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To address CD19 loss from lymphoma after anti-CD19
chimeric antigen receptor (CAR) T cell therapy, we designed
a bicistronic construct encoding an anti-CD19 CAR and an
anti-CD20 CAR. We detected deletions from the expected bi-
cistronic construct sequence in a minority of transcripts by
mRNA sequencing. Loss of bicistronic construct transgene
DNA was also detected. Deletions of sequence were present at
much higher frequencies in transduced T cell mRNA versus
gamma-retroviral vector RNA. We concluded that these dele-
tions were caused by intramolecular template switching of
the reverse transcriptase enzyme during reverse transcription
of gamma-retroviral vector RNA into transgene DNA of trans-
duced T cells. Intramolecular template switching was driven by
repeated regions of highly similar nucleic acid sequence within
CAR sequences. We optimized the sequence of the bicistronic
CAR construct to reduce repeated regions of highly similar
sequences. This optimization nearly eliminated sequence
deletions. This work shows that repeated regions of highly
similar nucleic acid sequence must be avoided in complex
CAR constructs. We further optimized the bicistronic
construct by lengthening the linker of the anti-CD20 single-
chain variable fragment. This modification increased CD20-
specific interleukin-2 release and reduced CD20-specific activa-
tion-induced cell death. We selected an optimized anti-CD19/
CD20 bicistronic construct for clinical development.

INTRODUCTION

Chimeric antigen receptors (CARs) can specifically recognize anti-
gens and activate CAR-expressing T cells.'* Infusions of anti-
CD19 CAR T cells have caused prolonged complete remissions of
advanced B cell malignancies in many patients®"’; however, many
aspects of CAR T cell therapies are in need of improvement.® ' >'*

CD19 expression loss is an important mechanism for failure of
anti-CD19 CAR T cell therapy. Loss of CDI19 expression has
been detected in acute lymphoid leukemia'® and B cell lym-
phomas.'® Some cases of B cell lymphoma lack CD19 expression
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even before anti-CD19 CAR T cell therapy.'® Because loss of
CD19 expression is a known mechanism of failure of anti-CD19
CAR T cell therapy, we designed bicistronic gamma-retroviral
CAR constructs that cause a single T cell to express an anti-
CD19 CAR and an anti-CD20 CAR. CD20 is expressed by most
B cell malignancies.'” >

The life cycle of retroviruses includes reverse transcription.”"** The
RNA genome of retroviruses is reverse transcribed into DNA that
makes up the provirus that is integrated into the host cell genome.”’
The reverse transcriptase enzyme that conducts reverse transcription
can undergo template switching in which the enzyme switches from
one RNA strand to another.”">> When the RNA genome of a retro-
virus contains repeated regions of highly similar sequence, deletions
of sequence from the RNA can occur by a process called intramolec-
ular template switching.”'* Intramolecular template switching can
occur when two regions of highly similar sequence on the same
RNA molecule come into close proximity at the point where reverse
transcription is occurring.”"**” ** This can cause reverse transcriptase
to skip part of the RNA sequence, which causes deletion of the
sequence.”">*** Because more complex CAR constructs such as bicis-
tronic constructs often have repeated structural components,
repeated highly similar nucleic acid sequences can occur in these con-
structs, so there is a risk for deletion events during reverse transcrip-
tion of CAR retroviral vector RNA into transgene DNA. We have
identified CAR sequence deletions that were likely driven by repeated
regions of highly similar sequence in a bicistronic CAR construct.
These deletions likely occurred during reverse transcription in trans-
duced T cells. Such deletions lead to transcription of CAR mRNA
other than the desired CAR mRNA, so they could reduce expression
of the desired CARs. Also, there is a possibility that such deletions
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Figure 1. Bicistronic CAR construct Hu1928-Hu20BB-
Original and mechanism of deletions of CAR
sequence

(A) The first CAR of Hu1928-Hu20BB-Original had a CD8a.
SS, the Hu19 scFv, a CD8-HTM (CD8a), a CD28 domain,
and CD3¢ domain. Next were ribosomal skip and furin
domains (F2A). The second CAR had a CD8a SS, the
Hu20 scFv, a CD8-HTM, a 4-1BB domain, and a CD3¢
domain. The first CAR of Hu1928-Hu20BB-COriginal was
the anti-CD19 CAR Hu19-CD828Z. The second CAR of
Hu1928-Hu20BB-Original was the anti-CD20 CAR Hu20-
CD8BBZ. (B) The diagram depicts how intramolecular
template switching causes sequence deletions during
reverse transcription. Deletions caused by intramolecular
template switching could occur in T cells transduced with
a retroviral vector encoding a CAR construct. This
process is driven by base pairing of nascent DNA to two
repeated regions of highly similar sequence in the
retroviral genomic RNA. (1) Genomic retroviral RNA with
repeated highly similar regions of sequence (sequence 1
and sequence 2). (2) Reverse transcription begins at the
3’ end of the genomic RNA. (3) If two regions of highly
similar  RNA sequence come into close proximity,
simultaneous base pairing can occur between both of the
highly similar repeated RNA sequences and the nascent
DNA strand. RNase H digests RNA after it has been
reverse transcribed. (4) Intramolecular template switching

can occur, so reverse transcription continues at the 5 region of repeated highly similar RNA sequence (sequence 1) instead of the 3’ region of repeated highly similar
sequence (sequence 2) where reverse transcription was occurring before the template switch. (5) One copy of the repeated highly similar sequence is deleted from the
final DNA transgene, and the sequence between the repeated regions of highly similar sequence is deleted. The remaining copy of highly similar sequence is partially
derived from each of the repeated highly similar regions of vector RNA (sequence1/2). Diagram adapted from Delviks et al.>® (C) A diagram of the aberrant CAR created
when sequence between the two CD8-HTM domains of Hu1928-Hu20BB-COriginal is deleted. The aberrant CAR has a CD8a SS, Hu19 scFv, CD8-HTM, a 4-1BB

moiety, and a CD3¢ domain.

could lead to dangerous changes in CAR sequence, such as an unde-
sired new antigen-recognition sequence that could cause the CAR to
recognize normal cells. We have developed an optimized bicistronic
anti-CD19/CD20 CAR construct to minimize deletion events and
to optimize CAR function.

RESULTS

Anti-CD19/CD20 CAR construct

To address CD19-negative B cell lymphoma, we designed a bicistronic
CAR construct designated Hul928-Hu20BB-Original. Hul928-
Hu20BB-Original was designed to allow T cells to simultaneously ex-
press two CARs, an anti-CD19 CAR designated Hu19-CD828Z and
an anti-CD20 CAR designated Hu20-CD8BBZ (Figure 1A). Both of
these CARs have single-chain variable fragment (scFv) binding do-
mains derived from fully human antibodies. Both CARs have hinge
and transmembrane domains from CD8a (CD8-HTM) and CD3(¢
T cell activation domains. Hul9-CD828Z has a CD28 costimulatory
domain, and Hu20-CD8BBZ has a 4-1BB costimulatory domain.
Hu1928-Hu20BB-Original is encoded by the MSGV1 gamma-retro-
viral vector.*®

Mechanism of sequence deletions
Retroviral gene therapy vectors encoding CARs contain an RNA
genome that is reverse transcribed during T cell transduction. Vec-

tor RNA can sometimes contain repeated highly similar sequences.
During reverse transcription, the nascent DNA strand that is
annealed via base pairing to one copy of a repeated vector
RNA sequence can simultaneously anneal to an upstream copy
of the repeated RNA sequence. This can cause the reverse tran-
scriptase enzyme to undergo intramolecular template switching
to the upstream copy of the repeated RNA sequence (Fig-
ure 1B).*"** Intramolecular template switching can result in dele-
tion of transgene DNA corresponding with one copy of the
repeated vector RNA sequence and the sequence between the
two regions of repeated vector RNA sequence (Figure 1B).*"**
Because the integrated transgene is the template for CAR
mRNA, intramolecular template switching can lead to deletions
of CAR amino acid sequence.

Deletions in Hu1928-Hu20BB-original

Southern blots of DNA from T cells transduced with Hul928-
Hu20BB-Original showed a dominant band of the expected CAR
transgene length and no aberrant bands after 21 h of exposure; how-
ever, when exposure was extended to 8 days to increase Southern blot
sensitivity, single bands of unexpectedly short length, indicating
shorter transgene length, became visible in DNA from four donors
(Figure S1). This aberrant band was consistent with deletion of part
of the transgene sequence.
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Table 1. Percentage of mRNA transcripts with deletions starting in each
domain of Hu1928-Hu20BB constructs as assessed by SMRT RNA-seq

Table 2. Percentages of mRNA transcripts with deletions starting in each
domain of Hu1928-Hu20BB constructs as assessed by short-read RNA-seq

CAR domain where Hul928-Hu20BB-  Hul928-Hu20BB- CAR domain where deletions Hul1928-Hu20BB- Hu1928-Hu20BB-
deletions started original STD LONG started original STD LONG
Hu19 light chain domain 1.5 0 0 Hul9 light chain domain 0.1 0.1 0.1
Hul9 heavy chain domain 1.8 0 0.1 Hul9 heavy chain domain 0 0 0.1
First CD8-HTM 18.8 0 0.1 First CD8-HTM 2.1 0 0
CD28 0 0 0 CD28 0 0 0
First CD3¢ 0 0 0 First CD3¢ 0 0 0
Hu20 light chain domain 0 0 0 Hu20 light chain domain 0 0.1 0
Hu20 heavy chain domain 0 0 0 Hu20 heavy chain domain 0 0.1 0.1
Second CD8-HTM 0.1 0.2 0.2 Second CD8-HTM 0 0.3 0.2
4-1BB 0 0 0 4-1BB 0 0 0
Second CD3¢ 0 0 0 Second CD3¢ 0 0.1 0

Cells from 4 donors were transduced with transiently produced MSGV1-Hul928-
Hu20BB-Original vector. Two donors each were transduced with transiently produced
MSGV1-Hul928-Hu20BB-STD or MSGV1-LONG vectors.

mRNA was analyzed by SMRT RNA-seq analysis. Values are the mean percentages of
transcripts that had deletions of the expected sequences starting in the listed CAR do-
mains. Only deletions occurring in at least 4 transcripts are included. Only deletions
with mRNA sequence 5 and 3’ to the missing sequence are included. Values less
than 0.1% are entered as 0. CD8-HTM means CD8a. hinge and transmembrane domain.

To look for Hul928-Hu20BB-Original sequence deletions, we
assessed mRNA from transduced T cells by single-molecule
(long-read) real-time mRNA sequencing (SMRT). Deletions of
Hul1928-Hu20BB-Original mRNA sequence between regions of
repeated highly similar sequence were detected by SMRT. The
most common location for deletions to start was the CD8-HTM
domain of the first CAR in the construct, Hul19-CD828Z. Most
deletions starting in the Hul9-CD828Z CD8-HTM ended in the
CD8-HTM region of the second CAR, Hu20-CD8BBZ. Deletion
of the nucleic acids between the CD8-HTM domains resulted in
an aberrant CAR mRNA transcript with one CD8-HTM sequence
containing part of each of the original CD8-HTMs. The CD8-
HTM had the amino acid sequence expected in Hul928-
Hu20BB-Original. This CAR also had an Hul9 scFv, a 4-1BB
costimulatory domain, and a CD3{ domain (Figure 1C). Less
commonly, deletion events were detected between regions of high-
ly similar sequence shared by the heavy chain domains or the light
chain domains of the two CARs in Hul928-Hu20BB-Original.
Both CD3Y¢ domains in Hul928-Hu20BB-Original serendipitously
had quite different nucleotide sequences. Table 1 summarizes
deletions of the expected Hul928-Hu20BB-Original mRNA se-
quences. For these experiments, mRNA was obtained from trans-
duced T cells of four donors and assessed by SMRT. Detailed
summaries of deletions detected in each region of Hul928-
Hu20BB-Original by SMRT analysis are presented in Figure S2.
As a control, we performed SMRT analysis with the same methods
used for data in Table 1 on mRNA from T cells expressing the
anti-BCMA CAR FHVH33-CD8BBZ”’; the only deletion in this
CAR sequence occurred at a frequency of 0.2% in the CD8-
HTM domain.
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Cells from four donors were transduced with transiently produced MSGV1-Hu1928-
Hu20BB-Original vector. Two donors each were transduced with transiently produced
MSGV1-Hul928-Hu20BB-STD or MSGV1-Hul928-Hu20BB-LONG vectors.

mRNA from the cells of the donors was analyzed by short-read (Illumina) RNA-seq
analysis. Values are the mean percentages of transcripts that had deletions of the ex-
pected sequences starting in the listed CAR domains. Only deletions occurring in at least
4 transcripts are included. Only deletions with mRNA sequence 5" and 3’ to the missing
sequence are included. Values less than 0.1% are entered as 0. CD8-HTM means CD8a
hinge and transmembrane domain.

We confirmed deletions in CAR mRNA transcripts by short-read
mRNA sequencing (RNA-seq). Deletion locations determined by
short-read RNA-seq were nearly identical to deletion locations deter-
mined by SMRT; however, the incidence of deletions detected by
short-read RNA-seq was lower than the incidence of deletions detected
by SMRT (Table 2). A summary of the short-read RNA-seq analysis for
Hul928-Hu20BB-Original is presented in Figure S3. We detected
similar deletions by analyzing the same short-read RNA-seq data with
a second data analysis method (Table S1). The amino acid sequences
resulting from the two most common deletions determined by the
second short-read RNA-seq analysis method are found in Figure S4.

Most deletions had repeated regions of highly similar sequence sur-
rounding the starting and ending points of the deletion. Repeated
highly similar sequence segments surrounding the starting and
ending points of a deleted region of sequence are consistent with
the mechanism of intramolecular template switching occurring dur-
ing reverse transcription (Figure 1B). The Hu1928-Hu20BB-Original
DNA sequences surrounding the starting and ending points of the
two most frequent deletions detected in one donor’s T cell mRNA
by SMRT are indicated in Figure 2. As in mRNA from other donors,
the most common starting points for deletions were in the CD8-HTM
domain of the first CAR in Hul928-Hu20BB-Original, Hul9-
CD828Z, and the most common ending points of deletions were in
the CD8-HTM of the second CAR in the construct, Hu20-CD8BBZ.

Deletions in gamma-retroviral vector RNA
To assess for the possibility of CAR sequence deletions occurring
during gamma-retroviral vector production, we assessed RNA from
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A Hu1928-Hu20BB-Original

1st CD8-HTM ttcgtgcctgtgttictgcctgeccaagecgacdacaaccect
2nd CD8-HTM ttcgtgcctgtgttgctgectgeccaagectacaacaaccect

1st CD8-HTM gcecctagacctcctacaccegccctacaatcgecagecag
2nd CD8-HTM gcitcctagacctcctacaccagcftcctacaatcgecagecag

1st CD8-HTM cctctgtctctgaggccegaggcttgtagacctgetgetggce
2nd CD8-HTM cctctgtctctgaggecitgaagcttgtagacctgetgetgge

1st CD8-HTM ggagccgtgcadaccagaggactggatttcgcctgegacatce
2nd CD8-HTM ggagccgtgcataccagaggactggatttcgectgegacatce

1st CD8-HTM tacatgtgggcccctctggceggcacatgtggegtgetgctg
2nd CD8-HTM tacatitgggcccctctggcitggaacttgtggegtgetgetg

1st CD8-HTM ctglgdctBgtlatcacBctgtaltgcaadcalidggaac
2nd CD8-HTM ctgltctictdgtgatcacactgtalttgcaaltcataggaac

Hu1928-Hu20BB-Standard (STD)
1st CD8-HTM ttcgtgccagtgtttctaccigccaagccgacdacacgcc
2nd CD8-HTM ttcgtccggtiitttctgccggcaaagectacaactacecc
1st CD8-HTM gceccttagacctcctacacccgecgcctacaatcge ca
2nd CD8-HTM gcacceeggccgccaacitcccgeftccdacgatcege ca
1st CD8-HTM ccjtctgtciictgaggccegaggcttgtagaccitgctgcigg
2nd CD8-HTM ccactttcactecgaccagaggcttg€agaccggctgeges
1st CD8-HTM ggagcegtgcacaceagaggactggatttegcetgcgagat
2nd CD8-HTM ggegcgetacacacgegggggctegatttigcttgcgatat

1st CD8-HTM tacat@tgggc@cctctBgccgglacatgiigelatgetacty
2nd CD8-HTM tacatfftgggcicctctifgccggtacatgeggtatiettgcte

1st CD8-HTM ctEagcctBgtcatfacEctgtalteffaaccaéggaac
2nd CD8-HTM ctgtecctidgtcatifaciictictalttgdaaccataggaac

Figure 2. Alignment of the first and second CD8-HTM domains of CAR
constructs

(A) DNA sequences of the first and second CD8-HTM domains of Hu1928-
Hu20BB-Original are aligned, and nucleotides that are different between the
two regions are highlighted in green. The first CD8-HTM is in Hu19-CD828Z, and
the second CD8-HTM is in Hu20-CD8BBZ. Only the CD8-HTM sequences are
shown without the sequence between the two CD8-HTM domains. Deletions
were detected by SMRT in mRNA transcripts from T cells transduced with a
gamma-retroviral vector encoding Hu1928-Hu20BB-COriginal. The two regions of
underlined nucleotides in the first CD8-HTM domain indicate the eight nucleotides
immediately 5" to the two most commonly deleted regions of sequence. The
nucleotides “tacacccg” were the eight nucleotides immediately &' to the start of
the most common deletion. The deleted region started with “cccc.” The nucleo-
tides “gcccctag” were the eight nucleotides immediately 5 to the start of the
second most common deletion. The deleted region started with “acct.” The un-
derlined nucleotides in the second CD8-HTM sequence are the last nucleotides at
the 3’ ends of the two most common deletions. (B) DNA sequence of the first and
second CD8-HTM domains of Hu1928-Hu20BB-STD are aligned, and nucleo-
tides that are different between the two regions are highlighted in green. Changes
were made in the nucleotide sequence of Hu1928-Hu20BB-Criginal to obtain the
sequence of STD. Compared with Hu1928-Hu20BB-Original, STD has fewer re-
gions of highly similar sequence.

MSGV1-Hul928-Hu20BB-Original gamma-retroviral vector parti-
cles by using short-read RNA-seq. We found a low incidence of dele-
tions (Figure S5). For example, the mean incidence of deletions start-
ing in the first CD8-HTM of Hul928-Hu20BB-Original was 2.1%
when transduced T cell mRNA was assessed by short read RNA-
seq (Table 2). In contrast, the incidence of gamma-retroviral vector
RNA deletions starting in the first CD8-HTM of Hul928-Hu20BB-
Original was only 0.3% when RNA of gamma-retroviral vector
particles was studied by short-read RNA-seq. The signal sequence
of Hul9-CD828Z had a gamma-retroviral vector RNA deletion
with a frequency of 0.1%. No other deletion occurred in the
gamma-retroviral vector RNA with a frequency of 0.1% or more.
We concluded that most deletions occurred in transduced T cells dur-
ing reverse transcription.

Deletions of CAR sequence were present in integrated
transgene DNA

We wanted to assess the integrated transgene DNA of Hul928-
Hu20BB-Original for sequence deletions. Direct DNA sequencing of
the integrated transgene was not feasible because of the low transgene
copy number. We used PCR to amplify the integrated transgene for
sequencing; however, sequence deletions occurred during PCR reac-
tions. We hypothesized that these deletions were caused by recombina-
tion events as previously reported during PCR.*® To prevent possible
recombination events during standard PCR, we designed digital
droplet PCR (ddPCR) assays. In ddPCR, the PCR reaction is parti-
tioned into a large number of droplets. Each droplet contains a separate
amplification reaction. We set up ddPCR reactions to make it unlikely
that any droplet contained more than one DNA template molecule. We
designed three PCR reactions for use with Hu1928-Hu20BB-Original.
One PCR reaction amplified the Hu19-CD828Z CD8-HTM. A second
PCR reaction amplified the Hu20-CD8BBZ CD8-HTM. A third PCR
product was generated only when the DNA separating the Hul9-
CD828Z CD8-HTM and the Hu20-CD8BBZ CD8-HTM was deleted
in transduced T cells before DNA was obtained for ddPCR (Figure S6).
With this approach, we detected deletions of DNA between the two
CD8-HTM domains of Hu1928-Hu20BB-Original in a mean of 4.6%
of transgene DNA copies.

Optimization of CAR sequences to reduce sequence deletions

To address CAR sequence deletions that were likely driven by
repeated highly similar nucleic acid sequences in Hul1928-Hu20BB-
Original, we optimized the DNA sequence of Hul928-Hu20BB-
Original to reduce repeated highly similar regions of DNA sequence.
First, we replaced the CD8a signal sequence of the Hu20-CD8BBZ
CAR with the signal sequence of the granulocyte-macrophage col-
ony-stimulating factor receptor a-chain (GM-CSFr) that was used
in a previous CAR% Next, we assessed the DNA sequence of
Hu1928-Hu20BB-Original for repeated identical DNA sequences of
eight or more continuous nucleotides. Usually, one repeat of highly
similar sequence was in Hul9-CD828Z, and the second repeat of
highly similar sequence was in Hu20-CD8BBZ; for example, repeated
regions of identical nucleic acid sequence were found in the CD8-
HTM domains of both CARs. We used the DNA sequence of
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Figure 3. Expression of two functional CARs by bicistronic CAR constructs

(A) A diagram of the STD construct is shown. The first CAR of STD had a CD8a. SS (CD8a. SS), the Hu19 scFv, CD8-HTM (CD8a), a CD28 domain, and a CD3¢ domain. Next,
were F2A and furin sequences (F2A). The second CAR had a GM-CSF-receptor-a. SS (GM-CSFr SS), the Hu20 scFv, CD8-HTM, a 4-1BB domain, and a CD3¢ domain. (B)
Human PBMC were stimulated with anti-CD3 in IL-2-containing media. Two days later, transductions were conducted. Five days after transductions, flow cytometry was
conducted to assess CAR expression. Plots gated on live CD3" lymphocytes show combined expression of anti-CD19 CARs and anti-CD20 CARs on T cells transduced with

(legend continued on next page)
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Hu1928-Hu20BB-Original as a template for designing a new DNA
sequence that lacked repeated regions of identical sequence while
maintaining the same amino acid sequence. Redundancy of the nucle-
otide codes for most amino acids allows the same amino acids to be
encoded by multiple nucleotide sequences. We made the most
changes to the CD8-HTM domains (Figure 2). Changes in DNA
sequence were made in an iterative manner, and CAR expression
testing was conducted for each new version of the construct.
For expression testing, T cells were transduced with gamma-retroviral
vectors encoding each new version, and CAR expression was
assessed by flow cytometry. This was done because DNA sequence
changes might have caused a decrease in CAR expression. Fortu-
nately, CAR expression increased with the DNA changes. The seventh
version was designated Hul928-Hu20BB-Standard (STD) (Fig-
ure 3A). Compared with Hul928-Hu20BB-Original, STD had both
higher CAR expression and greatly decreased repeated regions of
highly similar DNA sequence. CAR expression on human T cells
was higher with the STD construct compared with Hul928-
Hu20BB-Original when T cells were assessed for CAR expression
(Figures 3B and 3C).

Increased Hu20 scFv linker length

We hypothesized that altering the linker of the Hu20 scFv might
affect CAR function. The STD construct was further modified by
lengthening the linker of the scFv of the Hu20-CD8BBZ CAR. The
linker of the scFv of Hu20-CD8BBZ consisted of three repeats of
glycine-glycine-glycine-glycine-serine (G-G-G-G-S). We added one
additional repeat to this linker to make a linker with four G-G-G-
G-S repeats; the anti-CD20 CAR with the longer linker was called
Hu20-CD8BBZ-Long (Hu20-CD8BBZ-L). The overall anti-CD19/
CD20 CAR construct with the Hu20-CD8BBZ-L CAR and reduced
regions of highly similar sequence was designated Hul928-
Hu20BB-Long (LONG). Except for the longer scFv linker in the
Hu20-CD8BBZ-L CAR of LONG, the LONG construct had the
same sequence as the STD construct.

Deletion frequencies of optimized bicistronic CAR constructs
We assessed STD and LONG for sequence deletions similar to those
previously detected in Hul928-Hu20BB-Original. We transduced
T cells with gamma-retroviral vectors encoding these constructs
and performed RNA-seq on mRNA from the T cells. Sequence dele-
tions in the optimized constructs STD and LONG were nearly elim-
inated as assessed by either SMRT or short-read RNA-seq (Tables 1
and 2; Figures S7 and S8).

In vitro expression and function of STD versus LONG

We conducted a series of in vitro experiments to compare T cells ex-
pressing the STD construct with T cells expressing the LONG
construct. Expression of the Hul9-CD828Z CAR was detected on
T cells transduced with either STD or LONG by flow cytometry
with an antibody specific for this CAR (Figure 3D). The same
T cells were assessed for expression of the anti-CD20 CARs Hu20-
CD8BBZ in STD or Hu20-CD8BBZ-L in LONG. The anti-CD20
CARs contained the Hu20 scFv. Expression was assessed by flow cy-
tometry with an antibody specific for the Hu20 scFv (Figure 3E). For
both CD4" and CD8" T cells, there was not a statistically significant
difference in Hul9-CD828Z expression when STD and LONG were
compared (Figures 3F and 3G). In the same T cells assessed for
Hul9-CD828Z expression, we compared expression of Hu20-con-
taining CARs. There was not a statistically significant difference in
expression for CD8" T cells, but there was a statistically higher level
of Hu20-containing CAR expression with LONG versus STD in
CD4" T cells (Figures 3H and 3I). One possible contributing factor
to the difference in expression of Hu20-CD8BBZ versus Hu20-
CD8BBZ-L in CD4" T cells was that the longer linker in the Hu20
scFv of Hu20-CD8BBZ-L might affect binding of the anti-CD20-
CAR antibody used to measure expression of the Hu20-contain-
ing CARs.

The ability to produce CAR" T cells was not affected by use of STD
versus LONG. We stimulated T cells with an anti-CD3 antibody,
and transduced 2 x 10° cells on day 2 of culture. On day 7 of culture,
the median numbers of CAR" cells obtained were 14.96 x 10° (range,
23.58-6.72 x 10°) for STD and 13.25 x 10° (range, 27.67-4.81 x 10°)
for LONG (p = 0.867 by paired t test; n = 4).

Next, we assessed the function of T cells expressing STD versus
LONG by performing degranulation assays.
assays were performed by measuring CD107a expression after
culturing CAR T cells with target cells. There were no statistically
significant differences in degranulation of T cells expressing STD
versus LONG when target cells were st486 cells, which express
both CD19 and CD20 (Figures 3] and 3K). Because the only differ-
ence between STD and LONG is the length of the Hu20 scFv
linker, we also assessed degranulation with CDI9-negative,
CD20" st486-CD19neg target cells. There were no statistically sig-
nificant differences in degranulation when st486-CD19neg target
cells were used for either CD4" (Figure 3L) or CD8" (Figure 3M)
T cells.

Degranulation

Hu1928-Hu20BB-Original (Original) or STD. (C) Four experiments with cells from different donors were conducted as in (B). Statistical comparison was by two-tailed, paired t
test. (D) Anti-CD19-CAR and (E) anti-CD20-CAR antibody staining was assessed on CD4* and CD8" T cells transduced with STD or LONG as described in (B). Untransduced
T cells are also shown. Plots are gated on live CD3" lymphocytes. Percentages of (F) CD4* and (G) CD8" T cells that stained with the anti-CD19-CAR antibody were
compared. T cells were transduced and flow cytometry was performed as in (D). Percentages of (H) CD4* and (I) CD8" T cells that stained with the anti-CD20-CAR antibody
were compared. T cells were transduced and flow cytometry was performed as in (E). (J) CD3*CD4* and (K) CD3*CD8" T cells expressing STD or LONG were cultured for 4 h
with st486 cells in the presence of an antibody against CD107a. Cells were assessed by flow cytometry for CD107a expression on live T cells. (L) CD3*CD4" and (M)
CD3*CD8* T cells were assessed for CD107a expression as in (J) and (K), except st486-CD19neg target cells were used. For (F-M), statistical comparisons were two-tailed
paired t tests; n = 4 different donors. N.S., not statistically significant. Throughout the figure, dots connected by lines represent results of the same patient’s cells transduced

with the indicated constructs.
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Increased CD20-specific IL-2 release by T cells expressing
LONG versus STD

Seven days after transduction, T cells transduced with either STD or
LONG were cultured overnight with the target cells indicated in Fig-
ure 4A, and an interferon-gamma (IFN-y) ELISA was performed on
culture supernatants. The only statistically significant differences
were increased IFN-vy release for STD versus LONG when T cells
were cultured alone or with control target cells lacking both CD19
and CD20 expression. We compared interleukin-2 (IL-2) production
by T cells expressing STD versus LONG by ELISA. We found that
IL-2 production was statistically higher for LONG versus STD
when CD20", CD19-negative target cells CD20-K562, st486-
CD19neg, and Toledo-CD19neg were used. IL-2 production was
also higher for LONG versus STD when st486 target cells were
used. st486 cells express high levels of CD20 and low levels of
CD19. This difference in IL-2 production only with target cells that
expressed high levels of CD20 and low or absent levels of CD19 is
notable because the only difference in STD and LONG is the length
of the scFv linker of the Hu20-containing CARs that target CD20.
We did not detect a statistically significant difference in proliferation
when T cells expressing either STD or LONG were compared
(Figure S9).

Reduced activation-induced cell death in T cells expressing
LONG versus STD

We conducted experiments to determine if the longer scFv linker in
LONG affected CAR T cell susceptibility to activation-induced cell
death (AICD) when CAR T cells were stimulated with CD20" target
cells. T cells expressing STD or LONG were cultured for 4 h with
st486-CD19neg target cells or NGFR-K562 target cells. The T cells
were then assessed for Hu20-CAR expression by flow cytometry
with the anti-CD20-CAR antibody. Hu20-CAR is used to refer to
both Hu20-CD8BBZ of STD and Hu20-CD8BBZ-L of LONG. In
comparison with CAR T cells cultured with CD20-negative NGFR-
K562, decreased levels of Hu20-CAR" T cells were present when
CAR T cells were cultured with CD20" st486-CD19neg cells (Fig-
ure 4C). Cells from six donors were stimulated with st486-CD19neg
or NGFR-K562 cells. For both CD4" T cells (Figure 4E) and CD8"
T cells (Figure 4F), reduction in percent Hu20-CAR" T cells was sta-
tistically greater for STD versus LONG. Loss of Hu20-CAR" cells

could be caused by two different processes. First, cells could die and
disappear from cultures before the end of the assay, so the cells would
not be detected by flow cytometry. Second, CAR expression downre-
gulation could occur. Figure S10 shows the percentages of T cells that
were Hul9-CD828Z CAR in the experiments reported in Figures 4E
and 4F. After st486-CD19neg stimulation, the magnitude of the
decrease in Hu20-CAR" cells was much greater than the magnitude
of the decrease in Hu19-CD828Z CAR™ cells. In addition, there was
not a statistically significant difference in Hul9-CD828Z loss when
STD and LONG were compared (Figures 4E, 4F, and S10). These
findings indicate that the Hu20-CAR" cell loss was mostly caused
by CD20-dependent CAR downregulation. If CAR" cell loss was
caused by cell death, the magnitude of Hul9-CD828Z-expressing
cell loss should have been similar to the magnitude of Hu20-CAR"
cell loss because the same T cells usually express both Hul9-
CD828Z and Hu20-CARs (Figure 3B).

We assessed the same cells that were evaluated for CAR" cell loss for
apoptosis by annexin V staining. We focused on Hu20-CAR-express-
ing cells as determined by flow cytometry. We found that substantial
apoptosis occurred with both STD and LONG T cells (Figure 4D).
Annexin V was statistically higher for STD versus LONG for CD4"
and CD8" T cells (Figures 4G and 4H).

In vitro cytotoxicity and in vivo tumor elimination by T cells
expressing STD or LONG

T cells expressing either STD or LONG efficiently killed target cells
in vitro, and there was minimal difference in cytotoxicity when
STD and LONG were compared (Figure 5A). We compared in vivo
anti-tumor activity of human T cells expressing either STD or
LONG. We established tumors of CD19%, CD20™ st486 cells in immu-
nocompromised nod-scid common vy-chain knockout mice (NSG,
NOD.Cg—Prkdcs”id Iergtm]Ml/Sz]). When we treated tumors with
1 x 10° CAR" T cells/mouse, tumor elimination and survival were
not different for T cells expressing STD versus LONG, and T cells ex-
pressing either STD or LONG effectively eliminated tumors
(Figures 5B and 5C). We assessed T cells expressing either STD or
LONG for the ability to eradicate tumors of CD19-negative, CD20"
st486-CD19neg cells. T cells expressing either STD or LONG could
eliminate tumors in some, but not all, mice at a dose of 0.5 x 10°

Figure 4. Lengthening the linker of the Hu20 scFv affects function of CAR T cells

(A) T cells transduced with the indicated CAR constructs or left untransduced were cultured overnight with target cells. IFN-y ELISA was performed on culture supernatants;
n = 4 different donors. CD19-K562 target cells expressed CD19. CD20-K562, st486-CD19neg, and Toledo-CD19neg expressed CD20. st486 and Toledo expressed CD19
and CD20. CCRF-CEM and NGFR-K562 were CD19 and CD20 negative. (B) Supernatants from the same CAR T cell plus target cell cultures in A were assessed by ELISA for
IL-2; n =5 donors except n = 4 for Toledo and Toledo-CD19neg. For (A and B), statistics were two-tailed, ratio paired t tests; *p < 0.05, **p < 0.001. For (A and B), cytokine values
were normalized for CAR expression by dividing cytokine values by the fraction of T cells expressing both CARs in the constructs. (C) T cells expressing either STD or LONG were
cultured for 4 h with either st486-CD19neg or NGFR-K562 target cells. Cells were stained with the anti-CD20-CAR antibody and analyzed by flow cytometry to assess CAR
expression. Plots are gated on CD4* or CD8" live (7-aad-negative), CD3* lymphocytes. (D) Annexin V staining of the same cells as (C). Plots are gated on live anti-CD20-
CAR*CD4* or anti-CD20-CAR*CD8* T cells. (E) CD4" T cells were analyzed as shown in (C). Antigen-specific CAR expression decrease of Hu20-CARs was quantified as the
percent anti-CD20-CAR™" cells with st486-CD19neg stimulation divided by the percent anti-CD20-CAR™" cells with NGFR-K562 stimulation (%CAR" with st486-CD19neg/
NGFR-K562 stim). (F) CD8* T cells from the same cultures as in (E) were analyzed as in (E). (G) Specific %annexin V* cells are shown for the same anti-CD20-CAR*CD4™" T cells
in (B). (H) Specific %annexin VV* cells are shown for the same anti-CD20-CAR*CD8* T cells in (F). For (G and H), specific %annexin V* was calculated as %annexin V* CAR*
T cells with st486-CD19neg stimulation minus the %annexin V© CAR™ T cells with NGFR-K562 stimulation. For (E-H), n = 6 different donors; statistics are two-tailed paired
t tests. Dots connected by lines represent results of the same patient’s cells transduced with indicated constructs. p < 0.05 was considered statistically significant.
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Figure 5. In vitro cytotoxicity and xenograft tumor
eradication by STD and LONG

(A) Cytotoxicity of T cells expressing STD, LONG, or the
negative-control CAR SP6-CD828Z was assessed in a 4-h
cytotoxicity assay against Toledo target cells. This is one of
two experiments with similar results. (B) Four million st486
cells were injected intradermally into NSG mice. Six days
later, when palpable tumors were present, mice were
injected intravenously with a single infusion of 1 x 10°
CAR* T cells or left untreated. Ten mice from two

-0 Untreated
# SP6-CD828Z
-~ STD

¥ LONG

N
(=3
o

501

-
o
o

Percent survival

Tumor volume in mm?®

o

M A A AN A 0+
0 3 6 9 12 15 18 21 24 27 30
Days after T-cell infusion

10

O
m

'y
=3
o

1007
@ Untreated
& STD
-~ LONG

w
=3
o

»n
(=3
o

Percent survival

Tumor volume in mm?
-
(=]
o

0 T T T T

Days after T-cell infusion

M experiments of five mice each are in each group. Each
experiment used T cells from a different human donor. In
all experiments in this figure, tumor sizes are mean tumor
volume £ SEM, and tumor size curves stop when the first
mouse of any group was sacrificed or the experiment
ended. (C) Kaplan-Meier plots of survival of the same
mice as in (B) are shown. Survival was longer when the
STD or LONG groups were compared with SP6-CD828Z
or untreated (p < 0.0001 for all comparisons). There was
no difference in survival between STD and LONG.
Survival comparison was by log-rank test for this entire
figure. p < 0.05 was considered statistically significant for
this entire figure. (D) Four million st486-CD19neg cells
were injected intradermally into NSG mice. Six days later,
when palpable tumors were present, mice were left
untreated or injected intravenously with a single infusion

20 30 40

6 9 12 15 18 0

Days after T-cell infusion

o

10

Days after T-cell infusion

20 of 0.5 x 10° CAR* T cells per mouse. There were 10

mice per group. Each group included five mice from each
of two experiments with cells from a different human
donor. (E) Kaplan-Meier plots of survival of the same mice
as (D). Survival was longer for STD and LONG compared
with Untreated; p = 0.015 for STD versus untreated; p =

20

¥ Untreated 100
& 0.5x10°

O 1x10°

- 2x10°
¥ 4x10®

501

1004

Tumor volume in mm®
Percent survival

0.002 for LONG versus untreated. There was not a
statistically significant difference in survival between STD
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Survival of mice in (F). All doses of LONG T cells caused
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CAR" T cells/mouse. (Figure 5D). Treatment with 0.5 x 10° CAR*
STD or LONG T cells increased survival when compared with
untreated mice (Figure 5E). In a different experiment, LONG
T cells eradicated st486-CD19neg tumors at CAR" T cell doses of
0.5 x 10° CAR" T cells per mouse or higher (Figures 5F and 5G).

Expression and function of T cells expressing LONG or its
constituent CARs

Because T cells expressing LONG had higher CD20-specific IL-2 pro-
duction and lower AICD when compared with T cells expressing STD
in vitro, we focused further experiments on LONG. T cells transduced
with LONG expressed both Hul9-CD828Z and Hu20-CD8BBZ-L
(Figure 6A). Cytokine release by LONG was antigen-specific (Fig-
ure 6B). IFN-v release was similar for LONG and its constituent
CARs. IEN-y release was not statistically different when T cells ex-
pressing either Hul9-CD828Z or LONG were cultured with CD19-
K562 targets. IFN-y release was not statistically different when
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T cells expressing either Hu20-CD8BBZ-L or LONG were cultured
with CD20-K562, st486, or st486-CD19neg. Compared with Hul9-
CD828Z and LONG T cells, Hu20-CD8BBZ-L T cells had higher
levels of IFN-vy release when cultured alone or with target cells lacking
expression of both CD19 and CD20. Antigen-independent function
of CARs containing a 4-1BB domain has been shown previously.**!
We performed ELISAs to measure IL-2 release from the same cultures
that were assessed for IFN-vy release. As with IFN-v, there were no
statistically significant differences in IL-2 release in response to target
cells expressing the appropriate antigen when IL-2 release by LONG
was compared with IL-2 release by its constituent CARs (Figure S11).

We transduced T cells from the same patients with vectors encoding
LONG or Hul9-CD828Z alone or Hu20-CD8BBZ-L alone. When
T cells were transduced with LONG or vectors encoding single
CARSs, similar percentages of T cells expressed the CARs for all con-
ditions except that Hul9-CD828Z expression on CD8" T cells was
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Figure 6. Antigen-specific CAR T cell function

(A) CAR expression on T cells transduced with the indicated
constructs was assessed by flow cytometry five days after
transduction. Hu19-CD828Z was stained by the anti-
CD19-CAR antibody. Hu20-CD8BBZ-L was stained by
the anti-CD20-CAR antibody. Plots are gated on live
CD3* cells. Similar results were obtained with nine
donors. (B) With CD19*, CD20-negative CD19-K562
target cells, IFN-y production was statistically lower for
Hu20-CD8BBZ-L T cells compared with Hu19-CD828Z
T cells and LONG T cells. IFN-y production was
statistically lower with T cells expressing Hu19-CD828Z
than T cells expressing Hu20-CD8BBZ-L or LONG when
T cells were stimulated with these CD20*, CD19-
negative/dim target cells: CD20-K562, st486-CD19neg,
and st486. There was not a statistically significant
difference in IFN-y production when Hu19-CD828Z or
LONG were cultured with CD19-K562. There was also
not a statistically significant difference in IFN-y production

C when Hu20-CD8BBZ-L or LONG were cultured with
o - either CD20-K562, st486, or st486-CD19neg. Compared
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CD8BBZ-L and LONG versus each of the other three
groups. p < 0.008 for all comparisons. (E) NSG mice were
injected with NALM6 cells. When palpable tumors were

present 6 days later, mice received the indicated number of LONG CAR™ T cells or were untreated. Values are mean tumor volume + SEM; n = 5 mice per group. (F)
Kaplan-Meier plots of mice from (E). Survival of all LONG groups was longer than survival of untreated mice. p < 0.005 by log rank test for all comparisons.

statistically lower on CD8" T cells transduced with a vector encoding
LONG versus CD8" T cells transduced with a vector encoding Hul9-
CD828Z alone (Figures S12A-S12D). The median fluorescence
intensity (MFI) of CAR expression was statistically higher when
T cells were transduced with vectors encoding either Hul9-
CD828Z alone or Hu20-CD8BBZ-L alone versus a vector encoding
LONG (Figures SI2E-S12H).

We compared antigen-specific degranulation of T cells transduced
with LONG or Hu20-CD8BBZ-L alone. For both CD4" and CD8"
T cells, specific degranulation in response to CD20" target cells was
higher for T cells transduced with LONG versus T cells transduced
with Hu20-CD8BBZ-L alone (Figures S13 and S14). A contributing
factor for higher levels of CD20-specific degranulation of T cells ex-
pressing LONG versus Hu20-CD8BBZ-L alone was the higher level

of antigen-independent degranulation by T cells expressing Hu20-
CD8BBZ-L alone. This was because CD20-specific degranulation
was calculated by subtracting the percentage of T cells degranulating
after stimulation with CD20-negative NGFR-K562 cells from the
percentage of T cells degranulating after stimulation with CD20"
st486-CD19neg cells. Compared with T cells expressing LONG,
T cells expressing Hu20-CD8BBZ-L had higher levels of degranula-
tion after stimulation with NGFR-K562 cells. We established that
T cells expressing LONG do not unexpectedly recognize a variety
of cell lines and primary cells lacking expression of both CD19 and
CD20 (Table S2).

Eradication of CD19-negative tumors by LONG T cells
To further demonstrate that LONG T cells could eradicate CD19-
negative tumors, we established tumors of CD20%, CD19-negative
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CD20-MM.18S cells in NSG mice, and we treated the mice by injecting
T cells expressing LONG, Hul9-CD828Z, or Hu20-CD8BBZ-L.
T cells expressing either LONG or Hu20-CD8BBZ-L eradicated tu-
mors, but T cells expressing Hu19-CD828Z had no anti-tumor effect
(Figures 6C and 6D). We established tumors of CD19", CD20"
NALMS cells in NSG mice and treated the mice with increasing doses
of LONG T cells. Tumors were reduced in a dose-dependent manner
(Figures 6E and 6F). To assess anti-tumor activity of T cells expressing
a bicistronic construct with two CARs containing CD28 costimula-
tory domains, we designed a CAR construct identical to LONG except
the 4-1BB costimulatory domain of the anti-CD20 CAR was replaced
with a CD28 costimulatory domain. This CAR was called Hul1928-
Hu2028-Long. There were no statistically significant differences in tu-
mor sizes or survival when T cells expressing Hu1928-Hu2028-Long
were compared with T cells expressing LONG (Figure S15).

DISCUSSION

To address CD19 loss as a resistance mechanism against anti-
CD19 CAR T-cell therapy, we developed an optimized bicistronic
CAR construct that included an anti-CD19 CAR and an anti-CD20
CAR. Anti-CD19 CAR T cells have proven efficacy against a variety
of B cell malignancies.”"">'**?
tigen to address CD19 loss is a rational next step because of the
proven loss of CD19 from malignant cells after anti-CD19 CAR
'® CD20 is a promising second antigen to target,
since CD20 is highly expressed on large B cell lymphomas'”** and
other types of B cell lymphomas.'®* CD20 is also expressed on

chronic lymphocytic leukemia and some cases of acute lymphoid
17,19,20,33,34

Adding a CAR targeting a second an-

T-cell treatment.

leukemia.

To simultaneously target two antigens by one CAR T cell, two ap-
proaches can be used. Tandem CARs consist of one CAR molecule
with tandem antigen-binding domains targeting two different anti-
gens; tandem CARs have been tested in multiple clinical trials.”> >’
Tandem CARs include a series of antibody heavy-chain and light-
chain variable domains.>”*° In contrast, bicistronic CAR constructs
encode two separate CAR molecules.”™*° We chose to use the bicis-
tronic approach in our work because we were concerned about
possible unexpected effects on antigen recognition with the tandem
approach. We had this concern because tandem CARs have a series
of variable domains targeting different antigens, and these variable
domains are spatially close to each other. Although in vitro tests
can be performed to assess the specificity of tandem CARs, the slight
chance of unexpected in vivo reactivity because the proximity of var-
iable domains targeting different antigens cannot be totally ruled out.

Targeting more than one antigen requires CAR constructs that are
larger and more complex than typical CARs targeting only one anti-
gen. Tandem CARs targeting more than one antigen have repeated
antibody variable domains.”” >
two CARs, so there are two copies of most CAR components (Fig-
ure 1A).*>*" Repeated components might be encoded by similar nu-
cleic acid sequences. We found that deletions of the expected CAR
sequence occurred with Hul928-Hu20BB-Original. These deletions

Bicistronic CAR constructs encode
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occurred between two regions with highly similar nucleic acid se-
quences. We confirmed that these deletions were present in CAR
mRNA from transduced T cells by SMRT and short-read RNA-seq.
We also demonstrated that the deletions were present at the transgene
level in the DNA of transduced T cells. The deletion events likely
occurred during reverse transcription because the frequency of dele-
tions was much lower in RNA from the gamma-retroviral vector
particles used to transduce T cells compared with the frequency of
deletions in mRNA from transduced T cells. The most common
mechanism of deletions occurring during reverse transcription is
intramolecular template switching by the reverse transcriptase
enzyme.”*»** Intramolecular template switching has been previ-
ously studied in natural retroviruses; the template switching is driven
by repeated highly similar regions of nucleic acid sequence.”"**"**
The frequency of deletions was highest between the two CD8-HTM
domains. This was likely because, compared with any other two
CAR domains, the two CD8-HTM domains shared more identical re-
gions of nucleic acid sequence. Deletions such as those observed with
the gamma-retroviral vector used in this work have been observed
with human immunodeficiency virus, which is a lentivirus®'; there-
fore, we expect that similar deletions could occur with lentiviral
CAR vectors. We optimized the sequence of Hul928-Hu20BB-
Original to eliminate extended regions of highly similar nucleic acid
sequence. This greatly reduced the frequency of deletions (Tables 1
and 2; Figure 2). After sequence optimization to reduce deletions,
expression of the CARs encoded by bicistronic anti-CD19/CD20
CAR constructs improved (Figure 3A). Our work shows that repeated
highly similar regions of CAR nucleic acid sequence should be
avoided to reduce unexpected deletions of CAR sequence and to
increase expression of the desired CAR sequence. This finding is
especially important as more complex CAR constructs are being
developed.”>™*°

The deletion frequencies that were detected with SMRT versus short-
read RNA-seq were different (Tables 1 and 2). This could be caused
by both technical differences in the sequencing methods and by dif-
ferences in how the sequencing results were analyzed. A possibly
important factor is that one of the first steps of performing SMRT
was an in vitro reverse transcription step. Deletions due to intramo-
lecular template switching might have occurred during this reverse
transcription step, or deletions might have occurred during the sub-
sequent PCR step of the SMRT process. The short-read RNA-seq
method is quite different. During short-read RNA-seq, the mRNA
sample was fragmented into short pieces of approximately 150 base
pairs before reverse transcription. This fragmentation made in vitro
intramolecular template switching highly unlikely when repeated re-
gions of highly similar sequence were separated by more than approx-
imately 150 base pairs. The high frequency deletions detected in our
work involved highly similar sequences separated by more than 150
base pairs.

The Hul9-CD828Z anti-CD19 CAR that is part of all bicistronic con-
structs developed during this project has already been proven effective
in a clinical trial'’; therefore, we focused further work on optimizing
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the anti-CD20 scFv that was included in the second CAR of the con-
structs that we developed. We hypothesized that a longer glycine-
serine linker in this scFv might affect function of the anti-CD20
CAR. One possible advantage of longer linkers is that scFvs have a
decreased tendency to multimerize as linker length increases."’ We
compared an anti-CD19/CD20 bicistronic construct that included
an anti-CD20 CAR scFv with a standard linker of three repeats of
G-G-G-G-S (Hul1928-Hu20BB-STD) to a construct that was identical
to STD, except the anti-CD20 CAR scFv had a linker of four repeats of
G-G-G-G-S. This anti-CD19/CD20 construct with a longer anti-
CD20 CAR scFv linker was designated LONG. T cells expressing
LONG had functional benefits in CD20-specific function when
compared with T cells expressing STD. T cells expressing LONG
had higher levels of CD20-specific IL-2 release (Figure 4B), more
retention of anti-CD20 CAR expression after stimulation with
CD20" target cells (Figures 4E and 4F), and lower levels of AICD
(Figures 4G and 4H). CAR T cells exhibit substantial levels of
AICD in the assay that we used, but we have noted similar levels of
AICD with other CARs.””** Notably, the only advantage in anti-
gen-specific IFN-vy release with LONG versus STD was that T cells ex-
pressing LONG had lower antigen-independent IFN-v release against
target cells lacking both CD19 and CD20 expression (Figure 4A).
Similarly, we found no difference in antigen-specific degranulation
when LONG and STD were compared (Figures 3]-M).

CAR expression assessed by MFI measured by flow cytometry was
higher when Hul9-CD828Z or Hu20-CD8BBZ-L were expressed in
separate T cells by vectors encoding each of these CARs individually
versus when these CARs were expressed simultaneously in the same
T cell by the bicistronic LONG construct (Figure S12). Despite the
lower MFI for the CARs expressed by LONG versus CARs expressed
one at a time, we did not see statistically significant differences in IFN-
v and IL-2 release with bicistronic CAR expression versus the same
CARs expressed individually, and antigen-specific degranulation
was statistically higher for T cells expressing LONG versus Hu20-
CD8BBZ-L (Figures 6B, S11, S13, and S14).

Because T cells expressing LONG had in vitro functional advantages
against CD20" target cells when compared with T cells expressing
STD, we selected LONG for further development. T cells expressing
LONG eliminated tumors of four different human tumor cell lines
from NSG mice (Figures 5B-5E and 6C-6F). The main goal of this
work was to develop a CAR T cell therapy that could eliminate
CD19-negative tumors, and T cells expressing LONG were able to elim-
inate tumors of the CD19-negative cell lines CD20-MM.1S and st486-
CD19neg (Figures 5D, 5E, and 6C-6D). Use of a bicistronic construct
offers a clinical advantage of the potential to eradicate lymphoma cells
lacking expression of either CD19 or CD20. With a bicistronic
construct, both CD19 and CD20 can be targeted by T cells transduced
with one vector. Using only one vector offers advantages of greater
simplicity and lower expense when compared with a dual transduction
strategy of transducing T cells with one vector encoding an anti-CD19
CAR and another vector encoding an anti-CD20 CAR. The production
costs and regulatory requirements of producing one anti-CD19/CD20

bicistronic vector are the same as producing each of two vectors needed
for a dual transduction strategy of one vector encoding an anti-CD19
CAR and another vector encoding an anti-CD20 CAR.

The design of LONG includes a CD28 costimulatory domain in the
anti-CD19 CAR and a 4-1BB domain in the anti-CD20 CAR, so
T cells encountering malignant cells expressing both CD19 and
CD20 will receive costimulation from both CD28 and 4-1BB, the
two costimulatory domains that are commonly used in CARs.*’
The extensive in vitro and in vivo testing of the LONG construct
demonstrate the full range of T cell functions and efficient in vivo
anti-tumor activity. We plan to test autologous T cells expressing
the LONG construct in a clinical trial enrolling patients with B cell
lymphoma. The clinical trial will enroll patients with lymphoma ex-
pressing CD19, CD20, or both CD19 and CD20.

METHODS

Human cells and mice

Peripheral blood mononuclear cells (PBMCs) from patients enrolled
on National Cancer Institute (NCI) clinical trials were used. Use of
patient samples for research was approved by the NCI Institutional
Review Board. Informed consent was obtained from all patients.
Animal studies were carried out on protocols approved by the NCI
Animal Care and Use Committee.

Design and construction of plasmids encoding CARs

We previously designed the Hul19-CD828Z anti-CD19 CAR.*” The
scFv of this CAR was designated Hul9 and had the following DNA
sequence from 5’ to 3": human CD8a. signal sequence (SS), a human
light chain variable domain, a linker** (GSTSGSGKPGSGEGSTKG),
and a human heavy chain variable domain. The Hul9-CD828Z-DNA
sequence has the following components from 5’ to 3": the Hul9 scFv, a
hinge and transmembrane region from human CD8a (CD8-HTM), a
CD28 costimulatory domain, and the CD3{ T cell activation domain.

We incorporated Hul9-CD828Z into a bicistronic construct that also
encoded a separate CAR targeting CD20. The first CAR in the
construct was Hul9-CD828Z. Next was a F2A-containing ribosomal
skip sequence.45 F2A stands for the hand, foot, and mouth virus 2A
sequence. After the F2A-containing sequence, came a furin cleavage
site and then an anti-CD20 CAR. The anti-CD20 CAR was designated
Hu20-CD8BBZ. The scFv of this CAR was designated Hu20 and had
the following DNA sequence from 5 to 3’: human CD8a. SS, light
chain variable domain, linker, and heavy chain variable domain.
The Hu20 variable domains came from the human antibody 2.1.2.
The variable domains were connected by a linker made up of three
repeats of four glycines and one serine. The 2.1.2 antibody was
derived by immunizing mice transgenic for human immunoglobulin
genes.*® After the Hu20 scFv, the Hu20-CD8BBZ CAR included these
domains from 5’ to 3": human CD8-HTM, human 4-1BB cytoplasmic
region, and human CD3Z T cell activation domain. The entire CAR
construct including Hul9-CD828Z and Hu20-CD8BBZ with inter-
vening F2A-containing sequence was designated Hul928-Hu20BB-
Original.
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To prevent deletion events, we optimized the DNA sequence of
Hu1928-Hu20BB-Original to eliminate repeated highly similar re-
gions of DNA sequence. When repeated regions of highly similar
DNA sequence were identified, we changed the sequence of DNA
triplet codons by substituting an alternate DNA codon encoding the
same amino acid. We used the GenScript Codon Usage Frequency
Table (www.genscript.com/tools/codon-frequency-table) to select
triplet codons commonly expressed in Homo sapiens. When we
designed new sequences, DNA fragments were synthesized by
Thermo/GeneArt with restriction sites at the 5" and 3’ ends. We ligated
these DNA fragments into restriction-enzyme-digested MSGV1 retro-
viral plasmids by using a Roche DNA ligation kit. In addition to these
changes, we replaced the CD8a. SS of the Hu20-CD8BBZ CAR with
the SS of the GM-CSFr.*” The optimal version of the sequence-opti-
mized construct was designated Hu1928-Hu20BB-STD

We designed a construct designated LONG that has the same nucle-
otide sequence as STD except that the linker of the Hu20 scFv has
been lengthened to include four repeats of four glycines and one
serine (GGGGSGGGGSGGGGSGGGGS) instead of the three repeats
of four glycine and one serine of the STD construct. The LONG
plasmid was generated by replacing the sequence of the Hu20 scFv
in STD with a newly synthesized DNA fragment (Thermo/
GeneArt). We made a construct called Hu1928-Hu2028-Long that
was identical to LONG, except that the 4-1BB domain of the anti-
CD20 CAR was replaced with a CD28 domain.

We generated plasmids encoding each separate CAR of the LONG
construct described above. These CARs, Hul9-CD828Z and
Hu20-CD8BBZ-Long (Hu20-CD8BBZ-L), had the same optimized
sequences included. MSGV1-SP6-CD828Z encodes a previously
described negative control CAR.*

The sequences for CD8a, CD28, 4-1BB, and CD3{ were from the Na-
tional Center for Biotechnology Information website (www.ncbi.nlm.
nih); sequences in CARs were based on prior work.>’

Single molecule real-time RNA-seq analysis

SMRT RNA-seq was performed. RNA was extracted from unsorted
cultures of CAR-transduced T cells for both SMRT and short-read
RNA-seq experiments by using RNeasy Plus kits (Qiagen). Full-length
cDNA was synthesized and amplified with the NEBNext Single Cell/
Low Input cDNA Synthesis & Amplification Module (New England
Biolabs) and the Iso-Seq Express Oligo Kit (PacBio). cDNA was ampli-
fied with 12 PCR cycles and size selected by using 0.84 x ProNex beads
(Promega). SMRThbell libraries were then prepared with the SMRTbell
Express Template Prep Kit 2.0 (PacBio). Transcripts above 2.5 kb were
selected. Sequencing primer v4 was annealed to libraries. Sequel II po-
lymerase 2.0 was bound to libraries, and the libraries were loaded on
one SMRT Cell on the Sequel II System by using diffusion loading.
Sequencing was performed with 2-h pre-extension and a 24-h movie.

Initial isoform predictions were created from long reads by using soft-
ware from PacBio."”” Processing of long reads was performed with
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SMRT Analysis Software from PacBio (www.pacb.com/products-
and-services/analytical-software/smrt-analysis) by using computa-
tional resources of the National Institutes of Health High-perfor-
mance Computing Biowulf cluster (http://hpc.nih.gov).

The reference sequence from hg38 was used. The program "ccs" was
used to generate circular consensus sequences (ccs) from subreads.
The program "lima" was then used to remove primers and demulti-
plex. The program "isoseq3 refine" was used to trim polyA tails and
remove concatemers to produce full-length non-concatemer reads.
The program "isoseq3 cluster” created putative isoforms. Next, the
program "isoseq3 polish " was used to polish transcripts. The program
"pbmm?2 align," which uses minmap2,*® was used to align reads to the
reference and to create General Feature Format files. The program
"isoseq3 collapse” was used to merge reads into isoforms.

Short-read RNA-seq analysis

Short-read RNA-seq (Illumina, Inc.), was performed. Library prepa-
ration was performed with an Illumina TruSeq stranded mRNA Li-
brary Prep. We used 1 pg total RNA as the input to an mRNA capture
with oligo-dT-coated magnetic beads. The mRNA was fragmented,
and then a random-primed cDNA synthesis was performed. Dou-
ble-strand cDNA was synthesized and used as the input to a standard
library preparation with adapter ligation with unique indexed barco-
des. PCR amplification was performed to give a sequencing-ready li-
brary. The final purified product was quantitated by quantitative PCR
before cluster generation and paired-end sequencing.

Analysis of short-read RNA-seq data in Table 2 and Figures S3-S8
was performed as follows. The fast-all (fasta) files for the CAR
construct sequences were added to fasta files for the Genome Refer-
ence Consortium Human Build 38 (hg38)*’ including chromosomes
1 to 22 and chromosomes X, Y, and M (mitochondria). Reads were

trimmed using Cutadapt version 1.18.

Alignment was generated with STAR aligner version 2.7.8a°" to create
a binary alignment amp (bam) file and the “sj.tab.output” file that
contains fields specifying the location of the intron and the number
of uniquely mapping reads crossing the junction.

The coverage for each base in the CAR construct was obtained by us-
ing the command "depth command” option to samtools. This gener-
ated a count of coverage from all the aligned reads for each base of the
construct. The count of coverage at the position of the splice acceptor
was obtained; this number was referred to as “coverage at splice
acceptor.” This is a crude measure of the frequency of mature tran-
scripts. The number of unique mapped reads for a deletion (splice)
junction was used as a numerator and divided by this “coverage at
splice acceptor” denominator to obtain a fraction. This approach is
appropriate for comparing the relative frequencies of deletion (splice)
junctions at different locations in the construct.

The genome index was created with the command "STAR genome-
Generate" by using parameter sjdbOverhang with a value of 100
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and with Gencode.v35.annotation.gtf’> and an additional section for
the appropriate CAR construct.

Important parameters to star program were

—chimJunctionOverhangMin 12

12 -chimSegmentMin
—chimMultimapNmax 20

—alignSJDBoverhangMin 10
—alignMatesGapMax 100000
—alignIntronMax 100000
—alignSJstitchMismatchNmax 5-1 5 5
—chimMultimapScoreRange 3
—chimScoreJunctionNonGTAG —4
—chimNonchimScoreDropMin 10
—peOverlapNbasesMin 12
—peOverlapMMp 0.1
—outFilterMultimapNmax 20
—alignSJoverhangMin 8
—outFilterMismatchNmax 999
—outFilterMismatchNoverLmax 0.3
—alignIntronMin 20
—clip3pAdapterSeq -
-limitSjdbInsertNsj 4000000

The sj.tab.output file fields specifying the location of the intron and
number of uniquely mapping reads crossing the junction were used
for analysis.

The following methods were used only for the short-read RNA-seq
analysis data in Table S1 and Figure S5. We assessed the sequencing
quality of RNA-seq Fastq files (150 base pairs) with FastQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc), and we used
BBDuk (https://sourceforge.net/projects/bbmap/) to trim the reads
contaminated with Illumina adapters. We then aligned the trimmed
reads to the CAR construct sequence by using the splicing-aware
RNA-seq alignment tools STAR (version 2.7.3a) and HISAT2
(version 2.2.1).°"% To identify potential splicing sites, we applied R
package SamSeq (https://github.com/jefferys/SamSeq) to remove un-
mapped, not primary alignment, failed vendor quality control reads,
and reads not in a proper pair. We also removed soft-clipped aligned
reads. Only reads with CIGAR string containing “N” (large gaps) or
“D” (small deletion) tag and with at least a 3-bp gap length were re-
tained for further analysis. For each variant candidate, we determined
the consequences of the splicing event by translating the cDNA
sequence to protein sequence using R package Seginr, and we identi-
fied if it was a frameshift, stop codon, or point mutation.”® We calcu-

lated an reads per kilobase per million mapped reads-like score to
represent a standardized measurement of each potential splicing
variant by using the number of aligned reads, and we used the sum
of these scores for each variant and the normal sequence to estimate
their mRNA percentages. Finally, we ranked the mRNA percentage in
a decreasing manner and selected the top ranked variant candidates
and corresponding bam files for visual validation in an Integrative
Genomics Viewer.>

ddPCR

ddPCR was performed with a DNA concentration adjusted to result
in no higher than 30% of wells yielding any CD8-HTM PCR product.
The ddPCR was performed as described in Figure S6 with a BioRad
ddPCR system and BioRad reagents. Sequences of primers in the
ddPCR assay were:

Hul9 Fwd: GCACCCTGGTGACAGTG

CD28 Rev: GGTCATGTTCATGTAGTCGCT
4-1BB Fwd: CTATGGTGGCATGGATGTGT
4-1BB Rev2: ACAGCCATCTTCCTCTTGTG

CD8a hinge probe 6-carboxyfluorescein- CTACAATCG/ZEN/
CCAGCCAGCCTCT-3 Iowa Black Fluoroquencher

Gamma-retroviral transductions and T cell culture

To produce replication-incompetent gamma-retroviruses, packaging
cells were transfected with plasmids encoding CARs along with a
plasmid encoding the RD114 envelope protein as previously
described.”” Human T cells were used in all experiments. Transduc-
tion of T cells with gamma-retroviruses encoding CAR constructs
was performed as previously described 2 days after initiation of
T cell cultures.”” T cells were cultured as described previously.”
In brief, PBMC were stimulated with the anti-CD3 monoclonal anti-
body OKT3 (OKT3, Orthoclone) in AIM V complete medium and
300 IU/mL IL-2 (Teceleukin, Roche). AIM V complete medium con-
sisted of AIM V medium (Thermo), 5% human AB serum (Valley
Biomedical), 100 U/mL penicillin, and 100 pg/mL streptomycin.
Non-tissue-culture-treated six-well plates were coated with Retronec-
tin (Takara). Two days after OKT3 stimulation, 2 mL gamma-retro-
viral supernatant was applied to each well of the retronectin-coated
plates and incubated for 2 h at 37°C. Two milliliters of medium con-
taining 2 x 10° cells were added directly to the viral supernatant. IL-2
was added at 300 IU/mL. Incubation was carried out at 37°C for
16-18 h. Next, cells were suspended in fresh medium plus IL-2. Cul-
tures were maintained by suspending the cells at 0.5 x 10° cells/mL in
AIM V complete media with 300 IU/mL IL-2 every 2 days.

Cell lines and primary cells

We previously transduced K562 cells to express CD19 (CD19-K562)
or low-affinity nerve growth factor receptor (NGFR-K562).>° We
transduced both K562 cells and MM.1S cells (American Tissue
Type Culture Collection [ATCC]) with a gamma-retroviral vector
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encoding CD20 to generate CD20-K562 and CD20-MM.1S cells.
NALM6 cells are CD19" and CD20" (acute lymphoid leukemia
from DSMZ). St486 and Toledo were obtained from ATCC; both
cell lines express CD20 and CD19. CD19 expression is weak on
st486 cells. st486-CD19neg and Toledo-CD19neg had CD19 nearly
eliminated by CRISPR/Cas9 in our laboratory; st486-CD19neg and
Toledo-CD19neg expressed CD20. To generate st486-CD19neg and
Toledo-CD19neg, lentiviral transduction was performed with two
CD19-targeting single guide RNA molecules (GenScript, Broad
Institute).

CD19 CRISPR guide RNA 1 = AAGCGGGGACTCCCGAGACC
CD19 CRISPR guide RNA 3 = TGGAATGTTTCGGACCTAGG

These cell lines lacking CD19 and CD20 expression were used: 293T
(embryonic kidney), NGFR-K562 (myeloid leukemia), CCRF-CEM
(T cell leukemia); A549 (lung carcinoma); TC71 (Ewings sarcoma,
gift of M. Tsokos, NCI), COLO205 (colon carcinoma), U251 (glio-
blastoma), HEPG2 (hepatocellular carcinoma), and Pancl0.05
(pancreatic carcinoma). These cell lines were from ATCC unless
noted.

CAR detection on T cells and flow cytometry

Cell-surface CAR expression was detected with two non-commercial
antibodies. The allophycocyanin (APC)-labeled anti-CD19-CAR
antibody has been used in prior work and binds to the Hul9
scFv.'% The pacific blue-labeled anti-CD20-CAR antibody binds to
the Hu20 scFv. T cells (5 x 10°) were suspended in 50 pL staining
buffer (0.4% bovine serum albumin, 0.1% sodium azide in PBS),
and antibodies were added. T cells were also stained with the
following antibodies: CD3 APC-cyanine-7 clone UCHT1 (BD Biosci-
ences); CD4 fluorescein isothiocyanate (FITC) clone RPA-T4 (BD
Biosciences); CD8 R-phycoerythrin cyanine-7 (PE-Cy7/eFluor450)
clone RPA-T8 (BD Biosciences or Thermo Scientific), C-C chemo-
kine receptor 7 PE dazzle 594, clone G043H7 (Biolegend), and
CD45RA FITC clone HI100 (Biolegend).

Flow cytometry was performed with a LSRFortessa (BD) or
FACSymphony A5 (BD) cytometers. Dead cells were excluded with
7-amino-actinomycin D (7-aad; BD Biosciences). The gating strategy
is shown in Figure S16. Flow cytometry analysis for all experiments
was performed with FlowJo (Tree Star, Inc.).

CD107a assay

For each culture tested, tubes containing each target cell type were
prepared. All tubes also contained CAR-transduced T cells, 1 mL
AIM-V complete medium, R-PE-labeled anti-CD107a antibody
(Clone H4A3; Thermo Scientific), and 1 pL Golgi Stop (monensin;
BD). Tubes were incubated at 37°C for 4 h and then stained for
CD3, CD4, and CD8. Samples were analyzed by flow cytometry.
Normalization was conducted by dividing the percentage of CD4"
or CD8" T cells that were CD107a" by the percentage of CD4" or
CD8" T cells that were CAR™.

146 Molecular Therapy: Oncolytics Vol. 30 September 2023

Molecular Therapy: Oncolytics

Cytotoxicity assays

Cytotoxicity assays were conducted as previously described.”>*® Cyto-
toxicity was measured by comparing survival of CD19", CD20" Toledo
target cells relative to the survival of negative-control, CD19-negative,
CD20-negative CCRF-CEM cells. Both cell types were combined in
the same tubes with CAR-transduced T cells. CCRF-CEM cells were
labeled with 5-(and-6)-(((4-chloromethyl)benzoyl)amino) tetrame-
thylrhodamine (CMTMR; Thermo Scientific), and Toledo cells were
labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE;
Thermo Scientific). In some experiments, CAR T cell cultures were
depleted of natural killer cells with a Stem Cell Technologies CD56 pos-
itive-selection kit before use in cytotoxicity assays. Cultures were set up
in sterile 5-mL test tubes (BD) in duplicate at multiple T cell to target cell
ratios. The target cells contained in the tubes were 50,000 CFSE-labeled
Toledo cells and 50,000 CMTMR-labeled CCRF-CEM cells. Cultures
were incubated for 4 h at 37°C. Immediately after the incubation,
7-aad (BD Biosciences) was added, and flow cytometry acquisition
was performed. For each T cell plus target cell culture, the percent sur-
vival of Toledo cells was determined by dividing the percent live Toledo
cells by the percent live CCRF-CEM negative-control cells. The cor-
rected percent survival of Toledo cells was calculated by dividing the
percent survival of Toledo cells in each T cell plus target-cell culture
by the ratio of the percent live Toledo cells to the percent live CCRF-
CEM cells in tubes containing only Toledo cells and CCRF-CEM cells
without effector T cells. This correction was necessary to account for
variation in the starting cell numbers and for spontaneous target cell
death. Cytotoxicity was calculated as follows: the percent cytotoxicity
of Toledo cells = 100 - corrected percent survival of Toledo target cells.

Annexin V staining

CAR-transduced T cells were incubated for 4 h in 24-well plates with
either st486-CD19neg, or NGFR-K562 target cells. There were
1.5 x 10° T-cells and 1 x 10° target cells in each well. After incuba-
tion, cells were stained with anti-CD19-CAR antibodies, anti-CD20-
CAR antibodies, CD3, CD4, and CDS8. Cells were washed twice with
PBS, re-suspended in Annexin V Binding buffer (BD Biosciences),
and incubated with APC-conjugated Annexin V (BD Biosciences)
and 7-aad (BD Biosciences) for 15 min at room temperature. Cells
were then immediately analyzed by flow cytometry.

ELISA

Target cells were combined with CAR-transduced T cells in duplicate
wells of a 96-well round bottom plate at a 1:1 effector:target ratio. The
cells were cultured in AIM-V medium+5% human serum at 37°C for
18-20 h. Following the incubation, ELISAs for IFN-y were performed
on the culture supernatant by using standard methods as previously
described.”” IL-2 ELISAs (R&D Systems) were performed as recom-
mended by the manufacturer. When two or more CARs were
compared, cytokine release was normalized for CAR expression by
dividing cytokine levels by the fraction of CAR" T cells.

Proliferation assays
Cultures were set up in 24-well plates. Target cells included in cultures
were either CD19-K562 or CD20-K562 or NGFR-K562. Target cells
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were all irradiated, and 0.5 x 10° target cells were used. The cultures
included 0.75 x 10° CAR T cells. The T cells were labeled with CFSE
as previously described.”” AIM V medium + 5% human serum
without IL-2 was used. Four days after initiation, live cells in each cul-
ture were counted with trypan blue for dead cell exclusion. Flow cy-
tometry was performed after staining with anti-CD19-CAR, anti-
CD20-CAR, anti-CD3, anti-CD4, and anti-CD8. Antigen-specific
proliferation was presented as CFSE MFI of T cells stimulated with
either CD19-K562 or CD20-K562 divided by the CFSE MFI of
T cells stimulated with NGFR-K562.

Murine experiments

Seven- to 9-week-old NOD.Cg-Prkdescid I12rgtm1Wijl/Sz] (NSG)
mice from NCI-Frederick or Jackson Laboratories were used.
Measurable tumors were present before CAR T cell injection in all ex-
periments. For all tumor cell lines, 4 x 10° cells were injected intra-
dermally in a 1:1 mix of Matrigel (Corning) and PBS 6-7 days before
CAR T cell injection. CAR T cells from cultures initiated seven days
before injection were injected intravenously at CD3"CAR" cell doses
indicated in figure legends. Mice received one CAR T cell injection.
Tumors were measured using a caliper every 3 days. Volumes of tu-
mors were calculated using the formula (length x width x height)/2.
Mice were sacrificed once tumors reached 15 mm in longest length.
Tumor volume curves ended when the first mouse of a group was
sacrificed or the experiment ended.

Statistics

Statistics are described in figure legends and were performed with
GraphPad Prism Version 8.4.3. A p value of <0.05 was considered sta-
tistically significant. All analyses were two tailed. Corrections for mul-
tiple comparisons were not performed.

DATA AND CODE AVAILABILITY

The authors will provide any primary data for results presented in this
publication upon request. Upon reasonable request, we will provide
materials not commercially available that were used in this work.
GenBank accession codes of novel CARs reported in this manuscript
are as follows in the format of CAR construct name, accession number:
LONG, ONO023113; Hul928-Hu20BB-STD, ONO023114; Hul928-
Hu2028-Long, ONO023115; Hul9-CD828Z, ONO023116; Hu20-
CD8BBZ, ON023117; Hu20-CD8BBZ-Long, ON023118; Hul928-
Hu20BB-Original, ON023119.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.0mt0.2023.07.001.
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