARs triggered lysis of
SupT1 CD22"¢" targets (Figure 1C), however only three (9A8,
10C11, and 1G3) eliminated SupTl1 CD22™, The same three
CARSs triggered IFN-v release against SupT1 CD22M (Figure 1D),
whereas only 9A8 produced modest levels of IL-2 against the mid-
density target (Figure 1E). Seven CARs led to the non-specific prolif-
eration of CD8 T cells. 9A8 and 1G3 did not proliferate in response to
SupT1l NT (Non-Transduced), but proliferated against SupT1
CD22Mid (Figures 1F and S3B). Hence, 9A8 and 1G3 were taken for-
ward for further characterization.

Lack of correlation between antibody biophysical
characteristics and CAR function

We attempted to find a correlation between binding on- and off-rates,
binder stability, or the identity of membrane domain (3-6) recog-
nized. Therefore, the CAR cytotoxicity (effector to target ratio

(E:T = 1:4), cytokine production (E:T = 1:4), and proliferative capacity
(E:T = 1:1) against the SupT1 CD22"" and CD22™" were correlated
with the biophysical properties of the binders (Figures 2A-2E).

As shown in Figure 2A, the cytotoxic function of CART did not corre-
late with the CD22 Ig domain recognized by the CARs, as two of the
most sensitive CARs bind between the fifth and sixth Ig domains,
whereas another sensitive CAR binds the third Ig domain. Similarly,
efficacy failed to correlate with the affinity, with the three most effica-
cious binders bearing an affinity of 0.52 nM, 1.9 nM, and 36.5 nM,
respectively (Figure 2D). Further, neither the association, dissocia-
tion, nor the antibody stability were correlated with lytic capacity
(Figures 2B and 2C). However, the stability range of the antibodies
was limited with 11 of 12 binders falling in the 67.0-71.7°C window
(Figure 2E).

There was no correlation observed between the different binders and
the aforementioned parameters. Comparison of 7E1 and 9A8 is illus-
trative; both bore very similar biophysical properties and additionally
bound overlapping epitopes (Figure S1C), while their binding dis-
tance from the membrane, affinity, and stability were matched.
Despite almost having no differences in their biophysical properties,
their efficacy against mid-density targets was markedly different with
a median target cell survival of 87.24% and 5.62% for 7E1 and 9A8,
respectively. The conventional screening methods, such as three-
dimensional affinity based on surface plasmon resonance, failed to
predict the disparity in the function of 7E1 and 9A8. Crystallography
of 7E1 and 9A8 was attempted to explore if binding angle could
explain functional differences; however, this failed because of the
high CD22 glycosylation.

9A8-CAR is sensitive against low-density CD22 targets

After the screening of the CD22 CARs, two candidates were selected
(9A8 and 1G3) for further study. Both 9A8 and 1G3 folded as scFv as
shown by efficient binding to sCD22 compared with Fab (Figure S4A),
s0 a standard scFv architecture was used for further study.”” 9A8 and
1G3 CAR-transduced T cells were labeled with recombinant sCD22
(Figure 3B). At this juncture, M971 CAR was also introduced as a
reference given the experience with this CAR in the clinic.

Next, we carried out co-cultures to investigate the cytotoxic capacity
of CARs against SupT1 CD22"¢" and CD22™, While CD22 target
density on B-ALL is described as 2,839-3,470 molecules per cell,'?
Fry et al.”” have described the downregulation of CD22 at the

Figure 1. Screening of novel binders recognizing CD22

(A) CD22 is a large protein bearing an ectodomain of seven Ig domains. The C2 type Ig domains are labeled 1-6, with domain 6 being the most proximal to-the-membrane
domain. (B) Wistar rats or hyper-immune Abverimice were immunized against CD22 ectodomain to obtain novel binders recognizing against CD22. The biophysical
properties of the binders, such as the Ig domain recognized and kinetics, are shown in (B). (C) All binders were incorporated into a retroviral cassette into a Fab CAR format
and screened against the non-specific SupT1 NT cell line, or SupT1 cells engineered to express high- or mid-CD22 density. CAR T cells were challenged with 5 x 10* SupT1
NT, CD22"9" or CD22M for 72 h at a 1:4 E:T ratio. We measured the secretion of IFN-y (D) and IL-2 (E) by ELISA. The supernatant was harvested from a co-culture of
5 x 10 target cells with CAR T cells at 1:4, 72 h after the assay execution. (F) The proliferation of CAR T cells was validated by labeling the T cells with CTV and challenging
them with 5 x 10% SupT1 NT, CD22"9" and CD22M9 at a 1:1 ratio. The CTV dilution was measured on day 4, and the percentage of proliferation for each CAR condition was
normalized to the equivalent condition in SupT1 NT for CD8 cells. One-way ANOVA was used to measure the statistical significance of the novel CARs compared to the
negative FMC63 control. Comparisons between two CARs were carried out using Student’s t-test (n = 8-12).
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Figure 2. Parameters affecting CAR efficacy
To determine the effect of the binder biophysical properties to the CAR efficacy, we calculated two-dimensional correlation plots of Ig domain (A), association rate (K) (B),
dissociation rate (Ky) (C), affinity (Kp) (D), binder stability (°C) (E), and aggregation (F) to the CAR efficacy. For the CAR efficacy, we introduced the cytotoxicity of the novel
aCD22 binders against SupT1 CD22"9" (blue) or CD22M (red) in 1:4 ratio. The r values represent Pearson correlation coefficients (n = 8-12).
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presentation of relapse. To test CART function against a lower anti-
gen density platform, an additional SupT1 was engineered (SupT1
CD22""), where transgenic CD22 expression was constrained by a
preceding inefficient stop codon so that expression was approxi-
mately 490 molecules per cell (Figure $2).**

All CARs tested were functional against CD22™8", CD22M4, and
CD22"" SupT1 tumor cells (Figures 3C and 3D). There was a trend
of 9A8 displaying a higher sensitivity against the CD22"°" targets at
an E:T ratio of 1:4, but despite the six donors screened, the trend did
not reach significance (Figure 3C). The overall cytotoxic capacity
decreased at the suboptimal ratio of 1:16 (Figure 3D), although there
was a trend of 9A8 being superior against CD22"-expressing tar-
gets. The IL-2 secretion showed no significant difference between
M971 and 9AS8, whereas the 1G3 IL-2-secreting function was
decreased compared with M971 (Figure 3F).

The cytolytic activity of 9A8 CAR was also compared with that of LT22,
another clinically proven CD22 CAR, against CD22M' and CD22""
targets (Figure S3G).*® 9A8 was superior to LT22 CAR, with higher sensi-
tivity against both mid- and low-density target cells at a low E:T ratio.

Next, we compared the proliferative capacity of the three CARs
against the SupT1 target cells (1:1). Figure 3G depicts the absolute
number of transduced CART recovered after day 4 of co-culture.
The proliferative capacity of 9A8 was superior to M971 when chal-
lenged with CD22"¢"- and CD22M"-expressing target cells.

Chronic basal signaling of CART in the absence of ligand, known as
tonic signaling, may bestow a deleterious effect on CART efficacy and
persistence.”® To interrogate the 9A8 and 1G3 CARs for tonic
signaling, we investigated their capacity for autonomous proliferation
in the absence of antigen (Figure 3H). For comparison, we introduced
the anti-CD19 FMC63-CAR as a negative control, whereas anti-GD2
14g2a was used as a positive control for tonic signaling, as it has been
previously reported.”® The T cells were labeled with CellTrace Violet
and cultured in the absence of cytokines and antigenic stimulus. The
exhaustion profile was comparable for M971, 9A8, 1G3, and FMC63
CARs (Figure S4E). However, the autonomous proliferation of M971
was significantly higher than the negative control FMC63, as well as
9A8 and 1G3. Both novel CD22 CARs were comparable with
FMC63 in their level of tonic signaling.

To maximize the resolution of functional discrepancies, we set up a
re-stimulation assay, wherein the T cells were sequentially stimulated
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with target cells expressing low levels of CD22 (SupT1 CD22M! and
CD22°") (Figure S4F). M971 and 1G3 failed to retain the cytolytic
capacity against SupT1 CD22"*™ by Stim 3, whereas 9A8 eliminated
50.4% of CD22"" cells.

An in vivo comparison of 9A8 with M971 was carried out in a Nalm-6
model. No significant differences were observed in tumor burden as
measured by bioluminescence imaging (BLI) (Figures S5C and
S5D) or flow cytometry (Figure S5E).

Of the 12 novel binders, we chose 9A8 as the binder for further study
based on superior cytotoxicity against SupT1 CD22"" expressing
targets, as well as increased IL-2 secretion and proliferation (Figure 3).

Co-transduction with a CD19/aCD22 dual CAR targeting

A key application for CD22 CARs is combination with CD19 CARs to
prevent antigen escape.””> We next explored co-targeting CD22 and
CD19 using 9A8. For CD19 targeting we used CAT-41BB-Z, a clini-
cally proven CD19 CAR (Figure 4A).>*’ To avoid the loss of stability
or loss of expression, we used co-transduction as a strategy for co-
expression (Figure 4B).

CAT/9A8 CAR T cells were generated by double transduction with
two separate lentiviral vectors at a multiplicity of infection (MOI)
of 2.5/2.5. CAT and 9A8 CART were generated by single transduction
with an MOI of 2.5. Labeling showed distinct single and double CAR-
positive populations in CAT/9A8 CAR T cells as shown in Figure 4C.
The median fluorescence intensity of the CAT or 9A8 CAR in the co-
transduced product was comparable with the single CARs. The CAT/
9A8 CAR comprises three transduced populations at a ratio of
1:2.1:1.7 for Single®®, or Single“*™ or double-positive populations.
The expression of the CAT or 9A8 CAR in the co-transduced product
was comparable to the single CARs (Figures S6A and S6B). An anti-
idiotype against CAT was used to label the CART for flow cytometry.

The effectors were challenged against SupT1 NT, SupT1 CD19™&",
CD22"" CD22M, and CD19"8"CD22"", The cytotoxic and cyto-
kine secretion capacity of the double transduced CAT/9A8 was com-
parable with the single CARs as shown in Figures 4D and 4E. Finally,
all CART's were tested against SupT1 CD22Mid, wherein CAT/9A8 was
not inferior to 9A8. Notably, the magnitude of cytokine response was
not increased with double-positive targets (Figures 4E and S6D-S6F).

Additionally, CAT, 9A8, and CAT/9A8 CART's were tested in co-cul-
tures with Raji and Raji CD19%€ cells (Figure 4F). As expected, 9A8

Figure 3. Comparison of novel CD22 binding CARs to M971 in a lentiviral platform

(A) The best aCD22 CAR binders, 9A8 and 1G3, were transferred into a lentiviral EF1a promoter platform in an scFv format. (B) The expression of the transgenes on T cells
was analyzed by flow cytometry. Specifically, T cells were labeled with biotinylated sCD22, and subsequently labeled with streptavidin-APC and Sytox Blue viability dye. A
representative donor is shown in (B). The CAR cytotoxicity was measured against 1 x 10° SupT1 CD22"9" and CD22M¢ target cells at 72 h and an E:T ratio of 1:4 (C) or 1:16
(D). An additional target was introduced, SupT1 CD22-°" engineered to express approximately 490 molecules/cell. The cytokine secretion was measured by ELISA at 72 h
for 1:4 E:T. The cytokines measured were IFN-vy (E) and IL-2 (F). (G) We investigated the proliferative capacity of the CARs in a 1:1 co-culture measured by the T cell expansion
by day 4. (H) CAR T cells were labeled with CTV and challenged in a starvation assay without antigen stimulus or IL-2 for 13 days to measure tonic signaling. The FMC63 and
aGD2 CARs were introduced as tonic signaling negative and positive controls. The statistical significance was validated by Student’s t-test. (n = 6-9).
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and CAT/9A8 lysed both Raji wild type (WT) and the CD19%°. How-
ever, CAT was unable to eliminate Raji CD19%C. CAT/9A8 was com-
parable to the 9A8 single transduction against both Raji WT and
CD19%°.

We next explored cytotoxicity against primary B-ALL samples (Fig-
ure 5). Although CAT efficiently eliminated the patient sample
#20018, which was positive for both CD19 and CD22, it failed to elim-
inate the CD19™ sample (P #CPL-05) (Figure 5C). In contrast, both
9A8 and CAT/9A8 conditions lysed P #CPL-05.

The cytotoxicity and cytokine secretion of CAT/9A8 in vitro was
comparable with that of the single CARs, not compromised by the
absence of CD19 or low CD22 expression, both of which constitute
antigen escape mechanisms contributing to relapse in clinical studies.

CAT/9A8 is effective against a CD19 antigen escape xenograft
model

We next tested CAT/9A8 CAR T cells in an in vivo model of B-ALL.
HA-tagged Luciferase-expressing NALM-6 cells were engrafted in
NSG mice. At a dose of CAR T cells established to sub-optimally erad-
icate disease, we compared the efficacy of CAT versus CAT/9A8 T cells
over the course of 14 days. Tumor eradication was monitored by BLI
(Figures 6B and 6C) or HA-tag" tumor cells in the bone marrow (Fig-
ure 6D). BLI imaging showed that CAT/9A8 (3.14xe®) was more effica-
cious at eliminating the tumor burden compared with CAT (21.3x€%).

To simulate CD19 antigen escape, we genetically edited Nalm-6 cells
with CRISPR/Cas9 to knockout CD19 (Figure S7). CAT and CAT/
9A8 tumor eliminating efficacy was tested in a Nalm-6 CD19%°
model in NSG mice. CAT CAR T cells failed to eradicate the tumors.
In contrast, CAT/9A8 CAR T cells, ablated the CD19™ tumors as
shown by BLI and flow cytometry (Figures 6F-6H).

CAT/9A8 CART comprise three transduced populations: Single“*”,
Single®*®, and double-positive. The proportion of each population
is shown in Figure 61 (and Figure S8). All three transduced popula-
tions were equally present before and 14 days after injection for
Nalm-6 WT. In the absence of CD19 antigen, the Single“*™ popula-
tion did not persist, whereas the expression of Single®*® and double-
positive were 1:1 at 44.8% and 46.1%, respectively.

The efficacy of CAT/9A8 was validated in vivo showing it is non-infe-
rior to CAT CARTs in a Nalm-6 stress model. Additionally, CAT/9A8
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was effective in a model of CD19-negative escape based on Nalm-6
CD19%° tumor cells.

A comparison of CAT/9A8 was also done with the LoopCAR*"’
using Nalm-6 CD19%C. The LoopCAR failed to eliminate the
CD19" tumors in contrast to CAT/9A8 (Figure 7).

DISCUSSION

Autologous CAR T cells targeting CD19 have had considerable
success in the adoptive therapy of several B-lineage malig-
nancies.”””**"*’ CD19 loss is a well described mechanism of tumor
escape after CD19 CAR T cell therapy.** Loss of CD19 surface expres-
sion is found in 30%-90% of relapsed B-ALL.*> CD19 loss is less stud-
ied after CD19 CAR therapy in DLBCL, but is reported in 28%-62%
of relapses.*™*” A strategy to reduce target antigen escape is to target a
second B lineage antigen simultaneously. CD22 is an attractive option
for such a second antigen, given its expression across B cell ontogeny
and consequent broad expression by B cell malignancies.

CD22 has been successfully targeted using an antibody drug conju-
gate."® However, CD22 is a challenging CAR target: its antigen den-
sity is 10-fold lower than CD19'>*’ and can down-modulate upon
CAR targeting.”’ In addition, it is a tall, bulky, and heavily glycosy-
lated protein that would be expected to resist effective approximation
of T cells or target cells, preventing effective immune synapse forma-
tion.’>*" Despite this, CD22 CAR T cells have shown efficacy against
both B-ALL and DLBCL.”**' Notably, the receptor used in the major-
ity of CD22 CAR T cell studies is based on the human naive phage
library derived binder M971.%°

The rules for designing a potent CAR, of particular importance to
challenging targets such as CD22, seem to be established. For
instance, the findings regarding the correlation between the biophys-
ical properties of CARs and their performance weigh heavily in favor
of high affinity binding domains,”* >’ with rare contradictory re-
ports.”*>® Similarly, several reports indicate that CARs targeting
epitopes proximal to the membrane bear superior cytotoxic capac-
ity,'>*>*" wherein a many-fold density increase was required for
membrane-distal epitopes to stimulate a response comparable to
membrane-proximal ones.®'

One possible criticism of the above work is that relatively few reports
test a large set of binding domains. Through two immunization cam-
paigns in rats or hyper-immune mice, we obtained 12 novel and
unique antibodies with an affinity range of 28 pM-36.5 nM. Those

Figure 4. In vitro validation of CAT/9A8

(A) CAT and 9A8 were expressed on a separate lentiviral pCCL vectors driven by a PGK and EF1a. promoter, respectively. (B) Lentiviral vectors produced transiently in 293T
were mixed 1:1 to transduce primary T cells (MOl = 2.5 + 2.5). The CAT/9A8 product constitutes the expression of both CAT and 9A8 CARs at a stochastic mix. (C) The CAR
expression was measured by the labeling of T cells with anti-CAT idiotype and sCD22 antigen as shown in x- and y axes, respectively. The mix of the vectors leads to a profile
of three transduced populations of Single®", Single®*® and double-positive. We cultured 5 x 10* SupT1 cells engineered to express CD229", cD22M4, CD19™9", or
CD19"9"CD22H19" with CAR T cells at a ratio of 1:8 for 72 h. At the endpoint of this assay, the target cell lysis (D) and IFN-y release (E) were assessed. (F) The efficacy of the
CAT/9A8 product was also tested against the physiological Raji WT cells and Raji CD19%°, which was implemented to simulate CD19 antigen escape. Student’s t-test was

utilized to determine statistical significance (n = 10).
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12 antibodies were tested in CAR format in vitro. Analyses showed no
correlation between the biophysical properties and in vitro CAR per-
formance. This observation contrasts with the published literature,
the majority of which reports a positive correlation between affinity
and CAR cytotoxicity.”* >’ Similarly, we observed no correlation be-
tween CAR function and epitope distance from the membrane. How-
ever, our study was limited between the third and sixth membrane
proximal Ig domains and a threshold where efficient exclusion of
CD45 is achievable may exist.”’

7E1 and 9A8 constitute a matched pair and are illustrative since their
biophysical properties are almost identical, and they bind overlapping
epitopes. Nevertheless, 9A8 was the most sensitive CAR and 7E1 one
of the least efficacious, with a 15.5-fold lower target cell killing. One
possible explanation is a difference in the binding angle of the binder
latching onto CD22, thus affecting the formation of the synapse.
Crystallography failed, likely because of the high glycosylation of
CD22. Further analysis will be required to elucidate the underlying
mechanism explaining the differential function between these
two CARs.

9A8- and 1G3-based CARs were further characterized and compared
with the M971 CAR. In starvation assays, 9A8 showed no tonic
signaling, whereas M971 showed non-antigen-specific proliferation.
M971-based CARs are known to require an unusually short linker be-
tween variable fragment heavy chain/variable fragment light chain,
which may promote concatemerization, allowing high sensitivity at
the cost of tonic signaling.” Further comparisons revealed a trend
of 9A8 CART proliferating more than M971 and 1G3 CAR T cells,
while showing minimal tonic signaling. Hence, we chose 9A8 for sub-
sequent studies.

Several strategies can be used to simultaneously target CD19 and
CD22 CARTs. The simplest approach is the sequential administration
of anti-CD19 and anti-CD22 CAR T cells, which has been shown in
clinical studies to decrease antigen escape.”** For example, Pan
et al.’ demonstrated that the sequential approach is safe and achieved
a 1-year leukemia-free survival rate of 79.5%. The limitation of this
strategy is doubling of manufacture cost. Alternatively, dual targeting
can be achieved. One approach to dual targeting is a single CAR that
targets both CD19 and CD22 by bearing two antigen-binding do-
mains. This approach is technically challenging and clinical testing
of bi-specific CARs has been disappointing.®”*>

A compromise between these two approaches is to co-express two
separate CARs in a single T cell. The simplest way to achieve this is
by use of a bicistronic cassette.”® One report of bicistronic CD19/
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CD22 CAR cassette showed poor CAR T cell persistence, precluding
a complete assessment of effects on antigen escape. We have previ-
ously described and clinically tested CAT-41BB{ obecabtagene auto-
leucel (obe-cel), a fast binding off-rate CAR designed to decrease
toxicity and improve persistence.”>*’ It has been reported that bicis-
tronic cassettes can decrease transgene eXpression.(’7 In the present
study, we explored co-transduction as means of co-expression. This
approach decreases the risk of perturbation of expression of either
receptor.

The efficacy of the double transduced product was tested in vitro
showing the activity of CAT/9A8 being comparable with the single
CAR controls. We tested the cytotoxic and cytokine secretion capac-
ity of CAT/9A8 against Raji and SupT1 target cells, including
CD22Mid—expressing SupTl. CAT/9A8 consistently performed
comparably with the single CARs.

An in vitro cytotoxicity assay against CD19%° Raji (1:4) showed
slightly better cytotoxicity with 9A8 CAR T cell effectors in compar-
ison with CAT/9A8. In these experiments, equal numbers of trans-
duced T cells were used; however, not all of the CAT/9A8 CAR
T cells express the 9A8 CAR and this lower 9A8 CAR transduction
efficiency may explain the decreased cytotoxicity.

In vivo studies showed the efficacy of CAT/9A8 against a Nalm-6 tu-
mor. In a Nalmé CD19¥° model, imitating CD19 antigen escape,
CAT/9A8 eliminated the tumor burden. CAT/9A8 proved superior
in a CD19 escape in vivo model to CD19/CD22 loop CAR.

CD22 CAR targeting is more challenging than CD19; for instance, in
clinical studies relapse has been observed despite CD22 CAR T cell
persistence.”’ Notably, in cytotoxicity assays against primary B-ALL
blasts, CAT/9A8 and 9A8 cytotoxicity was reduced against CD197/
CD22" B-ALL compared with a double-positive patient sample.
This may hint at an inherent biological resistance of CD22 as a target.

Strategies that allow the co-expression of two CARs afford the
freedom of using different costimulatory domains tailored to each
antigen.”>* In fact, Shalabi et al.”® showed the benefit of mixing
co-stimulatory domains using CD19-CD28{ and CD22-41BB{
CARs. This is worthy of future exploration.

In summary, we identified a novel CD22 targeting CAR. The process
of obtaining the novel antibody revealed a lack of correlation between
binder biophysical properties and the CAR function. Functional se-
lection allowed identification of CARs sensitive to very low antigen
density. A co-transduction approach was explored with 9A8-41BB{

Figure 5. Cytotoxic efficacy of CAT/9A8 against primary B-ALL patient cells

(A) The expression of CD22 and CD19 antigens was validated by flow cytometry and CD22 density was calculated by using Quantibrite beads. (B) PBMCs were transduced
with either the single CAR constructs or co-transduced with the CAT/9A8 product at an MOI of 2.5 + 2.5. We validated the transduction yield by labeling the T cells with
soluble antigens. (C) The cytotoxic efficacy of the CARs against the primary B-ALL samples was measured by co-culture and subsequent target cell enumeration at 48 h after
co-culture (E:T = 1:4). SupT1 NT and CD19"9"CD22H9" constituted a negative and positive lysis control, respectively. (D) IFN-y production was measured by ELISA at 48 h,

E:T ratio 1:4. Statistical significance was determined by Student’s t-test (n = 4).
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and CAT-41BB¢, resulting in a CAR T cell product effective at target-
ing both CD19 and CD22. Autologous T cells co-transduced with
CAT/9A8 are currently being clinically tested in children with
relapsed or refractory B-ALL (NCT02443831).

MATERIALS AND METHODS

Immunization campaign

Five mice (DiversimAb) were immunized with recombinant human
CD22 (1968-SL, Sino Biologicals), according to proprietary protocol
(Abveris). Three Wistar rats were genetically vaccinated with a trun-
cated form of human CD22 encoding the four membrane proximal
domains, according to proprietary protocol (Aldevron). Sera from
immunized animals at intervals were screened for seroconversion
against recombinant human CD22 via ELISA. Animals showing poly-
clonal reactivity against the target protein were selected for hybrid-
oma generation.

Cell lines

HEK-293T (ATCC; ATCCCRL-11268) were cultured in Iscove’s modi-
fied Dulbecco’s medium (12-726F, Lonza) supplemented with 10% FBS
(Labtech) and 2 mM GlutaMAX (35050061, Invitrogen). SupT1
(ECACCG; 95013123), NALM6 (DSMZ; ACC 128) and Raji (ATCC,
ATCC CCL-86) lines were cultured in complete RPMI (RPMI-1640,
Lonza) supplemented with 10% FBS and 2 mM GlutaMAX.

Flow cytometry

Flow cytometry was performed using MACSQuant 10 and X flow cy-
tometers (Miltenyi Biotec). Labeling was carried out at room temper-
ature for 10 min with antibodies diluted in Cell Staining Buffer
(420201, BioLegend). The antibodies used were:

aCD22 CAR was detected by sCD22 labeling (SI2-H82F8, Acro) and
streptavidin-APC (405207, BioLegend); the cytotoxicity panel
comprised aCD3-PeCy7 (344816, BioLegend), aCD2-PE (300208,
BioLegend), aCD8-APC Cy7 (301016, BioLegend), and counting
beads (C36950, Invitrogen); for the in vivo models we used aCD45-
BV421 (304032, BioLegend), aHA-AF488 (901509, BioLegend),
aCD22-PE (302506, BioLegend), 7AAD (420404, BioLegend). The
CAT CAR was labeled with an anti-idiotype.

Retroviral and lentiviral production

HEK-293T cells (1.5 x 10°) were transiently transfected with an
RD114 envelope expression plasmid (RDF, a gift from M. Collins,
University College London), and a Gag-pol expression plasmid
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(PeqPam-env, a gift from E. Vanin, Baylor College of Medicine),
and transgene expressed in an SFG vector plasmid at a ratio of
1:1.5:1.5 (total DNA = 12.5 pg). The transfection was carried out
with GeneJuice (70967-4, Millipore), according to the manufacturer’s
guidelines.

The lentiviral transfection differed in the plasmid composition wherein
Gag-pol (plasmid #12251, Addgene, Waterdown, MA), pRSV-Rev
(#244772, Addgene), VSV-G envelope (plasmid #12259 Addgene),
and pCCL vector were introduced in a ratio of 2:1:1:4 (total DNA =
12.5 up). The lentiviral transgenes were driven by an EFla promoter.

Cytotoxicity assay

Peripheral blood mononuclear cells (PBMCs) were isolated from
whole blood by density gradient sedimentation via Ficoll. The source
of PBMCs was buffy coats purchased from NHSBT (NCO07). Isolated
PBMCs were activated with aCD3 (130-093-387, Miltenyi Biotec)/
aCD28 antibodies (130-093-375, Miltenyi Biotec), 50 U IL-2
(Z00368-1, 2BScientific Limited) added at 24 h, and engineered by
retroviral and lentiviral vectors at 48h. 0.7 x 10° PBMCs were plated
on Retronectin coated 6-well plates (T100B, Takara Clonetech) and
span at RT, 1,000 x g for 40 min.

The cytotoxicity readout was based on flow cytometry and enumer-
ating the surviving target cells after a 72-h co-culture. At 96 h after
transduction, CART were co-cultured with the targets at ratios of
1:2, 1:4, and 1:8. Target number was stable at 0.5 x 10°or 1 x 10°
target cells, while T cells differed depending on the effector to target
(E:T) ratio. Targets cells were enumerated 72 h after co-culture as
alive (7AAD ) and CD3™ CD2 CD8". Target cell survival percentage
was calculated by normalizing the number of viable target cells to that
recovered from co-cultures carried out with NT T cells.

Cytotoxicity of primary cells

The primary B-ALL cells were acquired from UCL Institute of Child
Health cell bank (P #CPL-05) or purchased from the Fred Hutch He-
matopoietic Diseases Repository (P #20018). The B-ALL samples
were thawed in gradual volume of PBS plus 1% FCS, enumerated,
and co-cultured with CTV labeled CAR-expressing PBMCs for 48 h
at a 1:4 ratio. The assay was carried out as described above.

Cytokine measurements
The cytokine concentrations were determined by ELISA on co-cul-
ture supernatants harvested at 72 h. We used IFN-y and IL-2

Figure 6. In vivo validation of CAT/9A8

(A) The Nalm-6 WT stress model was performed on NSG mice, where 10° cells were intravenously injected on day —4 and 5 x 10° CAR-expressing T cells were injected on
day 0 intravenously. (B) The Nalm-6 tumor line was engineered to express HA-tag, as well as luciferase that was used to estimate tumor burden by BLI. (C) This graph il-
lustrates the luciferase levels detected in (B). The presence of tumor cells in the bone marrow was evaluated by flow cytometry detecting the HA-tag on the tumor cells (D). (E)

The CD19 antigen escape was simulated by knocking out CD19 in Nalm-6 cells. One million CD1

9"© Nalm-6 cells were injected on day —8 and 5 x 10° transduced T cells

were injected on day 0. The tumor burden was measured by BLI to detect Iuciferase on mice over the course of 13 days. (H) The percentage of HA-expressing tumor cells was
also enumerated in the bone marrow compartment by flow cytometry. () The expression of each CAR subpopulation in each condition was validated in vitro before the
injection into mice, as well as in the bone marrow of mice sacrificed on day 14. The percentages shown for BM at day 14 in graph (I) are based on the cell number events
shown in the graph in (J). Statistical analyses were performed by Student’s t-test (n = 5 mice, T cells derived from 1 donor).
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BioLegend Deluxe kits (431806 and 430106, BioLegend) according to
the manufacturer’s instructions.

Proliferation assay and tonic signaling

PBMC:s were labeled with CellTrace Violet (CTV) according to man-
ufacturer’s instructions (C34557, ThermoFisher Scientific) and
cultured with 0.5 x 10° target cells at a 1:1 E:T ratio for 96 h. The pro-
liferation was determined as CD3* sCD22" transduced T cell number
and percentage of CTV% decrease.

The tonic signaling constituted a starvation assay of 0.5 x 10° CTV-
labeled T cells cultured for 13 days in the absence of targets or IL-2.
The proliferation was calculated as described above.

Xenograft NSG model

All animal studies were performed under a United Kingdom Home
Office-approved project license and all experiments were carried
out according to the relevant regulatory standards. NSG mice (female,
aged 6-10 weeks) were obtained from Charles River Laboratories and
raised under pathogen-free conditions.

We inoculated 1 x 10° Nalmé WT or CD19%© cells, engineered with
an HA-luciferase cassette, intravenously into NSG mice on days —8
and —4, respectively. Tumor engraftment was measured by biolumi-
nescent imaging using the IVIS spectrum system (PerkinElmer) after
intra-luciferin peritoneal injection. The mice were randomized on day
—1.0n day 0, 5 x 10° CAR T cells were injected intravenously, and
subsequently the mice were culled on day 14.

Statistical analyses

The data are visualized as median and analyses were performed in
GraphPad Prism version 8.2. For a direct comparison of two condi-
tions, we performed two-tailed paired t-test. For multiple compari-
sons with a single condition, we performed one-way ANOVA with
Dunnett’s post-test. Significance of findings are defined as follows:
NS, not signiﬁcant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Schematic cartoons
The cartoons were created in BioRender.
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Figure 7. In vivo comparison of CAT/9A8 with LoopCAR

A Schematic representation of the LoopCAR structure is shown in (A). (B) T cells bearing the LoopCAR transgene or double-transduced with CAT/9A8 were labeled with
sCD19 and sCD22 to determine the transduction efficiency prior to injecting into NSG mice. (C) Nalm-6 CD1 9"© were used to simulate an antigen escape model. One million
Nalm-6 CD19X° were inoculated in mice and CAR T cells were introduced on day 7. The tumor burden is shown by flux (D and E), whereas tumor burden in bone marrow was
also measured on day 14 by labeling for the HA marker (F). (n = 5 mice, T cells derived from 1 donor).
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