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potentially via the modulation of JAK/STAT
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Chimeric antigen receptor (CAR) T cell is a promising therapy for cancer, but
factors that enhance the efficacy of CAR T cell remain elusive. Here we perform
a genome-wide CRISPR screening to probe genes that regulate the prolifera-
tion and survival of CAR T cells following repetitive antigen stimulations. We
find that genetic ablation of CULS, encoding a core element of the multi-
protein E3 ubiquitin-protein ligase complex, cullin-RING ligase 5, enhances
human CD19 CAR T cell expansion potential and effector functions, potentially
via the Janus kinase/signal transducers and activators of transcription (JAK/
STAT) pathway. In this regard, CULS knockout CD19 CAR T cells show sus-
tained STAT3 and STATS5 phosphorylation, as well as delayed phosphorylation
and degradation of JAK1 and JAK3. In vivo, shRNA-mediated knockdown of
CULS enhances CD19 CAR T treatment outcomes in tumor-bearing mice. Our
findings thus imply that targeting CULS in the ubiquitin system may enhance

CAR T cell effector functions to enhance immunotherapy efficacy.

Adoptive T cell therapy with gene-modified T cells expressing chimeric
antigen receptor (CAR) has shown promising clinical outcomes, spe-
cifically in B-cell hematologic malignancies'*. Numerous research has
found that in vivo expansion and long-term persistence of CAR T cells
are hallmarks of treatment success following CD19 CAR T cell
therapy””. To boost CAR T cell persistence, several types of CAR T cells
have been developed, such as those with modified immunoreceptor
tyrosine-based activation motifs or modified costimulatory
domains®°. Moreover, one of the promising techniques for enhancing
CAR T cell persistence is to modify specific genes that regulate T cell
function. It has been reported that improving specific gene

expression’", epigenetic regulation of all human genes®, or genetic
ablation using the clustered regularly interspaced short palindromic
repeats (CRISPR) and CRISPR-associated protein 9 (CRISPR-Cas9)
procedure can improve T cell memory and in vivo persistence™. This
strategy could be applied not only to CAR T cell therapy but also to
other adoptive cell therapies, and help achieving a better compre-
hension of the kinetics of antigen-specific T cell in general.
Genome-wide pooled (GW) CRISPR screening has recently
emerged as a powerful tool for conducting large-scale loss-of-function
screens on human primary immune cells %, It can be applied to pri-
mary human T cells by a combination of a pooled lentiviral guide RNA
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(gRNA) transduction and electroporation of the Cas9 protein. In
CRISPR screening for primary T cells or CAR T cells, specific gene
libraries, including transcription factor genes or genes related to epi-
genetics, have typically been used as pooled libraries, and novel study
findings using GW CRISPR library screening in human CAR T cells have
been published, and have revealed molecules that affect T cell traits,
and genetic mutations that confer resistance to T cell
immunotherapy'®%°. Given that T cell function is regulated in a variety
of ways, it may be plausible to enhance CAR T-cell proliferation via
previously-unknown mechanisms.

We hypothesized that developing an in vitro human CD19 CAR T
cell model that uses prolonged intermittent antigen stimulation for
GW CRISPR screening would reveal new insights into CAR T cell pro-
liferation. In contrast to the in vivo screening model using mouse
T cells**, the in vitro human CAR T cell model enables scalability, ease
of manipulation, and the possibility of determining genes that cannot
be detected in mouse T cell screening®.

In this study, we use GW CRISPR-Cas9 knockout (KO) screening in
human CAR T cells to reveal specific candidate genes that can control
CART cell proliferation and survival. We find that cullin-RING ligase 5
(Cullin-5, CUL5), encoding a core element of the multi-protein E3
ubiquitin-protein ligase complex, which is involved in regulating T cell
proliferation potentially via the Janus kinase/signal transducer and
activator of transcription (JAK/STAT) signaling pathway. Furthermore,
we validate the effect of CUL5 KO or CULS knockdown (KD) in the
context of CAR T cell therapy using immunocompromised mice
model. The modification of CUL5 with short hairpin RNA (shRNA)
allows for safer and simpler CUL5 KD, which may have broad applic-
ability in a variety of T cell-based therapies.

Results

GW CRISPR screening identifies candidate proliferation
regulator genes

The GW CRISPR gRNA library-encoding lentiviral system (Genome-
scale CRISPR Knock-out lentiviral pooled library Version 2, GeCKOv2)
was adopted to identify candidate genes that regulate CAR T cell
effector function*’. To verify the KO efficiency and develop an opti-
mized approach for simultaneous GW KO and CD19 CAR transduction,
first we knocked out CD8 and then transduced CD19 CAR to determine
the experimental conditions. When CDS8 single gRNA (sgRNA) was
successfully transduced, green fluorescent protein (GFP) was expres-
sed. In the optimized approach, -70% KO efficiency with 40%-50%
CD19 CAR positivity was obtained before CAR purification (Fig. 1a and
Supplementary Fig. 1a), implying that GW CRISPR screening can be
applied to primary CD19 CAR T cells. After a purification by CAR-
transduction marker (truncated EGFR) on day 7, CAR positive cells
were >95% and GFP positive cells were ~70%. When the GeCKOv2
library-encoding lentivirus was applied to create GW CRISPR KO-CD19
CART cells, 91%-99% of gRNA was detected on Day 10 before the first
CD19 stimulation (Supplementary Fig. 1b). Following repetitive sti-
mulation, surviving CD19 CAR T cells were collected, genomic DNA
(gDNA) was extracted, and gRNA sequences were identified. When we
examined the skewness ratio after and during repetitive stimulation,
the distribution of reads per guide continued to skew until day 40*
(Supplementary Fig. 1c). In this study, the GFOLD analysis procedure
was used, where GFOLD greater than 2 is generally correlated with a
change of about log, fold change (FC) greater than 2%. GFOLD is a
software that calculates conservative fold change from NGS count
data. It calculates GFOLD values, which are conservative estimations of
fold changes between two groups. If the values of a gene did not show
a statistically significant difference with a provided p-value threshold,
the GFOLD value is 0. Otherwise GFOLD values roughly correlate with
raw fold changes. A greater fold change of a guide between Day 10 and
Day 40 indicates T cells having the guide increased the proportion in
the culture. This can be caused by better proliferation or survival

caused by the knockout of the gene targeted by the guide. GFOLD
analysis suggested that there were 2299, 2102, and 2030 gRNA with
GFOLD greater than 2 in each donor’s CD19 CAR T cells. The highest
score was then assigned from the top of the GFOLD rank, so the top-
ranked genes received scores of 2299, 2102, and 2030, while the
lowest-ranked genes received a score of 1 (Fig. 1b). Guides with
GFOLD <2 were given the score of 0. Then the score of each gene
obtained from each donor was summed (Fig. 1c). Based on the findings
of Q value, GFOLD evaluation, and gene expression in T cells, six
candidate genes (SMCO2, TSR2, PKM, CULS, KLRCI, and ING3) were
selected.

To further narrow down the candidates, validation experiments
were performed by knocking out individual genes using the same
technique as the GW screening. Two distinct sgRNAs were applied for
each gene to create gene KO-CD19 CARTT cells. Each plasmid encoding
a sgRNA designed to express GFP when transduced. GFP were
~40%-50% positive after a transduction culture. When GFP expression
was monitored during the culture period, only CUL5 KO-CD19 CAR
T cells showed an increase in the GFP+ fraction (Fig. 1d). In addition,
western blotting analysis revealed that CUL5 expression was lowered
to about 20%-30% in CUL5 KO-CD19 CAR T cells (Fig. 1e, f). Further-
more, GFP percentages significantly increased upon repetitive
CD19 stimulations (Fig. 1g). Next, we performed experiments using our
CD37-targeting CAR to determine whether the same results would be
obtained in combination with other CAR”. Again we observed that GFP
percentages significantly increased in CUL5 KO-CD37 CART cells upon
repetitive antigen (Ag) stimulations (Fig. 1h). Therefore, a candidate
gene, CULS, which affects the regulation of CAR T cells, was success-
fully selected via repetitive Ag stimulation experiments. Moreover,
these findings imply that CUL5 KO could improve the expansion
potential of two types of CAR T cells in response to Ag stimulation.

CULS5 KO enhances CD19 CAR T-cell proliferation and effector
functions in vitro

To identify changes in CUL5 KO-CD19 CAR T cells, detailed alterations
in GFP positivity were first investigated over time. In two distinguished
sgRNA-modified CAR T cells, GFP percentages increased later in cul-
ture (Fig. 2a-d). Additionally, to validate the mechanism by which
CULS sgRNA+ fraction has a greater ability for expansion than sgRNA-
fraction, several proliferation assays were performed. CellTrace Violet
(CTV) division analysis indicated an accelerated cell division only
within the GFP+ fraction, notably on Days 4-7 of culture (Fig. 2e-g). In
addition, the percentages of Ki67+ (Fig. 2h, i) and EdU+ cells (Sup-
plementary Fig. 2a and b) in CULS KO-CD19 CAR T cells were sig-
nificantly greater only in the later time course. However, the
percentage of apoptotic cells in control CD19 CAR T cells and CULS5
KO-CD19 CAR T cells upon Ag stimulation were comparable (Supple-
mentary Fig. 2¢). These findings indicate that CUL5 KO boosted cell
division in activated CAR T cells but did not inhibit apoptosis. In
addition, cytokine secretion capacity was significantly higher in CUL5
KO-CD19 CAR T cells stimulated with CD19+ Raji cells, whereas cyto-
kine was not secreted upon CD19- K562 stimulation (Fig. 2j-1). To
examine changes in CD25 (IL-2 receptor alpha) expression after Ag
stimulation, CAR T cells and y-irradiated Raji cells were mixed at a 1:1
ratio and cultured under IL-2 addition. CD25 expression was sig-
nificantly higher in CUL5 KO-CD19CAR T cells than in control KO-
CD19CART cells (Fig. 2m, day 4 — 7; Supplementary Fig. 2d). Moreover,
to examine the effect of CULS KO on the T cell phenotype after sti-
mulation, we used two different stimulation methods: CD3/CD28
beads stimulation mimicking T cell receptor (TCR) stimulation and
CD19CAR-mediated stimulation by Raji cells. CUL5 KO-CD19 CAR
T cells showed higher effector memory (CD45RA (- )-C-C chemokine
receptor 7 (CCR7 -)) and lower central memory (CD45RA (-)-CCR7
(+)) phenotypes after stimulation with both CD3/CD28 beads (Fig. 2m,
n, and p) and irradiated Raji cells (Fig. 2m, o, and q) than control CD19
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Fig. 1| Genome-wide clustered regularly interspaced short palindromic repeats
(GW CRISPR) knockout (KO) screening of CD19 chimeric antigen receptor
(CAR) T cells identified CULS as a candidate gene to enhance CAR T-cell sur-
vival. a Outlines of the GW CRISPR KO screening of CD19 CAR T cells. After Day 10
of the culture, GW CRISPR KO-CD19 CAR T cells were repeatedly stimulated with y-
irradiated Raji cells. DNAs from CAR T cells at Days 10 and 40 were compared using
next-generation sequencing. Stim, stimulation; EP, electroporation; tdx, transduc-
tion. b GFOLD score data and calculation. Genes with GFOLD greater than 2 were
ranked. Individual ranking scores were added up from top to bottom (n=3).

¢ GFOLD score summary of three replicated data from three donors. The right
panel depicts the expansion of the dotted area. d Secondary CRISPR KO screening
of CD19 CAR T cells. Each of the six candidate genes was knocked out using two
different sgRNAs. Data from experiments on three different donors are acquired

and presented as the mean and standard error of the mean. e, f CUL5 KO using two
different sgRNAs and its efficiency. The immunoblots show CULS expression in
sgRNA-transduced CD19 CAR T cells (e). CULS to B-actin expression ratio in sgRNA-
transduced CD19 CAR T cells (f). (n =3, different donors) (g, h) Green fluorescent
protein (GFP) positivity in different types of CULS KO-CAR T cells over time. CD19
CART cells (g) and CD37 CART cells (h) were stimulated by y-irradiated tumor cells.
Raji cells were used for Ag stimulation in both CD19 and CD37 CAR T cells. GFP-
positive cells were sgRNA-transduced cells. (n =4 for Ctrl sgRNA and

CULS sgRNA#4690, n =3 for CULS sgRNA#8377, different donors in g, n=3, dif-
ferent donors in (h) Data were expressed as mean + SEM. One-way ANOVA was used
for comparing Ctrl and sgCULS (f). Two-way ANOVA with Tukey’s multiple com-
parisons test (with adjustment) was used for (g and h). Source data are provided as
a Source Data file.

CAR T cells. Furthermore, CCR7 expression was significantly lower in
CULS KO-CD19 CAR T cells (Fig. 2r). Still, CUL5 KO did not elevate the
expression of exhaustion markers, even following repeated stimula-
tion (Supplementary Fig. 2e). After a short culture time, cytotoxicity in
CULS5 KO-CD19 CAR T cells was comparable to control CD19 CAR
T cells (Supplementary Fig. 2f). Hence, these findings imply that CUL5
KO improves not only proliferation but also the effector roles of CAR
T cells.

CULS5 KO enhances the Janus kinase/signal transducers and
activators of the transcription (JAK/STAT) pathway in CAR

T cells

To further examine the impacts of CUL5 KO, RNA-Seq analysis was
performed on control sgRNA-modified CAR T cells as well as two dis-
tinct CULS sgRNA-modified CAR T cells. When comparing
sgRNA#4690-modified and sgRNA#8377-modified CAR T cells, no
differentially expressed genes (DEGs) were detected (¢<0.01). In
contrast, 51 and 54 DEGs were identified in sgRNA#8377 and
sgRNA#4690 CUL5 KO-CAR T cells, respectively, when compared to
control sgRNA-modified CAR T cells (Fig. 3a). Additionally, 26 of the 79

DEGs identified by the comparisons between control sgRNA-modified
CAR T cells and CULS5 sgRNA-modified CAR T cells were overlapped,
implying that CUL5 KO-CD19 CAR T cells modified by two diverse
sgRNAs had similar profiles (Fig. 3b). Furthermore, there were many
cytokine-related genes in upregulated DEGs by CUL5 KO, implying that
CULS may be a negative regulator of inflammatory response via cyto-
kine signaling in CAR T cells (Fig. 3c). Over-representation examination
revealed enrichment of upregulated genes in interleukin (IL)-2/
STATS signaling, apoptosis, IL6/JAK/STAT signaling, and the inflam-
matory response (Fig. 3d). Therefore, these findings corroborate the
hypothesis that CULS regulates CAR T-cell effector functions primarily
via the JAK/STAT pathway.

CULS5 KO enhances STAT3 and STATS5 phosphorylation via IL-2
cytokine signaling in CAR T cells

CULS is a core component of cullin-RING ligase 5 (CRLS), a multi-
protein E3 ubiquitin-protein ligase complex®®. The CRLS complex
mediates target protein ubiquitination and proteasomal degradation.
The target specificity is determined by the variable substrate recog-
nition component, including a substrate receptor protein called a
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Fig. 2 | CUL5 knockout (KO) promotes sustained proliferation and enhances
effector functions later after stimulation. a-d Changes in the percentage of CULS
KO-CD19 CAR T cells generated by sgRNA#4690 from Days 10-20 (a) and 20-30
(b) or by sgRNA#8377 from Days 10-20 (c) and 20-30 (d). (n=4inaand b; n=3inc
and d) (e) Representative flow plots of CellTrace Violet (CTV)-labeled control (Ctrl)
or CUL5 KO-CD19 CAR T-cell division assays. GFP- fractions are unmodified CAR
T cells, whereas GFP+ fractions are CUL5 KO-CAR T cells. f, g CTV mean fluores-
cence intensity (MFI) after stimulation at either earlier (f, Days 0-3, n=3) or later
time points (g, Days 4-7, n=5) in Ctrl or CUL5 KO-CD19 CAR T cells. h, i Ki-67+ cell
percentage after stimulation during earlier (h, Days 0-3, n=4) or later (i, Days 4-7,
n=>5) culture periods in Ctrl or CUL5 KO-CD19 CAR T cells. j Intracellular cytokine
staining of Ctrl or CULS KO-CD19 CAR T cells stimulated with K562 or Raji cells.
Representative flow plots of interferon-gamma (IFN-y) and interleukin (IL)-2 are

Ctrl CUL5 KO

shown. k, I Intracellular cytokine staining for IFN-y (k) and IL-2 (I). (n =5) (m) CD25
MFI after Raji stimulation in Ctrl or CUL5 KO-CD19CART cells. Data were expressed
as mean + SEM. (n = 3) (n) Phenotype analysis of Ctrl and CUL5 KO-CD19 CART cells
for CD45RA and C-C chemokine receptor 7 (CCR7) on Day 30. o, p Percentages of
CD45RA( - )-CCR7(-) effector memory T cells and CD45RA( - )-CCR7(+) central
memory T cells after CD3/CD28 beads stimulation. q, r Percentages of CD45RA( - )-
CCR(-) effector memory T cells and CD45RA( - )-CCR7(+) central memory T cells
after Raji cell stimulation. s CCR7 MFI after Raji stimulation. (n = 5 in (0-s) Data from
three to five different donors are acquired and each dot represents data from each
donor. The paired two-sided Student’s ¢-test was used for (a-d, f-i, and o-s). The
two-way ANOVA with the Sidak multiple comparisons test was used for (k and I).
The multiple unpaired t-test was used for (m). Source data are provided as a Source
Data file.
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scription (JAK/STAT) pathway. a Numbers of differentially expressed genes
(DEGs) in control (Ctrl) and two different sgRNA-modified CULS KO-CD19 CAR
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CART cells. Each column represents the respective donor’s result. d Over-
representation analysis (hallmark gene sets) of upregulated genes in CUL5 KO-CD19
CART cells versus Ctrl sgRNA-transduced CD19 CAR T cells. The p-values were all
adjusted by Benjamini-Hochberg false discovery rate (FDR) procedure. -log;o
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suppressor of cytokine signaling (SOCS). SOCS proteins are cytokine
signaling inhibitors and are considered to function as substrate
receptors in the ubiquitin system®-°. CULS5 acts as a scaffold protein
for the CRLS E3 ubiquitin ligase complex®**'. Within the CRL5 complex,
SOCS proteins selectively bind to substrates, bringing the substrate
and E2 ubiquitin ligase into proximity to ubiquitinate them. Hence,
SOCS proteins partake in substrate selection, whereas CULS5 serves as a
scaffold protein for their binding. Accordingly, CUL5 KO is assumed to
have the same effect as knocking out numerous SOCS family proteins
simultaneously. Hence, we hypothesized that CUL5 KO elevates the
proliferation of stimulated CD19 CAR T cells by delaying the degra-
dation of target proteins or phosphoproteins.

Based on the RNA-Seq analysis findings and its functions as a CRL5
core component, we hypothesized that CUL5 KO enhances the phos-
phorylation of proteins in the JAK/STAT pathway. CAR T cells were
cultured in vitro with IL-2 supplementation, which is required for T cell
survival. Besides IL-2 signaling, in terms of regulation of common y-
chain family receptor signaling, JAK1 and JAK3 are phosphorylated in
the downstream, and STAT3 and STATS are phosphorylated further
downstream of the pathway*’. Accordingly, we further investigated
JAK1/JAK3 signaling and STAT3/STATS signaling after CUL5 KO. STAT
proteins located downstream of the IL-2 receptor are majorly STAT3
and STAT5%, and their signaling was also improved in CUL5 KO-CD19
CAR T cells in our RNA-Seq analysis. Therefore, intracellular phos-
phoflow examination of phospho-STAT3 (p-STAT3) and p-STATS was
performed with Ag stimulation. The investigation showed that CULS5
KO increased p-STAT3 (Fig. 4a, b) and p-STATS5 (Fig. 4c, d) in CUL5 KO-

CD19 CART cells. In addition, p-STATS5 expression loss was delayed in
CULS5 KO-CD19 CAR T cells after Ag stimulation without IL-2 supple-
mentation (Fig. 4e). We observed prolonged p-STAT3 and p-STAT5
signaling in CUL5 KO CAR T cells, however, the effect was stronger in
p-STAT3 than p-STATS.

Optimal T-cell activation and proliferation necessitate three dis-
tinct signals, such as T cell receptor engagement, co-stimulation, and
cytokine engagement®. Our CD19 CAR construct has a CD3{ domain as
a mimic of TCR signal’. Thus, we investigated whether CULS KO
enhanced the TCR signal to know the pathway where CULS5 partici-
pated. Nuclear factor-kappa B, AP-1, and nuclear factor of activated T
cell signals, which are representative downstream of TCR signals, were
assessed using Jurkat TPR cells*?%; nevertheless, CUL5 KO did not
boost these signals when stimulated with CD19 Ag (Supplementary
Fig. 3a). Moreover, intracellular phosphoflow analysis was used to
assess p-ERK and p-p38 signals in CUL5 KO-CD19 CAR T cells and
revealed comparable intensities in control CD19 CAR T cells and CULS5
KO-CD19 CAR T cells (Supplementary Fig. 3b). Hence, these findings
imply that CULS enhances downstream of cytokine signals such as
p-STAT3 and p-STATS via IL-2 stimulation, not those of TCR signals.

CULS5 downregulation increases p-JAK1/3 expression only in
activated CAR T cells

CULS is a scaffold protein that is a component of the ubiquitin E3
ligase***". Some adapter proteins can bind to substrates such as the JAK
family and degrade target substrate proteins®. Still, the mechanisms
by which CUL5 downregulation could influence the dynamics of the
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STAT3) and p-STATS. a, c Representative flow plots of intracellular p-STAT3 (a) and
p-STATS (c). Truncated epidermal growth factor receptor (tEGFR)-transduced T cells
were stimulated with anti-CD3/CD28 beads, whereas control (Ctrl) and CUL5 KO-
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JAK family in primary CD8+T cells or CAR T cells have yet to be
reported. Hence, we concentrated on the JAK family to assess their
expression and phosphorylation. In the inactive state, CUL5 KO did not
affect the JAK family, STAT3, or STATS5 expression (Supplementary
Fig. 4a). Nevertheless, p-JAK3 expression was reduced in non-activated
CULS5 KO-CD19 CAR T cells (Supplementary Fig. 4b).

Manufacturing specific gene KO-CAR T cells requires electro-
poration, making it challenging to prepare a large quantity of CAR
T cells. Thus, to acquire a large number of CUL5-downregulated CAR
T cells, clinically applicable CUL5 KD-CD19 CAR T cells were devel-
oped, which can be manufactured via only one lentiviral transduction
process. A lentivirus vector with shRNA targeting GFP or CULS and a
CD19 CAR with a truncated epidermal growth factor receptor (tEGFR)
linked in a series was first developed (Fig. 5a). The GFP+ Jurkat cells
were then transduced with this lentivirus vector, and GFP expression
intensity was reduced in the tEGFR-positive fraction (Supplementary
Fig. 4c). Following that, SUP-T1 cells were transduced with a lentivirus
vector carrying shCULS and a CD19 CAR with tEGFR. According to
western blotting analysis, CUL5 expression was remarkably lowered in
CULS KD-CD19 CAR-transduced SUP-T1 cells (Supplementary Fig. 4d
and e). Likewise, CUL5 expression was lowered in CUL5 KD-CD19 CAR
T cells transduced with a lentiviral two-in-one vector carrying shCUL5
(Fig. 5b and c). In the active state under Ag simulation, CUL5 KD
enhanced p-JAK1, p-JAK3, and native JAK3 expressions (Fig. 5d-f). To
identify whether this occurs via IL-2 signaling, the expression of JAKs
downstream of the IL-2 receptor was assessed in KHYG-1 cells, which
are IL-2-dependent cell lines similar to primary CD8 + T cells. CUL5 KD
was found to improve JAKI, p-JAK1, JAK3, and p-JAK3 expression
(Fig. 5g). Nevertheless, JAK3 expression was only enhanced in response
to IL-2 stimulation (Fig. 5g), which is similar to that in CULS KD-CD19
CART cells. Remarkably, JAK loss was delayed in CUL5 KD-KHYG-1 cells
when activated simultaneously with IL-2 and cycloheximide, which
hinders the translocation phase in protein synthesis (Fig. 5h). These
findings suggest that CUL5 functions in JAK degradation and is
responsible for JAK3 degradation via IL-2 signaling-mediated

activation. To examine whether substrate receptor KO, rather than
CULS KO, have the same effect, we selected substrate receptors that
have been reported to bind to JAK family protein®, and further inclu-
ded CISH, which is known to improve NK cell function by ablation®’.
SOCS]1, SOCS3, and ASB2 have been identified as typical adapter pro-
teins that degrade JAKs as a substrate and bind CUL5*. Hence, we
investigated whether knockouts of these genes could trigger the same
phenomenon as CULS KO. For SOCS1, SOCS3, and ASB2, we confirmed
agood level of KO efficiency, but could not confirm CISH KO efficiency
in SUP-T1 cells due to low expression of CISH in control SUP-T1 cells
(Supplementary Fig. 4f and g). We further performed CISH KO
experiments with NK-92 cell line and confirmed that the KO efficiency
of CISH was comparable with others (Supplementary Fig. 4g). SOCS]1,
ASB2, and CISH KO were found to induce much weaker impact on T
cell expansion than CUL5 KO (Fig. 5i). These findings corroborate the
hypothesis that the proliferation potential of CUL5 KO-CD19 CAR
T cells may be owing to the cumulative impact of multiple adapter
protein dysfunctions provided that CULS is the redundant scaffold
protein that binds multiple adapter proteins.

Antitumor activity and development of clinically relevant CUL5
KD-CD19 CAR T cells

In this study, the antitumor potency of CUL5 KO-CD19 CAR T cells was
investigated in vivo. NOD-Shi-scid IL-2Ry KO (NOG) mice were treated
with 1x10° CAR T cells on Day 7 after being injected with 5 x 10° Raji
cells transduced with a construct expressing a GFP-firefly luciferase
fusion protein (Raji-ffluc cells; Fig. 6a). CUL5 KO-CD19 CAR T cells
inhibit tumor progression more efficiently than control CD19 CAR
T cells (Fig. 6b and c), resulting in considerably longer overall survival
of CULS KO-CD19 CAR T cell-treated mice (Fig. 6d).

As previously stated, CUL5 KD-CD19 CAR T cells were developed
and regarded as clinically applicable because of their ease of estab-
lishment. On Day 7 following CD8+T cell isolation, nearly 30-fold
more CULS KD-CD19 CAR T cells were generated than CUL5 KO-CD19
CAR T cells (Fig. 6e). In addition, the proliferation potential of CUL5
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Fig. 5 | CULS is involved in Janus kinase 3 (JAK3) degradation in response to
interleukin (IL)-2 signaling-mediated activation. a A two-in-one lentiviral vector
construct in which CUL5 shRNA and CD19 chimeric antigen receptor (CAR) are
linked. b The efficiency of CULS knockout (KO) induced by shCUL5-CD19 CAR gene
transfer into CD8 + T cells from healthy donors. ¢ CULS to B-actin expression ratio
in shGFP- and shCUL5-CD19 CAR T cells. Data are presented from three indepen-
dent experiments on three different donors. d-f The expression of unpho-
sphorylated and phosphorylated Janus kinase/signal transducers and activators of
transcription (JAK-STAT) proteins was estimated in activated shGFP- and shCUL5-
CD19 CART cells. The activated cells were harvested four days after co-culturing in
a 1:5 E: T ratio with y-irradiated Raji cells. The JAK/STAT protein to B-actin expres-
sion ratio in activated shGFP- and shCUL5-CD19 CAR T cells is shown in (e) and (f).
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g, h JAK1, phospho-JAK1 (p-JAK1), JAK3, and p-JAK3 expressions in wild type (WT)-
KHYG-1 and shCUL5-KHYG-1 cells. KHYG-1 cells were stimulated with IL-2 (200 1U/
ml) after overnight IL-2 deprivation (g). In addition to IL-2 administration, CHX was
added at a concentration of 40 pg/ml for the indicated times (h). i Data on CUL5
and CULS5-related adapter protein KO-CD8 + T cells over time. Cells were prepared
in the same manner as CULS5 KO cells from primary human CD8 + T cells and sti-
mulated with anti-CD3/CD28 beads every 10 days. (n =35, different donors) Fig. 5g
and h are from one experiment representative of three independent experiments.
Data were expressed as mean + SEM. Statistical significance was determined using
the two-sided Student’s -test for ¢ and the two-way ANOVA with the Sidak multiple
comparisons test was used for (e, f, and i. Source data are provided as a Source
Data file.

KD-CD19 CAR T cells was greater than that of shGFP-CD19 CAR T cells
(Fig. 6f). To analyze the in vivo efficacy of CULS KD-CD19 CAR T cells,
a subcutaneously injected mouse model was adopted. Because sub-
cutaneously injected tumors better mimic solid tumors and are
presumed to be more severe conditions for CD19 CAR T cells, CUL5
KD-CD19 CAR T cells were evaluated in this setting. In the in vivo
trials with CULS KD-CD19 CAR T cells, CD8+ cell-derived CUL5 KD-
CAR T cells were used, and a significantly lower tumor volume
(Fig. 6g) and better survival in CUL5 KD-CD19 CAR T cell-treated mice
were observed (Fig. 6h). When we compared CUL5 KO- and CULS KD-
CDI19CAR T cells directly in the same Raji iv model, we found that
CULS5 KO-CD19 CAR T cells showed significantly superior antitumor
effects (Fig. 6i).

Altogether, we suggest that CUL5 downregulation not only
improves CAR T cell proliferation in vitro but also enhances CAR T cell
therapy efficacy in vivo, and these findings would encourage the use of
CAR T cell therapy utilizing the same manufacturing technique adop-
ted in the clinic.

Discussion

GW CRISPR screening system is a powerful tool to identify genes of
interest by a large-scale knock out screening. Initially, this system was
utilized on cell lines to validate the biomechanical characteristics of
cancer cells®. Recently, in vivo CRISPR screening with T cells from
Cas9 transgenic mice has been employed®’. Moreover, various inves-
tigations indicated successful screening using human primary
T cells® ™, However, only a few studies performed GW CRISPR
screening on human CAR T cells and identified genes of interest***. In
the current study, we hypothesized that human CAR T cell screening
could be carried out to identify genes involved in activated human CAR
T cell proliferation under tumor Ag stimulation since cell lines and
primary T cells have quite distinguished properties based on pro-
liferative signals. To elucidate important mechanisms in the regulation
of T cell proliferation, repeated stimulation of CAR T cells with antigen
seemed to be an ideal model to analyze T cells in an antigen-specific
stimulation mode. Consequently, CULS has been identified as a can-
didate proliferation regulator gene in CD19 CAR T cells employing the
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Fig. 6 | In vivo efficacy of CUL5 knockout (KO)- and knockdown (KD)-CD19 CAR
T cells. a A schematic diagram of in vivo experiments. Nonobese diabetic/severe
combined immunodeficiency (NOD/SCID) common-gamma chain KO (NOG) mice
were injected with 5 x 10° Raji/ffluc-green fluorescent protein (GFP) cells via the tail
vein on Day 0, followed by 1 x10° truncated epidermal growth factor receptor
(tEGFR)-, control (Ctrl)-, or CUL5 KO-CD19 CART cells on Day 7. Tumor burden was
assessed using BLI at the indicated time points and weekly thereafter.

b Representative BLI of Raji-inoculated mice treated with Ctrl- or CUL5 KO-CD19
CART cells over time. ¢ Tumor burden in mice treated with Ctrl- or CUL5 KO-CD19
CART cells at the indicated time points. Data are presented as the mean and SEM,
compared using the two-way ANOVA, and acquired from three independent
experiments on three different donors (tEGFR-T cells: n=4; Ctrl- and CUL5 KO-
CDI19 CAR T cells: n=9 per group). d Kaplan-Meier survival analysis of Raji/ffluc-
bearing NOG mice (log-rank test). e The number of CAR T cells derived from 1 x 10°
CD8+T cells on Day 7. Data are derived from three independent experiments on
three different donors. Data were expressed as mean + SEM. f The effect of CUL5 KD

on activated CD19 CAR T cell proliferation. These cells were stimulated with y-
irradiated Raji cells in a 1:5 E: T ratio every 10 days. Data were expressed as

mean + SEM. (n =3, different donors) Note that the paired t-test was used for

e, whereas the one-way ANOVA was used for (f). g, h In vivo efficacy assessment
using a subcutaneous tumor model. On Day 0, Raji/ffluc-GFP cells were sub-
cutaneously inoculated. On Day 10, 1x10° tEGFR-, shGFP-, or shCUL5-CD19 CAR
T cells were injected. g Subcutaneous tumor volume. The curve was censored when
any of the mice in the group were euthanized. Data are presented as the mean and
SEM, compared using the two-way ANOVA, and acquired from three independent
experiments on three different donors (n =9 per group). h Kaplan-Meier analysis of
NOG mice subcutaneously injected with Raji/ffluc cells (log-rank test). (i) Kaplan-
Meier analysis of NOG mice intravenously injected with Raji/ffluc cells as in (a).
1x10° tEGFR-T, CUL5 KO-, or shCUL5-CD19 CAR T cells were injected. Data are
acquired from three independent experiments on four different donors (tEGFR-
T cells: n=8; CUL5 KO- and shCUL5-CD19 CAR T cells: n=12 per group) (log-rank
test). Source data are provided as a Source Data file.

GW CRISPR screening system. We could not assess the effect of CULS
KO on T cell lines such as Jurkat or SUP-TI cells, because cell lines grew
autonomously. The key to success in GW CRISPR screening in primary
human T cells is to ensure that the sgRNA library is adequately covered
across the cell population*?. To solve this issue, a significant number of
CD8+T cells (10-20 million) were transduced with the lentivirus
library on Day 1, enabling the detection of almost all sgRNAs in the
library from the start. Nonetheless, there was a considerable variation
in screening outcomes among individual donors, possibly due to the
use of human primary cells. Hence, we determined the CULS gene
using GFOLD examination rather than conventional statistical analysis

for CRISPR screening?. This could be a useful strategy for screening
with relatively few biological replicates.

Since our experiments used three different donors and the phe-
notype of T cells highly differ between donors in terms of phenotype
such as CD4/CDS8 ratio or naive/ memory phenotype and cell senes-
cence state associated and not associated with donor age, we have not
done correlation analysis among experiments. In fact, we identified
6431 guides with GFOLD > 2 between Day 10 and 40, and a total of 777
genes carried 2 or more guides with GFOLD >2. Among the 777 genes,
6 genes carried 4 guides. The false discovery rate of the 6 genes was
<0.25 based on the null hypothesis that the 6431 guides distributed
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randomly to the ~20,000 target genes, suggesting that there should be
true hits in top-ranked genes. We have not done a precision-recall
analysis of known essential genes also because of the heterogeneity of
experiments and a small number of experiments; however, at the very
least, guides of known essential genes showed lower abundance and
penetration. Because the variation is relatively large in experiments
using human cells, heterogeneity among donors was also observed in
our experiment. However, T cell proliferation was always better if we
applied CULS5 KO or KD and repeated stimulation.

To investigate CUL5 KO-CD19 CAR T cell function, cytokine pro-
duction capacity was determined, which is a significant indicator of
CAR T cell effector functions®*’, Remarkably, CULS KO elevated cyto-
kine production and shifted the CAR T cell phenotype into the effector
memory subset. Because exogenous IL-2 was supplied in our in vitro
experiments and we observed increased expression of IL-2 receptor
alpha after Ag stimulation, the effect of CUL5 KO may be partly due to
the upregulation of IL-2 receptor alpha. CAR T cells with a stem-cell
memory phenotype have recently been shown to be less likely to
deplete and to have potent antitumor effects***’, CUL5 KO-CD19 CAR
T cells preferentially exhibited an effector memory phenotype. Still,
their proliferative potential did not reduce even after repeated Ag
stimulation, and they demonstrated superior antitumor effects in vivo.
In T cells with potentially weak effector function, such as GD2-
targeting CAR T cells, CUL5 downregulation could be used to improve
effector functionality’.

CULS is a cullin family protein that functions as a scaffold in active
cullin-RING ubiquitin ligase complexes®?#**’, CULS maintains cell
growth and proliferation, as well as various physiological processes®.
Its role has been shown primarily across cell line studies. Nevertheless,
its role in murine CD4 + T lymphocytes has been identified, but its role
in human CD8 + T cells was unknown*®, Prior research has shown that
CULS can bind to several adapter proteins and degrade substrates®*°.
Therefore, we first used RNA-Seq analysis to determine which path-
ways are primarily modified by CUL5 KO. In addition, CUL5 KO upre-
gulated the expression of several cytokine-related genes, and the JAK/
STAT pathway was determined as a top hit in over-representation
analysis. Because CULS is involved in protein degradation, we investi-
gated the expression of phosphorylated proteins in the JAK/STAT
pathway. The findings demonstrated that CUL5 KO enhanced p-STAT3
and p-STATS signaling, which is in line with the RNA-Seq analysis
findings. It was only in the later stages of culture that a clear increase in
T cell proliferation was observed with CULS5 ablation. This may be due
to the fact that we observed prolonged phosphorylation of JAK/STAT
pathway proteins by CULS ablation.

The JAK family includes four tyrosine kinases: JAK1, JAK2, JAK3,
and TYK2". They are rapidly stimulated when a specific cytokine or
hormone binds to their receptors, and their kinase activities are
induced to phosphorylate various effectors and activate downstream
signaling pathways. JAK1 and JAK3 are located primarily downstream of
IL-2 receptors. Since improved STAT3 and STATS signals were
observed in CAR T cells cultured with IL-2 supplementation, JAK1, and
JAK3 expressions were estimated, and improved p-JAK1 and p-JAK3
expressions were observed in activated CAR T cells. Notably, non-
phosphorylated JAK3 was only upregulated upon activation. CULS has
been shown to form ubiquitin E3 ligase complexes with various
adapter proteins to degrade the JAK family**7*°, Still, it is uncertain
how CULS5 downregulation affects JAK expression. Thus, we hypothe-
sized that CULS KO inhibits JAK3 degradation, specifically in activated
cells with enhanced ubiquitin E3 ligase function. Because it is chal-
lenging to estimate downstream signaling of IL-2 receptors in primary
cells based on reproducibility, the KHYG-1 cell line, an IL-2-dependent
tumor cell line, was used to examine the effect of CUL5 KD. Similarly to
CART cells, p-JAK1 and p-JAK3 expressions were upregulated in CULS
KD-KHYG-1 cells after IL-2 stimulation, as was JAK3 expression only
upon stimulation. JAK1 and JAK3 degradation were delayed by

cycloheximide, a protein synthesis inhibitor. Since the interaction
between CULS and JAKs is mediated by adapter proteins, it could not
be analyzed using immunoprecipitation. However, prior research
demonstrating JAK binding to adapter proteins associated with CUL5™
and our findings suggest that CUL5 participated in JAK3 degradation,
and thus CULS5 downregulation inhibits JAK3 degradation while
enhancing the JAK/STAT pathway. However, we could not show clear
and direct evidence supporting that CUL5 ubiquitylates JAK or STAT
proteins in our experiments. Our results further suggested that SOCS1,
ASB2, and CISH are important substrate receptors associated with
CRL5 complex, and that phosphorylated proteins are mainly regulated
because the changes in phosphorylated proteins were larger than
those in native proteins. We confirmed the KO efficiency for SOCSI,
SOCS3, and ASB2, whereas CISH expression could not be confirmed in
the T cell line (SUP-T1), but was confirmed in the NK cell line (NK-92).
This suggests that the reason why CISH KO was not effective in T cells
was due to weak expression in T cells.

A possible reason for the inferior efficacy of shCUL5 CAR T cells
could be the lack of IL-2 supply. Although we used CD8+ cells alone in
the present study, it is known that CD8+ cells lose their ability to
produce IL-2 early after repeated antigen stimulations®’. Down-
regulation of CULS would enhance downstream signaling of common
gamma chain receptors, including IL-2. However, the effect would not
be achieved without cytokines. CULS KO requires electroporation,
resulting in a temporary arrest of cell proliferation, and IL-2 production
may be less exhausted. In contrast, during CUL5 KD cell production,
cells proliferated well throughout, possibly leading to an early loss of
IL-2 production. To investigate this, further studies with cells con-
taining CD4+ cells as a source of IL-2 are warranted.

Our results raised several concerns about the ablation of CULS.
The increased cytokine production causes a concern that cytokine
release syndrome may be exacerbated when CUL5 KO CAR T cells
applied clinically. It may be a good idea to consider using CUL5 KO in
combination with 4-1BB intracellular domain CAR constructs, which
induce less cytokine release syndrome®. There are also concerns about
the feasibility of clinical application of CULS KO. Because CRISPR Cas9
genome editing is known to cause problems such as chromosome
loss™, we believe that KD by shRNA is preferable for future clinical
applications.

In conclusion, we suggest that CUL5 KO improves expansion
potential and effector functions in CD19 CAR T cells via the JAK/STAT
pathway. Moreover, genetic modification by targeting CULS boosted
CD19 CAR T cell treatment outcomes in tumor-bearing mice. These
novel findings could aid the launch of important clinical trials and pave
the way to improving immunotherapy by regulating the ubiquitin
system.

Methods

Human samples

The Institutional Review Board of Nagoya University Graduate School
of Medicine approved the research protocols (approval numbers:
2014-0081 and 2017-0445). Peripheral blood mononuclear cells were
collected from healthy volunteer donors. Written informed consent
was acquired from each donor following the Helsinki Declaration.

Cell lines

Lenti-X 293 T, Phoenix-Ampho, K562, Raji, Jurkat, KHYG-1, and SUP-T1
cell lines were maintained in our laboratory. The authenticity of all cell
lines was routinely confirmed by analyzing their immunophenotypes
using flow cytometry. Cells were cultured for up to two months prior
to use. All cell lines were regularly evaluated with the MycoAlert
detection kit (Lonza, LTO7-118) to ensure they were not contaminated
with mycoplasma. Adherent cell lines were cultured in Dulbecco’s
Modified Eagle Medium containing 10% fetal bovine serum and 1%
penicillin/streptomycin. Cell line suspensions were cultured in Roswell
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Park Memorial Institute Medium 1640 containing 10% fetal bovine
serum, L-glutamine (0.8 mM), and 1% penicillin/streptomycin. Raji cells
were lentivirally transduced with the GFP-firefly luciferase gene and
sorted to a purity of greater than 99%. Jurkat TPR cells were transduced
with a lentivirus carrying Cas9 and sgRNA targeting CULS5 to create
CULS KO-Jurkat TPR cells®. KHYG-1 cells were transduced with lenti-
virus carrying shRNA targeting GFP and CULS5 to create GFP KD- and
CULS KD-KHYG-1 cells. Transduced cells were then chosen using pur-
omycin for 3-6 days.

Lentiviral vector production

For the GW CRISPR screening, the Human GeCKO v2 GW library
(Addgene, #1000000048) was used. Lentiviral vector plasmids car-
rying sgRNA targeting each specified gene as well as eGFP were
obtained from VectorBuilder (Chicago, IL, USA). The lentiviral vector
plasmid, along with the packaging plasmid psPAX2 and the envelope
plasmid pMD2.G, was co-transfected into Lenti-X 293 T using lipo-
fectamine 2000 (Invitrogen, #11668019). The constructed viral vector
was harvested 48 hours after transfection and employed immediately
for experiments, or it was concentrated by ultracentrifuging the viral
supernatant at 24 and 48 hours after transfection and stored at -80 °C
for subsequent experiments. Vector IDs are summarized in the Sup-
plementary Table 1 and can be employed to obtain detailed informa-
tion concerning the vector on vectorbuilder.com.

CD19 CAR retroviral vector construction

CD19 CAR, which includes CD28 (CD28z), was developed by fusing the
costimulatory domain with an anti-CD19 single-chain variable
fragment-short hinge (12 aa)-CD28 transmembrane domain, followed
by the CD3C intracellular domain'. The CD19 single-chain variable
fragment was in line with the clone FMC63 for all CAR constructs in this
study'®*%, CD19 CAR constructs were then fused with a tEGFR lacking
EGF binding and intracellular signaling domains downstream of the
self-cleaving T2A sequence. tEGFR is employed as a transduction and
selection marker by biotinylated Erbitux monoclonal antibody (mAb;
Bristol-Myers Squibb)**. The CAR constructs were then subcloned
into the LZRS-pBMN-Z vector, and the sequence was validated by
direct sequencing. Gamma retroviral supernatants were developed
employing the Phoenix-Ampho system (Orbigen, San Diego, CA, USA).
The sequences of the second-generation CAR T cells used in this study
were identical to those previously noted and clinically applied®*’.

Generation and expansion culture of GW CRISPR KO-CD19 CAR
T cells and specific genes KO-CD19 CAR T cells

Peripheral blood mononuclear cells were isolated from healthy donors
by centrifuging whole blood with Ficoll-Hypaque solution (GE
Healthcare, #17144003). CD8' lymphocytes were then purified with
immunomagnetic beads (Miltenyi, #130-045-201) and stimulated with
anti-CD3/CD28 beads (Invitrogen, #11141D). On Day 1, GW gRNA-
encoding lentiviral particles made from the Human GeCKO v2 library
(Addgene #1000000048) were transduced at a multiplicity of infec-
tion of 1, and the next day, Cas9 protein (Takara Bio, #632641) was
electroporated in a Nucleofector device utilizing the Human T Cell
Nucleofector Kit (Lonza, #VPA-1002) following the manufacturer’s
instructions. On Day 3, CD19 CAR T cells were retrovirally transduced
using recombinant human retronectin-coated plates (RetroNectin,
Takara Bio, #T100A) preloaded with CD19 CAR-encoding retrovirus
and centrifuged at 887 g for two hours at 32 °C. The transduced T cells
were then expanded in Roswell Park Memorial Institute Medium
1640 supplemented with 10% human serum, L-glutamine (0.8 mM), 1%
penicillin/streptomycin, and 2-mercaptoethanol (0.5 pM), as well as
recombinant human IL-2 (50 IU/mL, PeproTech, #200-02). To create
specific gene KO-CD19 CAR T cells, gRNA-encoding lentiviral particles
targeting specific genes were transduced rather than GW gRNA-
encoding lentiviral particles on Day 1. On Day 7, CAR-positive T cells

were enriched using biotin-conjugated anti-EGFR mAb and streptavi-
din beads (Myltenyi, #130-048-101). On Days 10, 20, and 30, the enri-
ched CAR-positive cells were stimulated by co-culture with y-irradiated
Raji at a 1:5 responder to stimulator ratio, with IL-2 supplementation
(50 1U/mL) every three days®®. Because stimulator cells were y-
irradiated in most experiments, those cells would usually disappear
within a couple of days. For mice experiments, the enriched CAR-
positive cells were induced a second time with anti-CD3/CD28 beads at
a 1.3 cell to beads ratio for 7-10 days before use. Control CAR T cells
were cultured in the same way as sgRNA-transfected CAR T cells, with
the exception of the inclusion of control gRNA-encoding lentivirus.

sgRNA screening of repeatedly stimulated CD19 CAR T cells

On Days 10 and 40, gDNA was extracted from sgRNA-transfected CAR
T cells using the QlIAamp DNA Blood Mini Kit (Qiagen, #51104). Each
gDNA sample had two rounds of polymerase chain reaction (PCR) to
increase gRNA cassettes with Illumina sequencing adapters and
indexes'®*". In the first PCR round, 25 cycles of amplification were
carried out employing PrimeSTAR GXL DNA Polymerase (Takara Bio,
#RO50A). gDNA (16-30 pg) from a given sample was distributed into
16-30 100 pL reaction tubes. A total of 124 reactions were conducted
to achieve 150x coverage of the library. Following the first PCR, all PCR
products from a given sample were pooled and thoroughly mixed. In
the second PCR round, 5 pL of the first-round PCR product was applied
as a template in each 100 pL reaction. Each sample had six amplifica-
tion cycles to include each index sequence. The second PCR product
from a given sample was pooled and purified with AMPure XP beads
(catalog no. A63381; Beckman Colter, #A63381) at a DNA: beads ratio
of 1:1.8 following the manufacturer’s instructions. After being eluted
with 50 pL of nuclease-free water, all DNA libraries were checked using
Agilent 2200 TapeStation and D1000 ScreenTape (Agilent, #5067-
5584). DNA concentrations were also measured using the Qubit dsSDNA
HS assay kit (Thermo Fisher Scientific, #Q32854). All samples were
pooled and sequenced on an Illumina HiSeq X with 2 x150 bp end-
reads to acquire 20-30 million reads per sample. Reads Per Kilobase of
the transcript, per Million mapped reads (RPKM) were computed using
GFOLD?. Alterations in expression levels between groups were esti-
mated using GFOLD, and the resulting GFOLD (0.1) values (con-
servative estimation of fold changes at the confidence level (g) of 0.1)
were used to identify candidate genes.

Flow cytometry and immunophenotyping

All samples were examined using flow cytometry on a FACSAria Il and
LSR Fortessa (BD Biosciences), and the data were evaluated using
FlowJo software (Tree Star). The GFP marker was utilized to examine
the proliferation of sgRNA-positive CAR T cells and T cells. Human
T cells were stained with combinations of the following mAb con-
jugated to fluorophores: CD8 (clone RPA-T8); CD45RA (clone HI100);
CCR7 (clone 150503); IL-2 (clone 5344.111); interferon-gamma (IFN-y,
clone 25723-11); programmed cell death 1 (clone EH12.1); lymphocyte-
activation gene 3 (clone T47-530) (All BD Biosciences); cytotoxic
T-lymphocyte-associated protein 4 (clone L3D10); and T-cell immu-
noglobulin mucin-3 (clone F38-2E2) (BioLegend). tEGFR* cells were
identified using biotinylated Erbitux and streptavidin-Phycoerythrin
(BD Biosciences, #554061).

Proliferation assay

To examine activated CD19 CAR T cell and CD37 CAR T cell pro-
liferation, CAR T cells were activated with y-irradiated Raji at a 1.5
responder to stimulator ratio on Days 10, 20, and 30, with 50 IlU/mL IL-
2 supplementation every three days. The activated CD8 + T cells were
induced with anti-CD3/CD28 beads. CTV (Invitrogen, # C34557), Ki67
(BioLegend, #350513), and EdU reagents (Invitrogen, #C10634) were
utilized for proliferation assays in line with the manufacturer’s
protocol.
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Cytotoxicity and apoptosis assay

To differentiate apoptotic cells derived from CAR T cells and Raji cells,
Raji cells were stained with CTV. CAR T cells were co-cultured with Raji
cells in the suggested ratio and then stained using the APC Annexin V
apoptosis detection kit with propidium iodide (BioLegend, #640932)
following the manufacturer’s protocol at the time indicated post-
stimulation.

Intracellular cytokine staining and cytokine secretion assay
Control CD19 CART cells and CUL5 KO-CD19 CAR T cells were plated at
a 1:2 E: T ratio with either K562 or Raji cells along with brefeldin A
(Sigma-Aldrich, #B7651) for four hours. To detect intracellular cyto-
kines, the stimulated cells were fixed and permeabilized using a Cell
Fixation/Permeabilization Kit (BD Biosciences, #554714) and then
stained with anti-IL-2 or anti-IFN-y mAbs.

RNA-Seq analysis

Control sgRNA-transduced CD19 CAR T cells and CULS sgRNA-
transduced CD19 CAR T cells were induced with y-irradiated Raji
cells at a 1:5 E: T ratio and the gRNA-positive fraction was sorted by
FACSAria Il on Day 8 post-stimulation. Total RNA was isolated and
purified from their cells using the QIAamp RNA Blood Mini Kit (Qiagen,
#52304). RNA-Seq libraries were prepared employing the NEBNext
Ultra II RNA Library Prep Kit for Illumina (New England Biolabs,
#E7770) and the NEBNext Poly(A) mRNA Magnetic Isolation Module
(New England Biolabs, #E7490) following the manufacturer’s instruc-
tions and sequenced on an Illumina HiSegX with 2 x 150 base paired-
end reads. First, the raw read data quality was assessed for each sample
using FastQC (Version 0.11.9) for RNA-Seq analysis. Transcript abun-
dances were then directly quantified from the raw RNA-Seq FASTQ files
using the Kallisto v0.44.0 pseudoalignment method®. For rapid and
accurate quantification, a transcriptome index constructedbuilt from
the Ensembl project’s transcriptome v91 with a 100 bootstrap value
based on the pseudoalignment was used. Gene-by-gene expression
matrices were created using the R package tximport. Consequently,
differential expression was analyzed using an integrated web applica-
tion for differential expression and pathway analysis of RNA-Seq data
(iDEP)®%. Functional analyzes like enrichment and pathway analyzes
were conducted using Metascape (http://metascape.org/) and
WebGestalt®***,

Intracellular phosphoflow analysis

CART cells or tEGFR+ T cells were mixed with y-irradiated Raji cellsin a
1:5 ratio, spun down briefly, and incubated at 37 °C for the indicated
times for p-p38, p-Erk, p-STAT3, and p-STATS. Cells were then fixed in
2% formaldehyde at 37 °C for 10 minutes, permeabilized in ice-cold
90% methanol, and placed on ice for 30 minutes. For staining, the
following phospho-specific Abs were employed: p38 (pT180/pY182,
clone D3F9, #4511), Erkl/2 (pT202/pY204, clone D13.14.4E, #4370),
p-STAT3 (pY705, clone D3A7, #9145), and p-STATS (pY694, clone
D47E7, #4322; all unconjugated; Cell Signaling Technology [CST]), in
addition to donkey anti-rabbit IgG-Alexa Fluor 647 (secondary Ab;
Invitrogen, #A-31573).

Jurkat TPR cell line assay

To assess NF-kB, AP-1 and NFAT signal transduction, we used the
Jurkat-TPR cells that contains response elements for NF-kB, AP-1 and
NFAT, which drive the expression of the fluorescent proteins cyan
fluorescent protein, mCherry and enhanced green fluorescent protein
(eGFP), respectively®?°, Wild type Jurkat TPR cells and CUL5-KO Jurkat
TPR cells were retrovirally transduced with CD1I9CAR. CAR-positive
cells were enriched using biotin-conjugated anti-EGFR mAb and
streptavidin beads (Miltenyi, #130-048-101). Jurkat-TPR cells were
harvested and analyzed for expression of the fluorescent protein of
interest using flow cytometry.

Immunoblotting
Cells were washed in cold phosphate-buffered saline after harvesting
and lysed in 1x lysis buffer (R&D Systems, #895561) with 1x protease
inhibitor cocktail (Sigma-Aldrich, #P8340). Lysates were incubated on
ice for 15minutes and cleared by centrifugation at 11,700 x g for
15 minutes. Protein concentrations were determined using the Quick
Start™ of Bradford 1x Dye Reagent (Bio-Rad, #5000205JA). Total pro-
tein (20pug) was mixed with a sample buffer comprising 5%
2-mercaptoethanol and denatured at 95 °C for five minutes. The sam-
ples were separated using sodium dodecyl-sulfate polyacrylamide gel
electrophoresis and transferred to a polyvinylidene fluoride mem-
brane (Millipore, #IPVH00010). Membranes were blocked with 5%
(w/v) nonfat dry milk in Tris-buffered saline Tween buffer (Tris-HCL
[50 mM, pH 7.4], NaClI [150 mM], and 0.05% Tween 20) and incubated
with primary antibodies overnight at 4 °C and horseradish peroxidase-
conjugated secondary antibodies (CST, #7074) for two hours at room
temperature. The signal was observed with an ECL™ Prime Western
Blotting System (Cytiva, #GERPN2236), visualized with a LAS-4000
mini-image analyzer (FUJIFILM), and analyzed with MultiGauge soft-
ware (FUJIFILM). Primary antibodies used were rabbit anti-CUL5
(1:1000; Abcam, #abl84177), mouse anti-B-actin (1:2000; Santa Cruz,
#sc-271800), anti-JAK1 (1:1000; CST, #3344), anti-JAK2 (1:1000; CST,
#3230), anti-JAK3 (1:1000; CST, #8827), anti-TYK2 (1:1000; CST,
#14193), anti-p-JAK1 (1:1000; CST, #74129), anti-p-JAK2 (1:1000; CST,
#8082), anti-p-JAK3 (1:1000; CST, #5031), anti-p-TYK2 (1:1000; CST,
#68790), anti-STAT3 (1:1000; CST, #4904), anti-STAT5 (1:1000; CST,
#94205), anti-SOCS1 (1:1000; CST, #68631), anti-SOCS3 (1:2000; pro-
teintech, #14025-1-AP), anti-ASB2 (1:1000; antibodies.com, #A90859),
anti-CISH (1:1000; CST, #8731).

To validate KO efficiency of substrate receptor, we transfected the
respective sgRNAs into SUP-T1 or NK-92 cell lines, electroporated the
Cas9 protein, and performed western blotting.

Lentiviral two-in-one vector plasmid construction

The annealed shRNA oligonucleotides targeting GFP and CUL5 were
inserted between the restriction sites in the pGreenPuro shRNA vector
(SBI, #SI506A-1). Subsequently, the sequence EF1-copGFP-T2A-puro
was replaced with the sequence EF-1a-CD19CAR-T2A-tEGFR, and the
inserted DNA sequences of each vector were validated by direct DNA
sequencing. The shRNA sequence targeting GFP was GCA-
GACTGAATTAGTAGAAAT, while shRNA sequences targeting human
CUL5 were GCTAGAATGTTTCAGGACATA (shCUL5#1) and
GCAAGCTGACCCTGAAGTTCAT (shCULS5#2). We adopted shCULS5#2
to create shCUL5-CD19 CAR T cells.

Raji xenograft model and bioluminescence imaging (BLI)

The Institutional Animal Care and Use Committee of Nagoya University
Graduate School of Medicine approved all murine experimental pro-
tocols. All mice were maintained at the Division of Experimental Ani-
mals in specific pathogen-free/SPF conditions. Six to seven-week-old
male NOD/Shi-scid, IL-2RyKO Jic (NOG) mice (In-Vivo Science) were
intravenously inoculated with 0.5 x 10° Raji-ffluc cells via the tail vein.
One week later, they were treated with tEGFR-, control-, or CUL5 KO-
CD19 CART cells (intravenous model). In addition, six to seven-week-
old male NOG mice were subcutaneously inoculated with 2.0 x 10° Raji-
ffluc cells. Ten days later, they were treated with tEGFR-transduced
T cells, shGFP-CD19 CAR T cells, or shCUL5-CD19 CAR T cells (sub-
cutaneous model). At the indicated time points, tumor progression
was assessed with BLI using the IVIS Spectrum System (Caliper Life
Science, IVIS Lumina Ill). In the subcutaneous model, tumors were
measured twice a week from Day 14 after tumor injection until death.
Death was determined when a progressively growing tumor reached
2.0 cm in the longest dimension. The longest dimension (length) and
the longest perpendicular dimension (width) were manually mea-
sured. Tumor volume was calculated using the following formula:
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(L x W?)/2. In the survival analysis, death was used as an endpoint. Mice
were euthanized by inhalation of carbon dioxide when necessary.

Statistical analysis

All experimental data are denoted as the mean and standard error of
the mean or standard deviation. The Student’s ¢-test and one-way or
two-way analysis of variance (ANOVA) with Bonferroni’s or Tukey’s
post-test correction were used to determine differences between
results, as suitable. The Kaplan-Meier method with the log-rank test
was used to compare survival times. A p-value of less than 0.05 was
considered statistically significant. GraphPad Prism Version 9.3.1 soft-
ware (GraphPad Software) was used for statistical analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw sequencing data obtained in this study were deposited to the
Sequence Read Archive underthe NCBI BioProject accession no.
PRJDB17246. All data are included in the Supplementary Information
or available from the authors, as are unique reagents used in this
Article. The raw numbers for charts and graphs are available in the
Source Data file. Source data are provided with this paper.
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