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CANCER IMMUNOLOGY
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Most patients treated with US Food and Drug Administration (FDA)-approved chimeric antigen receptor (CAR) T
cells eventually experience disease progression. Furthermore, CAR T cells have not been curative against solid
cancers and several hematological malignancies such as T cell ymphomas, which have very poor prognoses. One
of the main barriers to the clinical success of adoptive T cellimmunotherapies is CART cell dysfunction and lack of
expansion and/or persistence after infusion. In this study, we found that CD5 inhibits CART cell activation and that
knockout (KO) of CD5 using CRISPR-Cas9 enhances the antitumor effect of CART cells in multiple hematological
and solid cancer models. Mechanistically, CD5 KO drives increased T cell effector function with enhanced cytotox-
icity, in vivo expansion, and persistence, without apparent toxicity in preclinical models. These findings indicate
that CD5 is a critical inhibitor of T cell function and a potential clinical target for enhancing T cell therapies.

INTRODUCTION
Adoptive T cell therapy (ACT) and, specifically, chimeric antigen re-
ceptor (CAR T) therapy have led to unprecedented clinical responses
in relapsed or refractory (r/r) B cell acute lymphoblastic leukemia
(B-ALL), non-Hodgkin’s lymphoma (NHL), and multiple myeloma
(1-3). Despite these results, most patients treated with CAR T either
do not respond or eventually relapse (4-10). Moreover, CAR T ther-
apy has not yet demonstrated significant responses in solid cancers
(11) and in several hematological malignancies, such as T cell
lymphoma (TCL)/acute lymphoblastic leukemia (T-ALL) and oth-
ers (12-15). Thus, there is a dire need to enhance the currently
available CAR T products and extend this effective approach to suc-
cessfully treat more types of cancer.

One of the main barriers to the clinical success of adoptive T
cell immunotherapies is suboptimal T cell activation and a lack of
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persistence after infusion because of T cell dysfunction (16). Therefore,
reducing the inhibition of CAR activation will likely amplify the efficacy
of adoptive T cell immunotherapy. To this end, we studied the cysteine-
rich scavenger receptor, CD5. CD5 associates with the T cell receptor
(TCR) complex and inhibits its activation through several mediators,
including SHP1, CBL, and CBL-B (17). It has been shown that tumor-
specific T cells can undergo a rapid intratumoral adaptation process
by down-regulating the expression of CD5 to enhance TCR signaling
(18, 19). Moreover, an increase in CD5 expression has been observed in
peripheral anergic CD8" T cells chronically exposed to antigens (20).
CD5-deficient mice showed improved B16 melanoma tumor control
compared with wild-type mice (21). Previous studies have evaluated
CD5 deletion as a strategy to avoid fratricide in CAR T cells against
CD5 itself (22) because CD5 is expressed in normal T cells. However,
genetically deleting CD5 in adoptively transferred T cells has not been
studied as a strategy to enhance other T cell-based therapies, and the
mechanism of CD5 inhibition in CAR T is not known. In this study, we
tested CD5 knockout (KO) in CAR and TCR T cells against multiple
models of hematological malignancies and solid cancers. We observed
a marked enhancement of the antitumor effect of the adoptively
transferred T cells, which was associated with enhanced expansion
and persistence. The antitumor effect observed here surpasses that of
programmed cell death protein 1 (PD-1) KO, which is presently the
most frequently targeted gene deletion in ongoing clinical trials. Mech-
anistically, we observed RNA up-regulation of T cell activation-related
pathways in CD5 KO CAR T cells and enhanced expression of cyto-
toxic machinery genes. In conclusion, we demonstrated that CD5 is a
key negative regulator of CAR T cells and is a potential immune check-
point for adoptive T cell immunotherapies.
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RESULTS

CRISPR-Cas9 CD5 KO enhances the antitumor activity of CAR
T cells against CD5" tumors

We initially tested the role of CD5 KO in CAR T cells against T cell
neoplasms because there are no US Food and Drug Administration
(FDA)-approved CAR T therapies for this orphan disease (15). CD5
is a T cell neoplasm target that is highly and homogeneously ex-
pressed in about 85% of patients with TCL and T-ALL (fig. S1, A and
B). In this cancer model of anti-CD5 CAR T cells for TCLs, we spec-
ulated that the deletion of CD5, in addition to reducing T cell inhi-
bition, would also avoid CAR T-T cell fratricide because CD5 is
expressed in normal T cells.

We first aimed to select a lead CRISPR-Cas9 guide RNA (gRNA)
to delete CD5 in CAR T cells. We designed and screened eight single
gRNAs targeting CD5 and then selected the most efficient, sgRNA
#4, on the basis of protein expression analyses (flow cytometry and
protein immunoblot; fig. S1, C and D, and table S1). We used sgRNA
#4 to knock out CD5 in primary T cells using an optimized CAR T
manufacturing process that included Cas9-sgRNA electroporation
on day 0, followed by anti-CD3/CD28 bead activation on day 1, len-
tiviral transduction on day 2, and harvest at day >15 based on cell
size (Fig. 1A). CD5 deletion was reproducibly efficient (>90% pro-
tein KO efficiency) by protein analyses (Fig. 1B and fig. S1D). We
then used an optimized anti-CD5 CAR construct derived from the
17-antibody clone (23), which exhibited both high affinity and spec-
ificity for a membrane-proximal CD5 epitope. Once we established
a platform to efficiently knock out CD5 in CAR T cells and cloned
an optimal anti-CD5 CAR, we investigated the effect of CD5 KO in
CART cells by comparing CD5 KO CARTS5 cells with mock electro-
porated CART5 cells [CD5 wild-type (WT) CART5 = mock KO
CARTS; Fig. 1C].

During manufacturing, the growth rate of mock KO CARTS5 cells
was reduced compared with CD5 KO CARTS5 cells (Fig. 1D; mock
KO CARTS5 versus CD5 KO CART5, P = 0.07 on day 17), suggesting
a degree of fratricide that, although notable, did not completely halt
their expansion; therefore, we hypothesized that there were addi-
tional mechanisms protecting the cells from overt fratricide. CAR
expression in mock KO CARTS5 cells was similar to that of CD5 KO
CARTS5 cells (Fig. 1E and fig. S2A). Furthermore, mock KO un-
transduced (UTD) cells showed a similar percentage of CD5 in
comparison with mock KO CARTS5 cells (Fig. 1B; fig. S2A); howev-
er, there was a reduction in the mean fluorescence intensity (MFI) of
CD5 between the mock KO UTD and mock KO CARTS5 cells
(Fig. 1B). When we analyzed CD5 expression in T cells at several
time points during manufacturing, we found that CARS5 transduc-
tion correlated with a decrease in CD5 expression (fig. S2B). In ad-
dition, epitope masking (24) was observed in mock KO CARTS5 cells
(fig. S2C), which was further validated by the result that CD5" Jur-
kat cells transduced with CAR5 (Jurkat-CAR5) were resistant to
CARTS5-induced killing despite having CD5 on their surface (fig. S2D).
These studies suggest that mock CARTS5 cells do not experience
complete fratricide because of a combination of both CD5 protein
down-regulation and CD5:CAR5 in cis engagement on the surface
(epitope masking).

However, at the end of manufacturing, CD5 KO CARTS5 cells
were enriched in naive T cells when compared with mock KO
CARTS5 cells and had lower effector memory T cells (Fig. 1F). More-
over, CD5 KO CARTS5 cells presented lower expression of exhaus-
tion markers such as PD-1 and LAG-3 in CD8" T cells and a trend
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of less CD39 and TIM3 in CD4* T cells as compared with mock KO
CARTS5 cells (Fig. 1G and fig. S2, E and F). These data demonstrate
that the removal of CD5 during manufacturing leads to a final prod-
uct that is less differentiated and exhausted because of the reduction
of CAR T-T cell fratricide. We then evaluated the efficacy of CD5
KO versus mock KO CARTS5 cells in vitro against CD5" and CD5~
cancer cells. Both mock KO CARTS5 and CD5 KO CARTS5 cells were
highly effective in killing CD5* primary TCL (Sézary cells), primary
T-ALL, and Jurkat cell lines in vitro but demonstrated no cytotoxic
effects against the CD5~ B-ALL cell line Nalmé6 (Fig. 2A and
fig. S2G). However, enhanced proliferation was observed in CD5
KO CARTS5 cells as compared with mock KO CARTS5 cells, as shown
by increased dilution of CellTrace Violet upon target-specific stimu-
lation of irradiated Jurkat cells (Fig. 2B). To evaluate the in vivo ef-
ficacy of CD5 KO CARTS5 cells, we engrafted NOD-SCID gamma
chain-deficient (NSG) mice with Jurkat cells and randomized them to
receive CD5 KO CART5, mock KO CARTS5, or UTD controls (Fig. 2C).
We observed that CD5 KO CARTS5 cells markedly increased tumor
control over UTD groups and mock KO CARTS5 cells. Accordingly,
overall survival was significantly longer in the CD5 KO CART5
group when compared with the mock KO CART5 group (median
overall survival for mock KO CART5 = 55 days versus CD5 KO
CART5 = undefined; P = 0.0062, Mantel-Cox; Fig. 2, C and D). This
enhanced antitumor effect was associated with significantly in-
creased T cell expansion in the peripheral blood of CD5 KO
CART5-treated mice as compared with controls, and the persis-
tence of CD5 KO CARTS5 cells was also longer than that of controls
(Fig. 2E). Last, we confirmed these results using a patient-derived
xenograft (PDX) model of primary T-ALL (TH20). In this model,
CD5 KO CARTS5 cells showed significantly increased tumor con-
trol and overall survival (median overall survival for mock KO
CARTS5 = 68 days versus CD5 KO CART5 = undefined; P = 0.0007,
Mantel-Cox) compared with mock KO CARTS5 cells (Fig. 2, F and
G), further confirming that CRISPR-Cas9 deletion of CD5 in
CARTS5 cells could serve as an effective agent for treating T cell
neoplasms.

CART cells against B cell ymphoid malignancies display
improved efficacy with CD5 deletion

CD5 KO led to a marked increase in the in vivo ability of CD5 KO
CARTS5 cells to expand, persist, and control tumor growth. However, in
the CART5 model, this effect could have been mediated predominantly
by the prevention of CAR T-T cell fratricide. To study the effect of CD5
KO in CAR T function without the possible confounder of CAR T-T
cell fratricide, we knocked out CD5 in CART19 cells manufactured us-
ing an FDA-approved CAR19-4-1BBz construct (tisagenlecleucel) and
tested its function against CD19" leukemia and lymphoma models.
Control AAVS1 KO CART19 cells showed comparable killing efficacy
as compared with mock KO CART19 cells, suggesting that the gRNA
per se does not affect CAR T cell function (fig. S3A). Although similar
phenotypes were observed in mock KO and CD5 KO CART19 cells at
the end of manufacturing (fig. S3, B to F), we observed enhanced acti-
vation (fig. S3G) and antitumor effects of CD5 KO CART19 cells in vivo
in xenograft models (Fig. 3, A to C). In a B-ALL (Nalmé6) model, NSG
mice treated with CD5 KO CART19 cells showed improved tumor con-
trol compared with the mock KO CART19 group (Fig. 3A). This in-
creased tumor control correlated with significantly prolonged survival
in mice treated with CD5 KO CART19 cells (median overall survival
for mock KO CART19 = 37 days versus CD5 KO CAR T19 = 67.5 days;
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Fig. 1. CD5 KO enhances CART5 phenotype as compared with mock KO CARTS5 cells. (A) CD5 KO CAR T expansion protocol. (B) Representative bar graph showing
expression of CD5 on the groups of engineered T cells on day 8 of expansion and representative bar graph showing MFI of CD5 on the same cells. n = 2 donors, two tech-
nical replicates. (C) Schematic of mock KO and CD5 KO CARTS5 cells. (D) Expansion of bead-stimulated T cells shown in population doublings (log,-transformed fold change
of total cell counts). n = 4 donors. (E) Representative bar graph showing the expression of CAR5 on the groups of engineered T cells on day 8 of expansion and representa-
tive bar graph showing MFI of CAR5 on the same cells. n = 2 donors, two technical replicates. (F) T cell memory phenotypes of each engineered T cell groups at the end
of expansion. Thaive, Naive T cells, CD45RATCCR7™; Tcw, central memory T cells, CD45RA™CCR7™; Tew, effector memory T cells, CD45RA™CCR7™; Temra, effector memory T cells
reexpressing CD45RA, CD45RATCCR7 . n = 4 donors. (G) Expression of T cell exhaustion markers PD-1 and LAG-3 on each engineered T cell group at the end of expansion
in CD8" and CD4" cells. n = 4 donors. One-way ANOVA was performed with Tukey correction for multiple comparisons; *P < 0.05, **P < 0.01, ***P < 0.001, and
#HEEP < 0.0001.

P =0.0292, Mantel-Cox; Fig. 3B). As observed in the CART5 model, We further tested the ability of CD5 KO to enhance the killing of
increased numbers of T cells were observed in the peripheral blood  the CD30" Hodgkin’s lymphoma cell line HDLM?2 (25). Cancer cells
of CD5 KO CART19-treated mice (Fig. 3C). To evaluate the capac-  were treated with CAR T cells for 72 hours, and cytotoxicity was
ity of CD5 KO CART19 cells to establish long-term immune mem- measured by comparing cell growth with a UTD control group. As
ory, mice were rechallenged in a separate experiment with the same  expected, there was a marked improvement in the effectiveness of
tumor (day 21, 1 X 10° Nalm6). None of the mice treated with CD5 CD5 KO CART30 at lower effector:target (E:T) ratios (0.125:1 and
KO CART19 cells exhibited tumor engraftment, unlike a few mice  0.25:1), which act as “stress tests” Conversely, at higher E:T ratios,
treated with mock KO CART19 cells, indicating the ability of CD5  the tumor was effectively cleared in all CAR T groups, thus eliminat-
KO CARTI9 cells to establish immunological memory in these ing the potential of observing any discernible differences (fig. S4B).
models (fig. S4A). To corroborate the significance of the in vitro findings, we also
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Fig. 2. CD5 KO in CART5 T cells improves engineered T cell product compared with mock KO CARTS5 cells. (A) Percent cytotoxicity of UTD or CARTS5 cells against CD5™
primary Sézary or primary T-ALL cells after 48 hours. (B) UTD and CARTS5 cells labeled with CellTrace Violet were cocultured with irradiated Jurkat cell line at a 1:1 E:T ratio
for 5 days. Left: Representative flow cytometry histograms. Right: Compilation of MFI of three technical replicates. Representative data of two independent experiments
are shown. (C) NSG mice were engrafted with 1 x 10° Jurkat cells (intravenously) on day —7 and randomized to receive 1 x 10° CD5 KO CART5 or mock KO CART5 cells or
an equivalent number of UTD controls (intravenously) on day 0. Bioluminescence imaging of tumor burden in each NSG mouse (n = 5 mice per group) engrafted with
Jurkat cell line. The bolded line represents the median of each group. Representative data of two independent experiments are shown. (D) The survival rate of each treat-
ment group in xenograft T cell neoplasm model is shown in a Kaplan-Meier survival curve. (E) Left: Absolute cell counts of hCD3™ T cells in 100 pl of mouse blood at day 8.
Right: Absolute cell counts of hCD3™ T cells in 100 pl of mouse blood over time. The bolded line represents the median of each group. (F) NSG mice were engrafted with
1 x 10° TH20 cells on day —7 (intravenously) and randomized to receive 1 X 10° CD5 KO CART5 cells, mock KO CARTS5 cells, or UTD controls (intravenously) on day 0. Left:
Bioluminescence imaging of tumor burden in each NSG mouse (n = 5 or 6 mice per group) engrafted with primary PDX cells. The bolded line represents the median of each
group. Right: Bioluminescence flux of tumor burden of mice treated with mock KO CARTS5 cells or CD5 KO CARTS5 cells on day 41. (G) The survival rate of each treatment
group in primary PDX model is shown in a Kaplan-Meier survival curve. Student’s t test was used to compare two groups; in analyses where multiple groups were compared,
one-way ANOVA was performed with Tukey correction. Survival curves were compared using the log-rank (Mantel-Cox) test. **P < 0.01, ***P < 0.001, and ***#P < 0.0001.

performed an in vivo experiment in which CD5 KO CART30 cells
demonstrated stronger tumor control against HDLM2 than both
mock KO UTD and mock KO CART30 cells (Fig. 3D).

Deletion of CD5 results in strong responses in adoptive T cell
therapy against solid cancers

We speculated that CD5 KO could also enhance CAR T therapies
against solid cancers. CAR T for solid cancers has been mostly un-
successful because of a lack of proliferation and persistence (26).

Patel et al., Sci. Immunol. 9, eadn6509 (2024) 19 July 2024

We initially tested CD5 KO CAR T cells in a model of pancreatic
ductal cancer adenocarcinoma (PDAC; AsPCl1 cell line). We deleted
CD5 in anti-mesothelin CAR T cells (CARTmeso) using a clinically
relevant CAR construct (M5 clone) previously used in the clinic
(NCT03054298) (27). We used both a late relapse model (high T cell
dose, 0.75 x 10° CAR™ cells) and a primary failure model (low T cell
dose, 0.2 x 10° CAR™ cells) to test the effect of CD5 KO on CAR T
efficacy. In the late relapse model, which included higher T cell
numbers, CD5 KO CAR T cells displayed enhanced tumor control
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Fig. 3. CD5 KO enhances CART19 therapy in B-ALL and CARTmeso therapy in solid tumor model of pancreatic ductal adenocarcinoma. (A) NSG mice were engrafted
with 1 x 10° Nalmé cells (intravenous) on day —5 and injected with 1 x 10° mock or CD5 KO CART19 cells (intravenous) on day 0. Bioluminescence imaging of tumor burden
in each NSG mouse (n = 4 mice per group) engrafted with Nalmé B-ALL cell line. The bolded line represents the median of each group. Representative data of two indepen-
dent experiments are shown. (B) The survival rate of each treatment group in xenograft B-ALL model is shown in a Kaplan-Meier survival curve. (C) NSG mice (n = 5 mice per
group) were engrafted with 1 x 10° Nalmé cells (intravenously) on day —6 and injected with 1 x 10° mock or CD5 KO CART19 cells (intravenously) on day 0. Absolute cell
counts of hCD3* T cells in 100 pl of mouse blood at day 9. (D) NSG mice were engrafted with 15 x 10® HDLM2 HL cells (subcutaneously) on day —62 and injected with
0.25 x 10° mock or CD5 KO CART30 cells (intravenously) on day 0. Left: Tumor volume (in mm?®) in each NSG mouse (n = 6 or 7 mice per group) engrafted with HDLM2 HL
cell line. The bolded line represents the median of each group. Right: Tumor volume of mice on day 63. (E) NSG mice were engrafted with 2 x 10° AsPC1 cells (subcutaneously)
on day —27 and injected with 0.75 x 10° mock or CD5 KO CARTmeso cells (intravenously) on day 0. Tumor volume (in mm?) in each NSG mouse (n = 7 mice per group)
engrafted with AsPC1 PDAC cell line. The bolded line represents the median of each group. Representative data of two independent experiments are shown. (F) Biolumi-
nescence imaging of tumor burden in each NSG mouse. The bolded line represents the median of each group. (G) Absolute cell counts of hCD45" T cells in 100 pl of mouse
blood at day 58. (H) NSG mice were engrafted with 2 x 10° AsPC1 PDAC cells (subcutaneously) on day —23 and injected with 0.2 x 10® mock or CD5 KO CARTmeso cells
(intravenously) on day 0. Tumor volume (in mm?3) in each NSG mouse (n = 4 or 5 mice per group) engrafted with AsPC1 PDAC cell line. The bolded line represents the
median of each group. (I) The survival rate of each treatment group in xenograft PDAC model is shown in a Kaplan-Meier survival curve. (J) Absolute cell counts of hCD45"
hCD3* T cells in 100 pl of mouse blood over time. The bolded line represents the median of each group. (K) Tumor volume (in mm®) in control NSG mice (n = 3) or mice
treated with CD5 KO CARTmeso (n = 2) and rechallenged with AsPC1 cells on day 74. The bolded line represents the median of each group. (L) Left: Integrated GFP inten-
sity of GFP* PC3 cancer cells across 60 hours with the indicated engineered T cell treatment (E:T = 0.5:1). Right: Integrated GFP intensity of GFP* PC3 cancer cells treated with
mock or CD5 KO CART-HER?2 at the 60-hour time point. (M) Left: Integrated GFP intensity of GFP* DM6 cancer cells across 60 hours with the indicated engineered T cell
treatment (E:T= 5:1). Right: Integrated GFP intensity of GFP* DM6 cancer cells treated with TRAC or TRAC CD5 KO TCR-GP100 at the 60-hour time point. Student’s t test was
used to compare two groups; in analyses where multiple groups were compared, one-way ANOVA was performed with Tukey correction. Survival curves were compared
using the log-rank (Mantel-Cox) test. *P < 0.05, **P < 0.01, **#P < 0.001, and ****P < 0.0001. MOS, median overall survival; ns, not significant.
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as measured by both tumor volume and the more sensitive biolumines-
cence (Fig. 3, E and F). Similarly to the previously studied liquid cancer
models, there was a numerical increase in the number of T cells in the
peripheral blood of mice treated with CD5 KO CARTmeso cells
(Fig. 3G). In the primary failure model, which included low CAR T
doses, CD5 KO CARTmeso cells again demonstrated enhanced tumor
control and longer overall survival compared with mock KO CART-
meso cells (median overall survival for mock KO CARTmeso = 46 days
versus CD5 KO CARTmeso = 102 days; P = 0.14, Mantel-Cox; Fig. 3,
H andI). This enhanced survival was again associated with increased T
cell expansion and persistence (Fig. 3]). Last, to assess whether CD5
KO CARTmeso cells can establish prolonged immune memory, long-
term surviving mice were rechallenged with the same tumor (day 74,
2 x 10° AsPC1 cells). CD5 KO CARTmeso cells did not show tumor
engraftment, whereas control mice did (Fig. 3K and fig. 4, C to E),
suggesting that CARTmeso cells are able to establish immunological
memory in these models.

To further confirm the activity of CD5 KO as a generalizable
strategy to enhance CAR T immunotherapy for solid cancers, we
tested an additional solid cancer model using mock KO or CD5 KO
CART-HER?2 (4D5 clone) cells (28) and the HER2™" (dim) prostate
cancer cell line PC3. CAR T cells and PC3 cells were cocultured for
60 hours, and the cytotoxicity of each CAR T product was measured
using live imaging. CD5 KO CART-HER? cells demonstrated higher
tumor killing as compared with mock KO CART-HER2 cells (Fig. 3L).
Last, we hypothesized that the strategy of knocking out CD5 could be
translated into a wide range of immunotherapies in addition to CAR
T treatment, such as engineered TCR therapy, to enhance their effi-
cacy in the clinic. To this goal, we generated TCRx constant (TRAC)
KO T cells (29) further transduced with TCR-GP100 lentivirus (30)
and compared these to cells with a double KO (DKO) of both TRAC
and CD5 using the GP100* melanoma cell line DM6. TRAC CD5 KO
TCR-GP100 cells showed reduced GP100" DM6 tumor growth
in vitro when compared with TRAC KO TCR-GP100 cells using a live
imaging system (Fig. 3M), confirming that CD5 KO could enhance
the efficacy of adoptive T cell therapies as a whole.

CD5 deletion enhances CART cell activation and

cytotoxic machinery

Given the high killing activity of CD5 KO CAR T cells both in vitro
and in vivo, we aimed to define the mechanisms by which CD5 KO
enhances CAR T cell antitumor efficacy. In the context of TCR acti-
vation, CD5 recruits several inhibitory mediators to the cell mem-
brane, such as SHP1, CBL-B, CBL, and others (Fig. 4A) (31-35).
These factors are known to negatively regulate T cell activation
by diminishing the expression and activity of phospholipase C-y
(PLCy), a key protein involved in activating transcription factors
activating protein 1 and nuclear factor B, as well as intracellular
calcium release to activate transcription factor NFAT (36). We hy-
pothesized that the deletion of CD5 might abrogate these mediators’
functions, leading to increased downstream signaling. Bulk RNA
sequencing analysis of mock KO and CD5 KO CARTS5 cells demon-
strated strong differential gene expression between the two groups
(Fig. 4B). Gene set enrichment analysis revealed several pathways
related to the PLCy pathway, such as calcium-dependent events and
diacylglycerol (DAG)-inositol 1,4,5-trisphosphate (IP3) signaling
(Fig. 4C) to be enriched in CD5 KO CARTS5 cells. DAG is known to
play a crucial role in activating the Ras/extracellular signal-regulated
kinase (ERK) pathway in T cells (37, 38). To further understand the
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role of CD5 KO in CAR T function, we used phospho-flow cytom-
etry and measured phospho-ERK1/2 within the Ras/ERK signaling
pathway and phospho-S6 for insights into the phosphatidylinositol
3-kinase/AKT/mTOR pathway. In experiments where CD5 KO
CART19 cells were cocultured with CD19* Nalmé6 cells, we ob-
served an increase in the phosphorylation of these markers, indicat-
ing enhanced activation compared with mock KO CART19 cells
(Fig. 4D). This observation aligns with prior findings that have
shown a rise in ERK (33, 39) and S6 phosphorylation (40) after CD5
inhibition or deletion. Collectively, these data further suggest that
CD5 acts as an inhibitory molecule in T cells and that its KO could
prime CAR T cells to be more prone to increased activation upon
stimulation.

To better understand the differences between mock KO and CD5
KO CART cells in vivo, we conducted single-cell RNA sequencing
on human CAR T cells harvested from a xenograft mouse model.
Mice were first engrafted with CD19" diffuse large B cell lymphoma
(DLBCL) OCI-Ly18 and subsequently treated with mock or CD5
KO CARTI19 T cells. The study was terminated at an early stage, on
day 16 after CART infusion, and T cells from mice treated with ei-
ther mock KO or CD5 KO CART19 cells were harvested and sub-
jected to single-cell RNA sequencing (Fig. 4E). We identified several
clusters of CD4" and CD8* T cells with different memory subsets
(Fig. 4F). We focused on cluster 7 because it was enriched in CD5
KO CART19 cells (fig. S5A). This group was identified to be a CD8"*
cluster that showed profound enrichment of key genes representa-
tive of tumor-reactive, cytotoxic T cells such as PRF1, GZMB, CCL3,
CCL4, IFNG, NKG7, and CST7 (Fig. 4G and fig. S5, B and C) (41-
43). Gene set enrichment analysis of gene ontology on cluster 7
indicated that pathways related to cell killing and cytotoxicity are
predominantly enriched in CD5 KO CART19 cells (Fig. 4G). These
results were confirmed when comparing the entirety of CD5 KO
CART19 cells with mock KO CART19 cells across all clusters,
strongly suggesting that CD5 KO enhances the effector functions of
CD4" and CD8" CAR T (Fig. 4H and fig. S5D). To confirm the RNA
expression data with protein analyses, we conducted cytokine pro-
filing of mouse serum 7 to 10 days after infusion with either mock
KO or CD5 KO CART19 cells in a B-ALL model. In this analysis, we
noted elevated concentrations of the corresponding proteins of sev-
eral genes that were previously observed to be up-regulated in the
single-cell RNA sequencing data, including CCL3 (MIP-1a), CCL4
(MIP-1B), and IFNG (interferon-y; fig. S5E).

CD5 is able to recruit SHP1 (PTPNG6) to the synapse. SHP1 is a
phosphatase that dampens TCR signaling by dephosphorylating
multiple targets. Given the connection between CD5 and the re-
cruitment of SHP1, we sought to compare the functionality of CD5
KO CAR T cells with that of SHP1 KO CAR T cells (fig. S5F) and
whether SHP1 KO could enhance CD5 KO. CD5 KO CAR T cells
exhibited superior tumor control and overall survival compared
with SHP1 KO cells (Fig. 4, I and J). Furthermore, when both SHP1
and CD5 were knocked out simultaneously, the tumor suppression
and survival were equally effective as those achieved by CD5 KO
CART cells.

Moreover, we sought to exclude whether the increased activity of
CD5 KO CAR T cells in our xenograft models was, in part, because
of TCR stimulation in the setting of a xenograft model [xenogeneic
graft-versus-host disease (GVHD)]. To this goal, we used mice lack-
ing WT major histocompatibility complex (MHC) I/II (44) that do
not trigger xenogeneic GVHD because of lack of interaction with
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Fig. 4. CD5 deletion enhances CAR signaling. (A) Schematic describing the inhibitory role of CD5 in T cell activation: Upon activation, CD5 recruits several mediators to
the cell membrane, including SHP1, CBL, and CBL-B. CBL ubiquitinates and promotes the degradation of PLCy1, reducing total protein levels. SHP1 dephosphorylates LAT,
an upstream positive regulator of PLCy1, whereas CBL-B ubiquitinates and promotes its degradation. (B) Principal components analysis shows distinct grouping of mock
KO and CD5 KO CARTS5 cells. n = 2 donors. (C) Gene set enrichment analysis identifies calcium-dependent events and DAG and IP5 signaling as enriched pathways within
CD5 KO CARTS5 cells. NES, normalized enrichment score. (D) For each indicated marker, (left) fold change of CD5 KO CART19 MFI/mock KO CART19 MFI of phosphorylated
marker at indicated time points. (Right) MFI values of phosphorylated marker in mock KO CART19 and CD5 KO CART19 cells in two separate donors. (E) NSG mice were
engrafted with 5 x 10 OCI-Ly18 DLBCL cells (subcutaneously) on day —10 and injected with 4 x 10° mock or CD5 KO CART19 cells (intravenously) on day 0. Biolumines-
cence imaging of tumor burden in each NSG mouse (n = 3 to 8 mice per group) engrafted with OCI-Ly18 cell line. The bolded line represents the median of each group.
(F) Cell type annotations defined by colors indicating different cell types in the dataset. (G) Top: Uniform manifold approximation and projection (UMAP) of all clusters
among mock KO CART19 and CD5 KO CART19 populations. Bottom: Volcano plot of differentially expressed genes in cluster 7 compared with all other clusters and gene
set enrichment analysis of top pathways enriched in cluster 7. (H) Top enriched pathways defined by gene set enrichment analysis of all CD5 KO CART19 cells and the
associated genes. (I) NSG mice were engrafted with 1 x 10° Nalmé B-ALL cells (intravenously) on day —6 and injected with 0.75 x 10® mock or CD5 KO or SHP1 KO CART19
cells (intravenously) on day 0. Left: Bioluminescence imaging of tumor burden in each NSG mouse (n = 4 to 6 mice per group) engrafted with Nalmé B-ALL cell line. The
bolded line represents the median of each group. Right: The survival rate of each treatment group in xenograft B-ALL model is shown in a Kaplan-Meier survival curve
[compared using log-rank (Mantel-Cox) test]. (J) NSG mice were engrafted with 2 x 10% A20 BCL cells (subcutaneously) on day —22, injected with cyclophosphamide
(100 mg/kg, intraperitoneally) on day —1, and injected with 0.3 x 10° mock or mCD5 KO mCART19 cells (intravenously) on day 0. Left: Tumor volume (in mm?) in each
BALB/c mouse (n = 4 to 7 mice per group) engrafted with A20 murine lymphoma cell line. The bolded line represents the median of each group. Middle: Tumor volume
(in mm?®) in each BALB/c mouse engrafted with A20 murine lymphoma on day 10 after CART cell injections. Right: The survival rate of each treatment group in xenograft
A20 model is shown in a Kaplan-Meier survival curve (compared using the Gehan-Breslow-Wilcoxon test). Student’s t test was used to compare two groups; one-way
ANOVA was performed with Tukey correction for multiple comparisons. *P < 0.05, *#P < 0.01, **#P < 0.001, and **##P < 0.0001.
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the TCR (fig. S5G). In this model, we compared mock KO and CD5
KO CARTmeso cells against mesothelin® AsPC1. Although these
mice lacked MHC I/II, CD5 KO CARTmeso cells expanded and
controlled tumor growth as compared with mock KO CARTmeso
cells (fig. S5G), confirming that the expansion is specific to CAR
activation and not confounding TCR activation.

CD5 KOT cells display heightened functions in vivo in an
immunocompetent cancer model

The xenograft cancer models used thus far lacked a functional im-
mune system and the immunosuppressive tumor microenviron-
ment (TME), which may not entirely mirror what is observed in
patients. To assess whether CD5 KO could enhance the efficacy of
adoptive cell therapies in a setting where the immune system oper-
ates fully, we established an immunocompetent CAR T model using
murine CART19 and the A20 B-cell lymphoma model (45). We first
developed a strategy to perform CRISPR-Cas9 in murine CAR T cells.
Briefly, a sgRNA against murine CD5 (mCD5) was designed and used
to knock out mCD5 in primary BALB/c murine T cells (fig. S5H and
table S2). We then used a murine gammaretroviral particle to transduce
a CAR construct targeting murine CD19 (fig. S5H). We tested these
mCD5 KO T cells targeting murine CD19 (mCD5 KO mCART19)
against the mCD19" lymphoma cell line A20 in BALB/c mice. In this
model, mice were injected with A20 cells and treated with a low dose
of CAR T cells or an equal number of control UTD cells after lym-
phodepletion with cyclophosphamide (100 mg/kg). At the time of
infusion, A20 tumors measured an average of ~300 mm”. Although
only around 50% of the mCART19 cells showed successful KO of
mCD5 in the mCD5 KO mCART19 group (fig. S5H), this group
nonetheless slowed down tumor growth and significantly extended
overall survival when compared with control mock KO CART19
cells (median overall survival for mock KO mCART19 = 13 days ver-
sus mCD5 KO mCART19 = 18 days; P = 0.0321, Gehan-Breslow-
Wilcoxon; Fig. 4K). These results suggest that signaling pathways
downstream of mCD5 suppress T cell-mediated tumor control in a
fully preserved TME.

Superior tumor control is demonstrated by CD5 KO as
compared with PD-1 deletion in liquid and solid

cancer models

PD-1 is a critical immune checkpoint in T cells, and several immune
checkpoint inhibitors targeting the PD-1:ligand 1 (PD-L1) axis are
routinely used in the clinic (46). More recently, checkpoint inhibi-
tion has been shown to enhance CAR T immunotherapy in subsets
of patients (47). Furthermore, deletion of PD-1 in adoptively trans-
ferred T cells has been described as a possible strategy to reduce T
cell exhaustion, thereby enhancing the antitumor activity. A pivotal
report demonstrated the feasibility of this approach for patients with
myeloma or sarcoma using PD-1 KO in engineered TCR T cells
(48). Since then, many clinical trials are currently testing PD-1
KO or inhibition in CAR T therapy for cancer (NCT04539444,
NCT03298828, NCT04381741, NCT03287817, NCT03030001,
NCT03182803, and NCT03545815), indicating PD-1 as an ideal
comparator to assess the relative efficacy of CD5 KO in enhancing
CAR T therapy.

We aimed to compare this established strategy to reduce T cell
exhaustion with the disinhibition of early CAR T activation by CD5
deletion. We used the clinically relevant sgRNA (48) to knock out
PD-1 from CART19 cells (fig. S6A and table S2). We first compared
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CD5 KO to PD-1 KO CART19 against the standard CD19* B-ALL
cellline Nalmé. In a high CAR T dose model (1 X 10° CAR* T cells),
both CD5 and PD-1 KO enhanced CAR efficacy equally as com-
pared with mock KO CART19 cells (fig. S6, B and C). However,
when we tested these cells in a “stress” model, with lower CAR T
doses (0.35 x 10° CAR™ T cells), PD-1 KO CART19 were unable to
enhance CAR T efficacy, whereas CD5 KO CART19 cells main-
tained strong tumor control (Fig. 5A). This enhanced tumor control
also correlated with increased overall survival (Fig. 5B) (median
overall survival for mock KO CART19 = 20 days versus PD-1 KO
CART19 = 26 days versus CD5 KO CART19 = undefined) and in-
creased T cell count in the peripheral blood on day 14 (Fig. 5C).

We then compared CD5 KO versus PD-1 KO in a solid tumor
model of PDAC. We compared CD5 KO with PD-1 KO CARTmeso
against the mesothelin® PDAC cell line AsPC1 in NSG-MHC I/II
double KO (DKO) mice (fig. S6, D and E). CD5 KO CARTmeso cells
demonstrated enhanced tumor control and stronger response rates
as determined by tumor volume and bioluminescence imaging
(Fig. 5, D and E). This increased tumor control allowed for enhanced
survival (median overall survival Mock KO CARTmeso = 71 days
versus PD-1 KO CARTmeso = 85 days versus CD5 KO CARTme-
so = undefined; Fig. 5F). Furthermore, we observed a significantly
increased T cell count in CD5 KO CARTmeso-treated mice as com-
pared with controls (Fig. 5G).

Evaluation of the safety of CD5 KO reveals limited

toxic effects

Any gene editing approach carries the risk of off-target unwanted mu-
tations. To verify the accuracy of our CD5 KO approach, we performed
iGUIDE-sequencing (improved genome-wide, unbiased identifica-
tions of double-stranded breaks enabled by sequencing) (49, 50). In
this study, we confirmed high on-targeted cleavage with no off-target
cleavage sites of concern detected when using this sequence within
two separate donors (fig. S7A). The top five oft-target genes by True-
Cut Cas9 or SpyFi Cas9 include CALCP, C200rf85, INPP4B, XPO?7,
and SLCI0A?7. All five potential genes demonstrate little to no ex-
pression in CD4" or CD8" naive T cells as seen by bulk RNA se-
quencing analysis data (https://dice-database.org; fig. S7B), indicating
no obvious basis for concern regarding the location of off-target
cleavage sites.

Another potential issue with an approach that strongly enhances
CAR T activity is the possibility of on-target CAR T transformation
or non-antigen-specific reactivity. To evaluate these risks and the
potential toxicities of CD5 KO in T cells, we performed cytokine-
independent CAR T proliferation assays and in vivo toxicity xeno-
graft models. CD5 KO UTD or CAR T cells did not grow aberrantly
without growth/survival-associated cytokines [interleukin-2 (IL-2)/
IL-7/IL-15], suggesting that these cells still depend on cytokine or
antigen stimulation (fig. S7C). We further evaluated the potential
tumorigenicity of CD5 KO CAR T cells by evaluating their ability to
form colonies using a soft agar colony formation assay. When 5000
or 10,000 cells per agarose gel were seeded, only Jurkat cells (posi-
tive control) were able to form colonies, whereas CD5 KO CART5
cells did not grow (fig. S7D).

We then evaluated whether CD5 KO CAR T cells would generate
nonspecific tissue damage in NSG mice (xenogeneic recognition). To this
goal, we compared CD5 KO CAR T5 with UTD T cells or the gold stan-
dard CART19 product in vivo in NSG mice engrafted with green fluo-
rescent protein—positive (GFP*) Jurkat cells. Although this model is
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Fig. 5. Comparison of CD5 KO with PD-1 KO in CART therapy. (A) NSG mice were engrafted with 1 x 10° Nalmé B-ALL cells (intravenously) on day —6 and injected with
0.35 x 10° mock or CD5 KO or PD-1 KO CART19 cells (intravenously) on day 0. Bioluminescence imaging of tumor burden in each NSG mouse (n = 5 mice per group) en-
grafted with Nalmé B-ALL cell line. The bolded line represents the median of each group. (B) The survival rate of each treatment group in xenograft B-ALL model is shown
in a Kaplan-Meier survival curve. (C) Absolute cell counts of hCD45"hCD3™ T cells in 100 pl of mouse blood at day 14. (D) NSG MHC I/Il DKO mice were engrafted with
2 x 10° AsPC1 PDAC cells (subcutaneously) on day —27 and injected with 0.5 x 10° mock or CD5 KO or PD-1 KO CARTmeso cells (intravenously) on day 0. Tumor volume
(in mm3) in each NSG-MHC I/Il DKO mouse (n = 5 mice per group) engrafted with AsPC1 PDAC cell line. The bolded line represents the median of each group. (E) Biolumi-
nescence imaging of tumor burden in each NSG-MHC I/l DKO mouse. The bolded line represents the median of each group. (F) The survival rate of each treatment group
in xenograft PDAC model is shown in a Kaplan-Meier survival curve. (G) Left: Absolute cell counts of hCD45"hCD3" T cells in 100 pl of mouse blood at day 13. Right: Ab-
solute cell counts of hCD45ThCD3* T cells in 100 pul of mouse blood over time. The bolded line represents the median of each group. One-way ANOVA was performed with
Tukey correction for multiple comparisons; survival curves were compared using the log-rank (Mantel-Cox) test. *P < 0.05, **P < 0.01, ***P < 0.001, and **#*P < 0.0001.

constrained by its lack of human CD5 expression, it was specifically
designed to evaluate potential nonspecific tissue damage that could
arise from cytokine release, inflammation, or nonspecific TCR/MHC
interactions, also known as xenogeneic GVHD. This test is mandated
by the FDA as a standard for toxicity assessment. On day 10 after
CAR T injections, animals were euthanized, and a complete necrop-
sy was performed on all animals (figs. S8 and S9). We analyzed differ-
ent tissues using microscopy after hematoxylin and eosin staining
and GFP staining for cancer cell detection. No treatment-related tis-
sue lesions were observed in CD5 KO CARTS5 cells as compared to
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controls (fig. S8), and GFP™" tumor cells were present in controls but
not in CD5 KO CART5 mice. Moreover, mice were monitored for
clinical signs and weight. Although mice treated with UTD T cells
or CART19 demonstrated overall and organ-specific weight loss be-
cause of tumor progression, CD5 KO CART5 mice showed progres-
sively increasing weight, another sign of lack of apparent toxicities
such as tissue damage or cytokine-release syndrome (fig. S9A). Last,
blood and serum analyses such as complete blood counts and bio-
chemistry were performed, and we found no differences in their
clinical chemistry profile or complete blood counts (fig. S9, B and C).
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Strong clinical relevance seen between CD5 expressionin T
cells and cancer outcomes
To confirm the clinical relevance of the inhibitory role of CD5 in
cancer, we retrospectively investigated whether the expression of
CD?5 relative to CD3e (to normalize for T cell infiltration) in biopsies
of patients with cancer correlated with overall survival (51). We ana-
lyzed The Cancer Genome Atlas database, which contains the RNA
sequencing data on more than 9000 biopsies of more than 33 human
cancer types. In the entire cohort, low CD5/CD3e expression in pre-
treatment biopsies correlated with significantly improved overall
survival (P = 0.0017; fig. S10A). A similar outcome was observed
when analyzing data for the checkpoint receptor PCDCI (PD-1),
whose inhibition with antibodies such as nivolumab or pembroli-
zumab has led to long-term complete responses in relapsed or re-
fractory cancers (fig. SI0A) (46). We then focused on a highly
immunogenic cancer, skin cutaneous melanoma, and observed a
strong correlation between low CD5/CD3e expression and survival
(P = 0.0023; fig. S10B). Overall, looking at all the different cancer
types, low CD5/CD3e expression correlated with better survival in
12 of 33 cancers, whereas low PCDCI/CD3e correlated in 10 of 33.
Last, to directly evaluate the potential efficacy of CD5 in the context
of CAR T immunotherapies within clinical settings, we conducted
an analysis encompassing both 4-1BB- and CD28-costimulated
CART19 treatments, namely, axicabtagene ciloleucel (axi-cel) and
tisagenlecleucel (tisa-cel). Our initial investigation focused on the
baseline tisa-cel product obtained from 13 patients diagnosed with
NHL using the single-cell RNA sequencing dataset sourced from the
work of Haradhvala et al. (52) (Gene Expression Omnibus accession
number GSE197268). Nonresponder patients exhibited notably ele-
vated CD5 RNA expression compared with complete responder pa-
tients (P < 0.0001; Fig. 6A and fig. S10C). Our findings indicated
that on day 7 after axi-cel treatment, complete responder patients
displayed substantially lower amounts of CD5 RNA expression in
peripheral blood cells compared with nonresponders (P < 0.0001;
Fig. 6B and fig. S10C). Collectively, these results imply a correlation
between diminished CD5 expression and enhanced antitumor ef-
fects of CART19 products within clinical contexts, thereby reinforc-
ing the pivotal role of CD5 in the functionality of CAR T cells.

Clinical development of a 5-day manufactured CD5 KO
CARTS5 product for a phase 1 clinical trial for

nonleukemic CD5* TCLs

On the basis of the promising results described above, we sought to
translate CD5-deleted anti-CD5 CAR T to the clinic for the treat-
ment of patients with CD5* TCL. To this end, we modified the man-
ufacturing protocol, shortening it from ~15 to 5 days (Fig. 7A).

Fig. 6. Real-world survival data of CD5 expres-
sion in T cells. (A) CD5 expression in CART cell
infusion products of patients treated with the
FDA-approved CART19 product tisagenlecleucel
[complete responders (CR): n = 5 patients, 29,811
total cells; nonresponders (NR): n = 8 patients,
30,949 total cells]. (B) CD5 expression in CAR T
cells on day 7 of patients treated with the FDA-
approved CART19 product axicabtagene ciloleu-
cel (CR: n = 5 patients, 2727 total cells; NR:n = 6
patients, 6374 total cells). Student’s t test was
used to compare two groups. **##P < 0.0001.

IS

Normalized expression of CD5
N
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A Individual cell expression of CD5in CART B
cells of tisagenlecleucel-treated patients

Complete
responders

Because the SpyFi Cas9 protein demonstrated lower off-target ef-
fects in iGUIDE-sequencing experiments as compared with True-
Cut Cas9 (fig. S7A), we optimized our protocol to use SpyFi Cas9.
We used the MaxCyte electroporation platform given the extensive
clinical use and experience with that system (48). We also revised
the T cell activation strategy and adopted the biodegradable CD3/
CD28 stimulation reagent (TransAct) in place of magnetic CD3/
CD28 Dynabeads with the goal of decreasing cell loss from debead-
ing. The rapid manufacturing protocol was optimized such that cells
were electroporated and activated both on day 0, rather than on days
0 and 1, as in the conventional manufacturing. Consequently, len-
tiviral transduction was performed on day 1 instead of day 2. With
this protocol, we observed CAR expression and CD5 KO peaking
1 day sooner in cells produced by rapid manufacturing (CD5 KO
CART5,4piq) as compared with cells generated by the conventional
manufacturing protocol (CD5 KO CARTS5,,,y) without compromis-
ing population doublings (Fig. 7B). At the end of expansion, CD5
KO CART5,piq cells demonstrated a more activated, central memo-
ry-like phenotype as compared with CD5 KO CART5,,, manufac-
tured cells (Fig. 7C). Furthermore, at baseline, CD5 KO CART5,piq
cells exhibit elevated expression of degranulation and cytokine re-
lease compared with CD5 KO CART 5.y, cells. However, upon acti-
vation through coculture with CD5" Jurkat cells, the expression in
both groups shows relatively similar responses (Fig. 7D).

To compare the efficacy of CD5 KO CARTS5 generated using
both protocols, we performed an in vitro experiment against CD5"
Jurkat. At a reduced E:T ratio of 0.0625:1, CD5 KO CART5,,iq cells
exhibited enhanced cytotoxic effectiveness against Jurkat cells rela-
tive to CD5 KO CART5yy cells. As expected, with increased E:T
ratios, the tumors were completely eradicated, thereby preventing
the possibility to detect any noticeable differences between the two
groups (Fig. 7E). This was further supported by in vivo evidence,
where mice treated with CD5 KO CART5 i cells demonstrated
stronger antitumor responses compared with CD5 KO CART5.4yy
(Fig. 7F), likely because of its more activated state at the time of in-
jection. This increased tumor control correlated with increased
overall survival of mice treated with CD5 KO CART5,,,i4 (median
overall survival CD5 KO CART5.,,, = 44 days versus CD5 KO
CART5,pig = undefined; P = 0.0019, Mantel-Cox; Fig. 7G) and
higher expansion of CD5 KO CART5,piq cells in the peripheral
blood (Fig. 7H).

In conclusion, this study demonstrates that CD5 is a negative regu-
lator and potential immune checkpoint for adoptive T cell immuno-
therapies. We show that CD5 deletion leads to the enhancement of
CAR-T cell function in vivo in several clinically relevant models of liq-
uid and solid tumors. This effect is mediated by an enhanced effector

Individual cell expression of CD5 in CAR T
cells of axicabtagene ciloleucel-treated patients

sk
1

Non-
responders 25

o
{ﬁ cD5

Non-
50y responders

Complete
504 responders
:

A

. a
Normalized expression of CD5

100f 16

20z ‘90 1snbny uo elUeA|ASuuad Jo A1sBAIUN T Blo'adus oS Mmwy/:sdny Wwiol ) papeoumoq



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

A Rapid manufacturing timeline B CD5/CAR expression and population doublings ¢ Memory phenotypes
CD5 expression CARS expression Population doublings of CAR T cells
Day: 0 1 5 A100 100 R 15 5 10
t f t > B & 5 g W Toie
1. Electroporation (AM) CARLV Remove TransAct c 5 b = - T,
+ transduction and freeze 2 2 30 g T
2.CD3/CD28 final product 8 50 0 g5 ° 2 50 EM
TransAct 5 g S 2 Temra
stimulation (PM) s g B os &
0 ® 2 -e- Rapid protocol 2
o i (2] CARgene f.‘!‘.;’ @ 3 5 & s~ Conv protocol g 0
e — % 0 o 0F ©oF of
— SR S S R A S R T S S Rt
O
Days Days Days QQO* 00@* Oov;(»
D Degranulation and cytokine release in CAR T cells g Cytotoxicity against CD5* T cell neoplasm
Media alone Jurkat coculture (4 hours) E-T=0.03125:1 E-T=0.0625:1
CD107a GM-CSF  IFN-y IL-2 TNF-a CD107a  GM-CSF  IFN-y IL-2 TNF-a  zscore 100+
7 : ® Mock KO UTD,,,
Mock KO ralll
UTD,,,, < . =i 4 CD5KO CARTS,,,,
> 50 : = CD5 KO CARTS, 4
CD5 KO ] . :
CARTS5 ] E i :
conv <] Lt
0 < 0+
9 L
CD5 KO . N
CARTS, !
-1 -50

F CD5KO CART5_ invivoeficacy g CD5KO CART5_ .

in vivo efficacy
against T cell neoplasm: Tumor burden against T cell neoplasm: Overall survival

H CD5KO CART5,apid in vivo efficacy against T cell
neoplasm: expansion and persistence

ns

101 100 = 250 . 1000,000
1010 — - 100,000
- g + Mock KO UTD_ | % © 200 " B §
2 10° ~* MockKOUTD,,, 2 = CD5 KO CARTS, ;1 35 - 83
R & CD5KO CARTS,, < - -+ CD5 KO CARTS,,, :|* ) 8 150 w 8
5 — CD5KO CARTS5_ z o2 o E
E 107 £ H 8 100 03 ~ MockKO UTD,,,,
= 3
= E] i S E ., Qo - CD5KOCARTS,,
10 <] Q%5 50 Qo
& £2 - —— CD5KOCARTS,,
105 T T T 0 + T T S . .
0 50 100 150 0 50 100 150 - 100

Days after CAR T injection

Days after CAR T injection

50
Days after CAR T injection

N
o
\dr

%,

Q
OG‘

o, @,
2 %
25, T,
()

Fig. 7. Development of a clinical-grade, rapidly manufactured CD5 KO CART5 product. (A) Rapid CD5 KO CAR T manufacturing protocol. T cells are electroporated
and stimulated both on day 0 and transduced with CAR lentivirus on day 1, and the final product is frozen on day 5. (B) CD5 expression, CAR5 expression, and population
doublings were monitored and recorded for 4 to 5 days in CD5 KO CARTS5 cells manufactured by either the rapid-manufacturing or the conventional-manufacturing
protocol. (C) T cell memory phenotypes of each engineered T cell group after thaw. (D) Heat map of z score normalized levels of CD107a, granulocyte-macrophage colony-
stimulating factor (GM-CSF), IFN-y, IL-2, and tumor necrosis factor-a in CD5 KO CART5 ;i and CD5 KO CART5 oy T cells, with and without 4-hour activation by coculture
with Jurkat (ET = 1:1). (E) Percent cytotoxicity of UTD or CARTS5 cells against CD5" Jurkat T-ALL cells after 72 hours. (F) NSG mice were engrafted with 1 x 10° Jurkat T-ALL
cells (intravenously) on day —7 and injected with 0.5 x 10° CD5 KO CART5 apig or CD5 KO CART5ony cells (intravenously) on day 0. Bioluminescence imaging of tumor
burden in each NSG mouse (n = 5 mice per group) engrafted with Jurkat T-ALL cell line. The bolded line represents the median of each group. (G) The survival rate of each
treatment group in xenograft T-ALL model is shown in a Kaplan-Meier survival curve. (H) Left: Absolute cell counts of hCD45ThCD3* T cells in 100 pl of mouse blood on
day 14. Right: Absolute cell counts of hCD45*hCD3* T cells in 100 pl of mouse blood over time. The bolded line represents the median of each group. One-way ANOVA
was performed with Tukey correction for multiple comparisons; survival curves were compared using the log-rank (Mantel-Cox) test. **P < 0.01.

and cytotoxic phenotype and increased expansion and persistence
of the CD5 KO CARTT cells. In clinical samples, low CD5 expression
in tumor biopsies was associated with better survival, and CAR T
cells from responding patients had lower CD5 expression as com-
pared with nonresponders. We have now defined an improved, rap-
idly manufactured protocol that will be used to test CD5 KO CAR
T cells in a phase 1 clinical trial for CD5" relapsed and refractory
TCL (NCT06420089).

DISCUSSION

The vast majority of patients treated with adoptive T cell therapies will
eventually fail treatment. Therefore, there is a dire need to improve
adoptive T cell immunotherapies to increase long-term responses.

Patel et al., Sci. Immunol. 9, eadn6509 (2024) 19 July 2024

Furthermore, current CAR T products only target B cell malignan-
cies and multiple myeloma, and existing research aims to expand
their use for other cancers such as T cell malignancies.

In this study, we initially sought to develop CAR T for TCLs.
Most CAR T cells designed for use against T cell malignancies focus
on universal T cell markers like CD7 or CD5 (53, 54). However, a
considerable hurdle with these targets is the occurrence of fratri-
cide, where T cells eliminate other T cells that express the target
antigen, either during manufacturing or after infusion. Previous
studies on CART5 cells have indicated minimal fratricide during
manufacturing, but our results suggest that CD5:CARS5 recognition
in our system leads to some degree of fratricide and CD5 down-
regulation. This is in line with previous evidence that CD5 WT
CD28C-based CARTS5 cells can be expanded in vitro (55) but is in
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contrast with another report demonstrating the full fratricide of
CD5 WT 4-1BB-based CARTS5 cells (56). This discrepancy is likely
attributable to the distinct single-chain variable fragments used in
those studies compared with this one and the fact that our approach
uses a lentiviral platform in comparison with a retroviral one. One
strategy used to overcome the fratricide issues associated with
CARTS5 involves modifying the CART5 manufacturing by including
the small-molecule inhibitors dasatinib and ibrutinib to reduce T
cell activation likely caused by fratricide (57); however, further re-
search is needed to assess the long-term clinical effectiveness of such
a system. Our method leverages the clinically established CRISPR-
Cas9 to completely abrogate CD5 from T cells, thereby eliminating
the risk of fratricide during manufacturing and after infusion. In
line with our findings, other groups have shown that CD5 deletion
avoids fratricide in CARTS5 by using CRISPR-Cas9 (22) or base edit-
ing (58).

The critical novelty of this work relies on the finding that CD5
deletion enhances CAR T function in vivo in both liquid and solid
cancer models by enhancement of T signaling, cytotoxicity, and per-
sistence. The absence of CD5 strengthens CAR and TCR signaling,
enhancing calcium-dependent events and DAG and IP; signaling,
as seen by bulk RNA sequencing analysis and confirmed by phospho-
flow cytometry. Mechanistically, we observed enrichment of highly
cytotoxic CAR T in the CD5 KO group in vivo, as demonstrated by
single-cell RNA sequencing. As a result, T cells with deleted CD5
exhibit augmented in vivo expansion and persistence in all tested
models. Crucially, to assess whether CD5 KO outperforms the cur-
rently pursued KO strategies in clinical settings, we conducted a
comparative analysis between CD5 KO and PD-1 KO. We chose
PD-1 because of the extensive literature supporting the benefits of
its blockade and the reported clinical outcomes of PD-1 KO using
CRISPR-Cas9. We purposely selected a cell line (AsPC1) that ex-
presses PD-L1, the ligand of PD-1, and one (Nalm6) that does not
(59) to comprehensively assess the effect of the different gene edits.
Our results demonstrated that CD5 KO outperformed PD-1 KO in
both liquid and solid cancer models. This effect was linked to im-
proved CAR T expansion and the sustained presence of CD5 KO,
potentially aligning with recent findings suggesting that PD-1 KO
might affect memory establishment (60). Numerous other KOs have
been explored in preclinical models as strategies to enhance CAR T
function, including RASA2 (61), PTPN2 (62), TET2 (63), CTLA4
(59), and several others. Although a comprehensive comparison
with all of these KOs would be intriguing, we deemed it beyond the
scope of this study and prioritized PD-1 as the single most relevant
clinical target. The critical role of CD5 KO is bolstered by its valida-
tion in a total of seven cancer models, encompassing both liquid and
solid tumors and using immunodeficient and immunocompetent
mice. Furthermore, our findings held true when applied to TCR-
redirected T cells, underscoring the generalized relevance of this
pathway.

The current study also has limitations. First, any strategy aimed at
enhancing CAR T functionality might lead to increased side effects in
clinical settings, such as cytokine release syndrome/neurotoxicity due
to enhanced CAR T proliferation and activation or autoimmunity due
to TCR disinhibition. Although preclinical models are not always reli-
able for predicting human toxicities, we conducted Investigational New
Drug application-standard studies to evaluate the potential adverse ef-
fects of CD5 KO. The enhanced functionality of CD5 KO CAR T was
not linked to unregulated proliferation or cytokine-independent
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survival. We also carried out a mouse necropsy in a xenograft mod-
el of T cell leukemia and identified no tissue toxicity. Although this
model does not replicate human CD5 expression, it was specifically
designed to check for possible nonspecific tissue damage from fac-
tors like cytokine release, inflammation, or unrelated TCR/MHC
interactions (xenogeneic GVHD). For this study, we used the most
common method to inactivate protein expression in adoptive T cell
therapy, which is CRISPR-Cas9 (64, 65). Although the CRISPR plat-
form has proven to be effective in patients and it is certainly the
most clinically advanced one, there are still concerns/limitations,
such as the potential oft-target effects and chromosomal rearrange-
ments that may occur during the process of double-stranded break
repair (48, 64, 66, 67). Although our initial decision to apply
CRISPR-Cas9 technology to T cells before their activation was to
minimize the coexpression of endogenous CD5 and the engineered
CARS5 on the cell surface, recent studies have provided support for
this specific sequencing, demonstrating it also to be beneficial for
preventing chromosome loss in T cells (68). Furthermore, we did
not find off-targets for the CD5 KO gRNA, but to avoid risks, it
could be possible to develop antibody-mediated degradation of
CD5. For example, previous studies have demonstrated that, upon
binding, anti-CD5 monoclonal antibodies can trigger the internal-
ization of the CD5:antibody complex (39, 69-71), potentially mim-
icking CD5 KO. Our future studies will test and compare the efficacy
of the two methods.

In summary, this research provides evidence that CD5 acts as
an inhibitory regulator and could serve as a new immune check-
point for adoptive T cell immunotherapy. We demonstrated that
the elimination of CD5 boosts the functionality of CAR and TCR
T cells in various clinically relevant models of liquid and solid tu-
mors. These findings suggest that CD5 plays a pivotal role as a sup-
pressor of T cell function and holds promise as a viable clinical
target for bolstering T cell therapies. Encouraged by these promis-
ing findings, we are initiating a phase I clinical trial of the CD5 KO
CARTS5 product for the treatment of CD5" relapsed and refractory
TCL (NCT06420089).

MATERIALS AND METHODS

Study design

The primary aim of this study was to assess the impact of CD5 dele-
tion in adoptive T cell therapies targeting various malignancies. We
established an efficient CRISPR-Cas9-based protocol for CD5 KO
in T cell therapies directed against diverse tumor antigens, including
CD19 and mesothelin. To maintain statistical rigor, we conducted
all in vivo experiments with a minimum number of mice per group
(n =4 to 8 mice per group), ensuring the reproducibility of observed
statistical differences. We used randomization to ensure that the
baseline tumor burden did not differ significantly among treatment
groups, and treatments were administered in a blinded manner. All
T cells used in this study were sourced from healthy volunteers
through the Human Immunology Core (Institutional Review Board
protocol number: 705906) at the Perelman School of Medicine, Uni-
versity of Pennsylvania. The University of Pennsylvania Institutional
Animal Care and Use Committee granted approval for all animal
experiments, and we conducted all animal procedures in accor-
dance with both federal and Institutional Animal Care and Use
Committee guidelines within the University of Pennsylvania’s ani-
mal facility. All experimental protocols were subject to approval by
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the Institutional Animal Care and Use Committee at the University
of Pennsylvania.

Cell lines and primary samples

Unless otherwise specified, all cell lines were cultured in R10 media
[RPMI 1640 (Gibco; catalog no.11875-085) supplemented with 10%
fetal bovine serum (Gibco; catalog no. 16140-071), 1% penicillin
and 1% streptomycin (Gibco; catalog no. 15140-163), 1% Gluta-
MAX supplement (Gibco; catalog no. 35050-079, and 1% Hepes
(Gibco; catalog no. 15630-130)] in a 37°C incubator with 5% CO,.
All cell lines were authenticated by short tandem repeat analysis and
tested for mycoplasma using a MycoAlert Plus Mycoplasma Detec-
tion Kit (Lonza; catalog no. LT07-710). Nalmé, Jurkat, human em-
bryonic kidney (HEK) 293T, AsPC1, HDLM2, PC3, and OCI-Ly18
cell lines were purchased from the American Type Culture Collec-
tion or DSMZ. TH20, a primary PDX model of T-ALL, was gifted by
D. Teachey. DM6 was gifted by B. Carreno. All cell lines were trans-
duced with a lentivirus encoding click beetle green and GFP. When
necessary, cell lines were sorted on a FACSMelody (BD) sorter ma-
chine to achieve >95% target cell population abundance. Primary
T-ALL and primary Sézary cells for in vitro cytotoxicity assay were
provided by the clinical practices of A. Rook. Platinum-E cells used
for retrovirus production were cultured in D10 media (Dulbecco’s
modified Eagle’s medium) supplemented with 10% fetal bovine se-
rum, 1% penicillin and 1% streptomycin, and 1% GlutaMAX. A20
cells were cultured in R10 media supplemented with 0.05 mM
2-mercaptoethanol.

CD5 short gRNA optimization

CRISPR sgRNAs were designed using software integrated into
Benchling (www.benchling.com). For each target gene, eight sgRNA
sequences were designed to target early exon sequences (table S1)
and in vitro transcribed using the GeneArt Precision gRNA Synthe-
sis Kit (Invitrogen; catalog no. A29377) for screening. Cells were
electroporated using the Lonza 4D-Nucleofector Core Unit. Primary
T cells were electroporated using the P3 Primary Cell 4D-Nucleofector
X Kit L (Lonza; catalog no. V4XP-3024). For Cas9 and sgRNA deliv-
ery, the ribonucleoprotein (RNP) complex was initially formed by
incubating 10 pg of TrueCut Cas9 protein v2 (Lonza; catalog no.
A36499) with 5 pg of sgRNA for 10 min at room temperature for
every. Cells (10 x 10°) were spun down at 300g for 5 min and resus-
pended in 100 pl in the specified buffer. The RNP complex and 100
ul of resuspended cells were combined and electroporated using
pulse code EO-115. After electroporation, the cells were incubated
in standard medium containing supplemental cytokines IL-7 and
IL-15 (20 ng/ml) at a concentration of 2 X 10° cells/ml at 37°C. CD5
expression was subsequently monitored at each of the indicated
days. After initial CD5 sgRNA screening (fig. S1C), all experiments
were performed using CD5_gRNA_4.

Lentivirus production

Replication-defective, third-generation lentiviral vectors were pro-
duced using HEK293T cells. About 8 x 10° cells were plated in
T150 culture vessels in standard culture media and incubated over-
night at 37°C. Eighteen to 24 hours later, cells were transfected us-
ing a combination of Lipofectamine 2000 (116 pl; Invitrogen; catalog
n0.11668-019), pVSV/G or pCocal (7 pg), pRSV/Rev. (18 pg),
pGag/Pol (18 pg) packaging plasmids, and 15 pg of expression plas-
mid [CARTS5, 17H2L (23); CART19, EMC63; CART30, TI-159 (25);
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CARTmeso, M5; CART-HER?2, 4D5; and TCR-GP100, TCR976
(HLA-A%*02:01/G280)]. Lipofectamine and plasmid DNA were diluted
in 4 ml of Opti-MEM media (Gibco; catalog no. 31985-070) before
transfer into lentiviral production flasks. At both 24 and 48 hours
after transfection, the culture medium was isolated and concentrated
using high-speed ultracentrifugation (8500 rpm overnight or 25,000 rpm
for 2.5 hours). All CAR constructs were composed of a single-chain
variable fragment (scFV), 4-1BB costimulatory domain, and CD3(
costimulatory domain, unless otherwise noted.

Retrovirus production

MuCARI19-MSGV (murine stem cell virus—based splice-gag vector)
is a 4-1BB costimulated CD3z CAR construct targeting murine
CD19 in an MSGV. About 8 x 10° cells were plated in T150 culture
vessels in the D10 aforementioned culture medium and incubated
overnight at 37°C. Eighteen to 24 hours later, cells were transfected
using a combination of Lipofectamine 2000 (60 pl; Invitrogen; cata-
log n0.11668-019) and muCAR19-MSGV retroviral construct (15 pg).
Lipofectamine and plasmid DNA were diluted in 3 ml of Opti-MEM
media (Gibco; catalog no. 31985-070) before transfer into retroviral
production flasks. At both 48 and 72 hours after transfection, the
culture medium was isolated, filtered (0.45 pm), combined to be
flash-frozen, and stored in —80°C.

Manufacturing of primary human genome-engineered CAR
T cells (conventional manufacturing)

Human T cells were procured through the University of Pennsylva-
nia Human Immunology Core. CD4" and CD8" cells were com-
bined at a 1:1 ratio and used for electroporation. CRISPR-Cas9
sgRNAs were either generated through in vitro transcription using
the GeneArt Precision gRNA Synthesis Kit (Invitrogen; catalog no.
A29377) or chemically synthesized (Integrated DNA Technologies
or Synthego). CD5 sgRNA sequences are listed in table S1. All other
sgRNA sequences used are listed in table S2. sgRNAs (5 pg) were
premixed with 10 pg of TrueCut Cas9 protein v2 (Invitrogen; cata-
log no. A36499; or SpyFi Cas9 when noted; Aldevron; catalog no.
9214-5MG) for 10 min at room temperature to form an RNP com-
plex before electroporation. T cells (10 x 10°) in 100 pl of the buffer
provided with P3 Primary Cell 4D-Nucleofector X Kit L (Lonza;
catalog no. V4XP-3024) were mixed with the RNP complex and
subsequently electroporated using the pulse code EO-115 in a 4D-
Nucleofector (Lonza; catalog no. AAF-1002B). Mock KO cells were
electroporated using the same procedure as described without the
presence of an RNP complex. After electroporation, T cells were in-
cubated at 37°C for 24 hours and subsequently activated using CD3/
CD28 Dynabeads (Gibco; catalog no. 40203D) at a ratio of three
beads per cell. The following day, CAR lentiviral vectors were added
to stimulated cultures at a multiplicity of infection between 1 and 3.
Beads were removed between days 6 and 8 of stimulation, and cells
were counted every other day using a Multisizer 3 Coulter Counter
(Beckman) or Moxi GO II (Orflo) until growth kinetics and cell size
demonstrated that they had rested from stimulation. All T cells were
initially grown with supplemental cytokines IL-7 and IL-15 (20 ng/
ml) that was decreased to 0 ng/ml by the end of the expansion.

Statistical analysis

Data were visualized and analyzed using Prism 9 software (GraphPad).
All results are represented as either individual values or as means =+
SEM unless otherwise noted. All comparisons between two groups
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were performed using two-tailed unpaired Students ¢ test. Compar-
isons between more than two groups were performed by one-way
analysis of variance (ANOVA) with Tukey correction. In analyses
where multiple groups were compared at multiple time points/ra-
tios, two-way ANOVA was performed. Survival data were analyzed
using the log-rank (Mantel-Cox) test unless otherwise noted. The P
values were denoted with asterisks as follows: *P < 0.05, **P < 0.01,
*#%P < 0.001, and ****P < 0.0001.
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