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Therapeutic approaches for clear cell renal cell carcinoma (ccRCC) remain limited; 
however, chimeric antigen receptor (CAR) T-cell therapies may offer novel treatment 

options. CTX130, an allogeneic CD70-targeting CAR T-cell product, was developed for the treatment of 
advanced or refractory ccRCC. We report that CTX130 showed favorable preclinical proliferation and 
cytotoxicity profiles and completely regressed RCC xenograft tumors. We also report results from 16 
patients with relapsed/refractory ccRCC who received CTX130 in a phase I, multicenter, first-in-human  
clinical trial. No patients encountered dose-limiting toxicity, and disease control was achieved in 81.3% 
of patients. One patient remains in a durable complete response at 3 years. Finally, we report on a 
next-generation CAR T construct, CTX131, in which synergistic potency edits to CTX130 confer im-
proved expansion and efficacy in preclinical studies. These data represent a proof of concept for the 
treatment of ccRCC and other CD70+ malignancies with CD70− targeted allogeneic CAR T cells.

Significance: Although the role of CAR T cells is well established in hematologic malignancies, the clin-
ical experience in solid tumors has been disappointing. This clinical trial demonstrates the first complete 
response in a patient with RCC, reinforcing the potential benefit of CAR T cells in the treatment of solid 
tumors.

See corresponding author Sumanta K. Pal discuss this research article, published simultaneously at 
the AACR Annual Meeting 2024: https://vimeo.com/932606570/887520f9cb

ABSTRACT

Introduction
Renal cell carcinoma (RCC) accounts for approximately 

3% of all cancers, with 82,000 new cases and 15,000 deaths 
estimated in the United States in 2023 (1, 2). Clear cell RCC 
(ccRCC) is the most common RCC subtype (3). Although local-
ized disease can often be cured with partial or radical nephrec-
tomy, approximately 30% of patients will develop metastases 
that require systemic therapy (3).

The success of immunotherapy in ccRCC dates back over 
three decades, with durable remission obtained with cytokine 
therapies such as interleukin-2 (IL2; refs. 4–6). The standard 
first-line approach to the management of patients with met-
astatic ccRCC includes dual immune-checkpoint inhibitor 

(ICI) therapy or therapy with an ICI combined with a vascular 
endothelial growth factor (VEGF)-directed therapy (7). These 
approaches result in response rates ranging from 42% to 71% 
(8–11). However, only a minority of patients achieve complete 
responses (CR); the majority will ultimately progress beyond 
first-line treatment and will require subsequent therapies 
(8–11). For patients who do not respond to prior ICI treat-
ment, salvage treatment with VEGF-directed therapies yields 
median progression-free survival (PFS) in the range of 5 to 
8 months, with average overall response rates (ORR) between 
28% and 43% (12–14). Notably, current systemic therapies for 
metastatic ccRCC are applied in a continuous fashion, thereby 
prolonging the duration and exposure to chronic toxicities.

Cluster of differentiation (CD) 70, a member of the tumor 
necrosis factor superfamily, is a costimulatory molecule that 
is transiently expressed on specific immune cells including 
dendritic cells, activated lymphocytes, antigen-presenting cells 
in the gut lamina propria, and T cells in the tonsils, skin, and 
intestines (1, 15–18). Current evidence suggests that signaling 
through CD70 and its receptor (CD27) may support tumoral 
growth by limiting inflammatory T-cell expansion, driving the 
proliferation of immune-suppressive T-regulatory cells, and 
enabling immune evasion (16, 19–21). Elevated and stable ex-
pression of CD70 has been detected in multiple tumor types, 
including several lymphoid malignancies, pancreatic cancer, 
glioblastoma, and ccRCC, with minimal expression in normal 
tissues (1, 17, 22, 23). In a retrospective immunohistochemis-
try (IHC)-based study, CD70 expression was detected in 58% of 
lymphoma samples, 43% of solid tumor samples, and 80% of 
ccRCC samples (16). Notably, CD70 is considered by some to 
be a biomarker for ccRCC (1). CD70 expression is regulated by 
hypoxia-inducible factor (HIF); mutations in the von Hippel–
Lindau gene in the majority of ccRCC stabilize HIF, allowing 
for the activation of CD70 and its downstream targets (24). 
Aberrant expression of CD70 in RCC appears to drive terminal 
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T-cell differentiation and lymphocyte apoptosis (17, 20, 23, 25). 
Therefore, anti-CD70 targeting is being explored as a possible 
therapeutic option for CD70-expressing tumor types.

Several early-phase clinical trials have explored the role 
of CD70-targeted agents, including monoclonal antibodies 
and antibody–drug conjugates, in RCC. These agents have 
demonstrated limited success in ccRCC, with overall accept-
able safety profiles and disease control rates (DCR) ranging 
from 22% to 78% but no instances of CR (21, 22, 26–28).

CTX130 is an investigational, first-in-class, CD70-targeted 
allogeneic chimeric antigen receptor (CAR) T-cell therapy. 
CTX130 is modified with CRISPR-Cas9 gene editing to (i) insert 
an anti-CD70 CAR expression cassette into the T-cell receptor 
alpha constant (TRAC) locus, (ii) disrupt β2-microglobulin 
(β2M) to eliminate major histocompatibility complex (MHC) 
class I surface expression (29), and (iii) disrupt CD70 expres-
sion to mitigate fratricide and enhance performance. The 
precise insertion of the anti-CD70 CAR expression cassette is 
enabled by homology-directed repair.

We describe preclinical in vitro and in vivo results demonstrat-
ing the efficacy and antitumor activity of CTX130 and results 
from the phase I COBALT-RCC clinical trial (ClinicalTrials.gov 
number NCT04438083), in which patients with ccRCC were in-
fused with CTX130 at varying dose levels. We also show that a 
modified version of CTX130 (CTX131) incorporating knockout 
(KO) of Regnase-1 and transforming growth factor β receptor 2 
(TGFβR2) demonstrates improved expansion and potency rela-
tive to CTX130 in preclinical models and therefore has potential 
as an improved treatment option for patients with ccRCC.

Results
CTX130: In Vitro Studies

To assess the benefit of CD70 disruption to the CTX130 
profile, assays were designed to compare CTX130 activity 
with that of an isogenic anti-CD70 CAR T retaining the intact 
CD70 locus (CD70+ anti-CD70 CAR T cells). Cell proliferation 
assays revealed that CTX130 displayed increased (9-fold at 
day 12 after electroporation) cell expansion relative to CD70+  
anti-CD70 CAR T cells (Fig. 1A). Flow cytometry performed on 
CTX130 cells at day 7 after electroporation revealed that most 
cells were T-cell receptor (TCR)-negative (>98%) and CD70- 
negative (>98%). Flow-cytometric analysis also revealed that 
>97% of CD70+ anti-CD70 CAR T cells were TCR-negative and 
>97% were CD70-negative. Approximately 13% of unedited 
control T cells exhibited CD70 expression, suggesting fratricide 
during the manufacturing of CD70+ anti-CD70 CAR T cells.

CTX130 and CD70+ anti-CD70 CAR T cells were also as-
sessed for cytotoxic activity after an increasing number of 

challenges with CD70+ A498 RCC cells. In these assays, multi-
ple rounds of tumor cells were added to the CAR T cells to as-
sess repetitive tumor-killing potential and CAR T-cell exhaus-
tion. CTX130 exhibited sustained cell-killing activity for ≥13 
challenges, whereas CD70+ anti-CD70 CAR T cells lost their 
cell-killing activity after 9 challenges (Fig. 1B).

In vitro cytotoxicity studies were also conducted to demon-
strate the specificity of CTX130 for CD70+ cells (Fig. 1C). 
CTX130 cells were cocultured with CD70high (A498), CD70low 
(ACHN), and CD70− (MCF7) cells, and cytotoxicity was as-
sessed using a luminescence-based cell viability assay. CTX130 
was cytotoxic toward both CD70low and CD70high cells. How-
ever, the cytotoxicity of CTX130 and unedited T cells were 
similar upon coculture with a CD70− cell line.

CTX130: In Vivo Efficacy Studies
To understand the impact of CD70 disruption in CTX130 

on antitumor activity in vivo, a study was conducted com-
paring the A498 RCC xenograft tumor response to CTX130 
(n = 5) with the response to CD70+ anti-CD70 CAR T cells 
(n = 4; both dosed at approximately 8 million CAR+ T cells). 
Administration of CTX130 resulted in complete tumor 
regression, whereas administration of CD70+ anti-CD70 
CAR T cells resulted in no significant antitumor activity 
(Fig. 1D).

To evaluate the potential benefit of disruption of the check-
point gene programmed cell death 1 (PD-1), which has been 
reported to improve potency in other CAR T-cell products 
(30–32), we compared the ability of CTX130 (TRAC−/β2M−/
CD70−) with or without PD-1 KO (PD1−) to eradicate tu-
mors in an A498 subcutaneous xenograft rechallenge model. 
Within 2 weeks, the CAR T cells cleared the initial 50 mm3 
tumor in all mice. Fresh tumor cells were then implanted sub-
cutaneously on the opposite flank 24 days after initial dosing. 
Following the rechallenge, CTX130 completely inhibited tu-
mor growth in all 5 mice. Meanwhile, PD-1 KO reduced CAR 
T potency, as evidenced by the tumor growth observed in 4 
of 5 mice treated with CTX130 with PD-1 KO (TRAC−/β2M−/
CD70−/PD1−; Fig. 1E; ref. 33).

To investigate the ability of disruption of the TCR in 
CTX130 to reduce the risk of graft versus host disease (GvHD), 
immunocompromised mice were irradiated and then admin-
istered a single dose of either unedited T cells or CTX130 
(low dose, 20 million cells/mouse; high dose, 40 million cells/
mouse). Mice were then monitored for symptoms of GvHD 
through-out a 12-week period. Mice that received unedited T 
cells developed fatal GvHD within 21 days of dosing, whereas 
all mice in the CTX130 dose groups survived to the 12-week 
endpoint (Fig. 1F).

Figure 1.  Preclinical efficacy and antitumor activity of CTX130. A, Proliferation of CTX130 versus CD70+ CAR T cells. B, CTX130 and CD70+ anti-CD70 
CAR T-cell cytotoxicity as a percentage of cell lysis after repeated challenges with CD70+ A498 cells. Data points represent a single measurement. C, CTX130 
cytotoxicity toward CD70high (A498), CD70low (ACHN), and CD70− (MCF7) cell lines. Results from cells treated with CTX130 are shown with solid circles, and 
results from cells treated with unedited T cells are shown with open squares. The graph shows the mean ± SD from 3 technical replicates with increasing ratios 
of CTX130 or unedited T cells to tumor cells (0.125:1 to 4:1). D, Antitumor activity of CAR T cells in an RCC xenograft model. Mice were either left untreated 
(n = 5) or injected with CTX130 (n = 5) or CD70+ anti-CD70 CAR T cells (n = 4). Each point represents the mean tumor volume ± SEM. E, Disruption of the PD-1 
checkpoint gene is detrimental to CTX130 CAR T-cell function in a xenograft rechallenge model. Following the first injection of tumor cells, mice (n = 5 per  
group) were left untreated (open circles) or treated with CTX130 (open squares) or PD1− CTX130 CAR T cells (open triangles). At the day 25 rechallenge, 
fresh tumor cells were injected into the left flank of treated mice (CTX130-treated and PD1− CTX130-treated animals represented by solid circles and solid 
triangles, respectively) and a new control group (open lozenges). Each point represents the mean tumor volume ± SEM. F, Mortality due to GvHD in mice (n = 30 
per group) treated with unedited T cells or low (20 million cells/mouse) or high (40 million cells/mouse) doses of CTX130. CAR, chimeric antigen receptor; 
CD, cluster of differentiation; EP, electroporation; GvHD, graft versus host disease; KO, knockout; PD-1, programmed cell death 1; RCC, renal cell carcinoma.

http://AACRJournals.org
http://ClinicalTrials.gov


RESEARCH ARTICLECD70-Targeted Allogeneic CAR T-Cell Therapy for ccRCC

JULY 2024 CANCER DISCOVERY | 1179



RESEARCH ARTICLE Pal et al.

AACRJournals.org1180 | CANCER DISCOVERY JULY 2024

COBALT-RCC Trial: Patient Demographics
COBALT-RCC (NCT04438083) is an open-label, multi- 

center, phase I study evaluating the safety, efficacy, and phar-
macokinetics of CTX130 in patients with relapsed/refractory 
unresectable or metastatic ccRCC. As of October 9, 2023, 16 
patients (median age 63; range, 53–77 years) had undergone 
lymphodepletion [daily, intravenous (i.v.) delivery of 30 mg/
m2 fludarabine and 500 mg/m2 for 3 days] and had received 
CTX130 at dose levels (DLs) ranging from 3 × 107 to 9 × 108 
CAR T cells. Three patients were treated with DL1 (3 × 107 
CAR T cells), including 2 patients who received a single infu-
sion and 1 patient who received 2 infusions of CTX130. All 3 
patients treated at DL2 (1 × 108 CAR T cells) received a single 
infusion of CTX130. At DL3 (3 × 108 CAR T cells), 4 patients 
received a single infusion, and 2 patients received 2 infusions. 
At DL4 (9 × 108 CAR T cells), 1 patient received a single infu-
sion, and 3 patients received 2 infusions.

Table 1 summarizes baseline patient demographics and 
disease characteristics. Patients were predominantly (88%) 
male. All patients had advanced metastatic disease at enroll-
ment and were heavily pretreated, with a median of 3 (range, 
1–6) prior lines of systemic treatment (including prior expo-
sure to both an ICI and a VEGF inhibitor). Four patients re-
ceived prior anticytotoxic T-lymphocyte-associated protein 4 
(CTLA4) therapy (all ipilimumab). In terms of prior tyrosine 
kinase inhibitors, 12 patients received cabozantinib, 7 re-
ceived sunitinib, 3 received pazopanib, 3 received lenvatinib, 
and 3 received axitinib. Data on the presence or absence of 
sarcomatoid or rhabdoid histologic features were collected, 
but not uniformly, and were available for 11 of 16 subjects.  
Of these 11 subjects, 3 had sarcomatoid features only, 1 had 
both sarcomatoid and rhabdoid features, and 7 had neither. 
All patients had intermediate or poor risk disease, as classified 

per the International Metastatic Renal Cell Carcinoma Data-
base Consortium (34).

COBALT-RCC Trial: Safety Results
All 16 patients who received ≥1 CTX130 infusion were in-

cluded in the safety analysis set. Eight (50%) patients expe-
rienced grade 1 or 2 cytokine release syndrome (CRS); there 
were no grade ≥3 CRS events (Table 2), as assessed by the 
American Society for Transplantation and Cellular Therapy 
criteria (35). Four (25%) patients experienced serious adverse 
events (SAE) related to CTX130; all were CRS events. The me-
dian time to CRS onset was 1 day, with a median duration 
of 2 days. No patients experienced immune effector cell– 
associated neurotoxicity syndrome (ICANS) or GvHD. Three 
(19%) patients had SAEs of infections, all unrelated to 
CTX130, including a grade 5 pneumonia that occurred after dis-
ease progression and the start of subsequent anticancer ther-
apy. There was one (6%) instance of a grade 1 infusion-related 
reaction. There were no instances of tumor lysis syndrome, 
hemophagocytic lymphohistiocytosis, or secondary malig-
nancies. An acceptable safety profile was observed across all 
DLs, including no dose-limiting toxicities (DLT). Supplemen-
tary Table S1 summarizes treatment-emergent adverse events 
(AE) related to CTX130.

COBALT-RCC Trial: Efficacy Results
Of the 16 patients who received ≥1 CTX130 infusion 

and were included in the full efficacy analysis set, 13 (81%) 
achieved disease control [CR, partial response (PR), or stable 
disease (SD)], including 12 (75%) patients with SD and 1 (6%) 
patient with a CR (Fig. 2A; Table 3). During periods of disease 
stabilization, patients did not receive any additional antican-
cer therapies. Notably, the patient exhibiting a CR remains 

DL1 (3 × 107 cells) DL2 (1 × 108 cells) DL3 (3 × 108 cells) DL4 (9 × 108 cells) Total
N = 3 N = 3 N = 6 N = 4 N = 16

Median age, y (range) 59.0 (58–64) 60.0 (54–65) 61.0 (53–73) 70.0 (66–77) 63.0 (53–77)
Sex at birth, male, n (%) 3 (100.0) 3 (100.0) 6 (100.0) 2 (50.0) 14 (87.5)
Metastatic disease, n (%) 3 (100.0) 3 (100.0) 6 (100.0) 4 (100.0) 16 (100.0)
Prior anticancer therapies, n (%)
 Systemic therapy 3 (100.0) 3 (100.0) 6 (100.0) 4 (100.0) 16 (100.0)
 Radiotherapy 1 (33.3) 2 (66.7) 4 (66.7) 4 (100.0) 11 (68.8)
 Surgery 3 (100.0) 3 (100.0) 5 (83.3) 4 (100.0) 15 (93.8)
Median prior lines of systemic 

therapy, n (range)
2 (1–3) 3 (2–4) 3 (1–5) 3 (2–6) 3 (1–6)

Median time from diagnosis,  
y (range)

3.4 (2.5–6.3) 2.7 (0.7–3.3) 5.1 (2.5–6.3) 10.5 (5.1–24.0) 4.9 (0.7–24.0)

IMDC category at screening, n (%)
 Favorable 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
 Intermediate 3 (100.0) 3 (100.0) 3 (50.0) 1 (25.0) 10 (62.5)
 Poor 0 (0.0) 0 (0.0) 3 (50.0) 3 (75.0) 6 (37.5)
eGFR <60 mL/min/1.73 m2, n (%) 2 (66.7) 1 (33.0) 1 (16.7) 2 (50.0) 6 (37.5)

Abbreviations: DL, dose level; eGFR, estimated glomerular filtration rate; IMDC, International Metastatic Renal Cell Carcinoma Database Consortium.

Table 1. Patient demographics and disease characteristics in safety analysis set at baseline.
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disease-free at 3 years. The median PFS was 2.9 months (95% 
CI, 1.7–6.0) and median overall survival (OS) was 20.5 months 
(95% CI, 14.3–NA).

COBALT-RCC Trial: Pharmacokinetic and CD70 
Expression Results

Pharmacokinetic analysis was performed on whole blood 
samples utilizing a digital droplet polymerase chain reaction 
(ddPCR) assay specific to the CAR construct. This method 
allows for the characterization of CTX130 CAR T-cell expan-
sion in each patient as copies of CTX130 per microgram of 
total DNA (copies/μg). CTX130 was readily detected 20 min-
utes after infusion. CAR T cells were then redistributed and 
declined to a nadir in most patients around day 2 to day 
3 after infusion. This was followed by rapid expansion with 
peak concentration around day 7 to day 15. CTX130 cells 
then subsequently declined and were no longer detected by 
day 28 (Fig. 2B). Although the kinetics of expansion were sim-
ilar across patients, the levels of expansion showed large vari-
ability, similar to that observed with autologous CAR T cells 
in the ZUMA-1 (36) and TRANSCEND NHL-001 (37) clinical 
trials. Overall, analysis of observed CTX130 peak expansion 
(as measured from day 5 to day 28) showed that the range of 
CTX130 expansion in each DL generally increased with dose 
(Fig. 2C).

IHC analysis was conducted to evaluate CD70 levels in 
pre-and posttreatment tumor biopsy samples (Fig. 2D). Pre-
CTX130 treatment biopsy samples in this relapsed/refractory 
setting showed high CD70 tumoral expression, with a median 
and mean tumor CD70 positivity of 100% and 75.7%, respec-
tively (n = 13; range, 0–100). Paired on-treatment biopsy 
samples were available from 9 patients collected on day 7 
and 10 patients collected on day 42. Tumoral heterogene-
ity, but no CD70 antigen loss, was observed in the samples 
tested (Fig. 2E; Supplementary Fig. S1).

CTX131: Preclinical Efficacy Studies
CTX130 has also been investigated in patients with T-cell 

lymphoma (TCL) in the COBALT-LYM trial (38). Efficacy re-
sults in patients with TCL (including 20% CR and 73% DCR) 
across the same dose range were superior to those seen in 
patients with ccRCC in the COBALT-RCC trial, indicating 
inherent issues with CAR T-cell effectiveness in solid versus 

hematologic cancers. Thus, modification of CTX130 was ex-
plored to obtain an improved CAR T-cell product.

An in vivo murine T-cell screen exploring gene edit combi-
nations that boost potency against solid tumors identified 
Regnase-1 combinations as among the most highly enriched 
hits (39). Additional empirical evaluation of edit combina-
tions was performed in vivo, thereby identifying the combi-
nation of Regnase-1 and TGFβR2 disruption (40). Regnase-1 
destabilizes target messenger RNAs (mRNA) through recog-
nition of a specific stem–loop structure in the 3′ untrans-
lated region. Regnase-1 targets include cytokine genes (e.g., 
Il6, Il2, and Il12b) and genes involved in T-cell activation (e.g., 
Tnfr2, Ox40, and c-Rel; refs. 41–43), and deletion of Regnase-1 
results in cells that are long-lived and display improved per-
sistence and effector function in tumors (44). Thus, disrup-
tion of Regnase-1 allows for the translation of cytokines and 
costimulatory molecules that can enhance CAR T cell expan-
sion and reduce T-cell clearance (45). Transforming growth 
factor β (TGFβ) signaling reduces T-cell proliferation and 
activation, suppresses CD8+ T-cell cytotoxic function, and 
can induce CAR T-cell exhaustion (46, 47). A previous study 
showed that TGFβ signaling can repress expression of a cyto-
toxic gene program (including GzmA, GzmB, FasL, and IFNγ) 
in T lymphocytes and that blocking this signaling can restore 
cytotoxic gene-expression and promote antigen-specific tu-
mor clearance in mice (48). Therefore, disruption of TGFβR2 
reduces the immunosuppressive effects of the tumor micro-
environment, potentially increasing CAR T-cell activity and 
potency (49).

During CAR T-cell activation, CD70+ RCC A498 cells 
were cocultured with CTX130, CTX130 + Regnase-1 KO, 
CTX130 + TGFβR2 KO, or CTX131, and cytokine secretion 
was measured in the supernatant between 0 and 48 hours 
(Supplementary Fig. S2). Interestingly, CTX131 showed a 
higher level of secretion of canonical cytokines associated 
with T-cell activation and cytotoxicity, including IFNγ, IL2, 
TNFα, CD25/IL-2Rα, IL5, and granzyme B, compared with 
CTX130, CTX130 + Regnase-1 KO, and CTX130 + TGFβR2 KO.  
These data are consistent with the increased potency of  
CTX131 versus CTX130 or CTX130 with single gene (Regnase-1 
or TGFβR2) disruption.

The ability of CTX131 to regress established tumors and 
generate systemic antitumor activity was assessed using a  

CAR T-cell dose
DL1 (3 × 107) DL2 (1 × 108) DL3 (3 × 108) DL4 (9 × 108) Total
N = 3 N = 3 N = 6 N = 4 N = 16

Gr 1/2 Gr ≥3 Gr 1/2 Gr ≥3 Gr 1/2 Gr ≥3 Gr 1/2 Gr ≥3 Gr 1/2 Gr ≥3
CRS, n (%) – – – – 4 (66.7) – 4 (100.0) – 8 (50.0) –
ICANS, n (%) – – – – – – – – – –
GvHD, n (%) – – – – – – – – – –
Infectionsa, n (%) – – – 1 (33.3) 1 (16.7) 2 (33.3) 2 (50.0) – 3 (18.8) 3 (18.8)

aIncludes COVID-19, pneumonia, enterocolitis, urinary tract infections, upper respiratory tract infections, sinusitis, mucosal infection, folliculitis, and 
device-related infection.
Abbreviations: CAR, chimeric antigen receptor; COVID-19, coronavirus disease 2019; CRS, cytokine release syndrome; DL, dose level; Gr, grade; GvHD, 
graft versus host disease; ICANS, immune effector cell–associated neurotoxicity syndrome.

Table 2. Report of CRS, ICANS, GvHD, and infections in safety analysis set by dose level.
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xenograft rechallenge study. Treatment of mice bearing sub- 
cutaneous NCI-H1975 lung tumor xenografts with a single i.v. 
dose of CTX130, CTX130 + Regnase-1 KO, CTX130 + TGFβR2 
KO, or CTX131 (CTX130 + Regnase-1 KO + TGFβR2 KO)  

generated complete tumor regression in all mice. However, 
only mice treated with CTX131 were able to durably clear ad-
ditional rechallenges with ACHN and Caki-1 RCC tumor cells 
(Fig. 3A).

Figure 2.  Clinical efficacy and pharmacokinetics of CTX130 and CD70 expression in a phase I clinical trial. A, Responses in COBALT-RCC participants 
stratified by DL received. B, Mean ± SEM peripheral blood concentrations of CTX130 over 28 days after first infusion at DL4 (n = 4). Values below the LOD 
were imputed as half the LOD value. C, Peak expansion of CTX130 in peripheral blood following the first infusion at each DL tested in the COBALT-RCC 
trial. Each bar represents the geometric mean ± geometric SD with each point representing the peak expansion of 1 patient (n = 16). D, Representative 20× 
image of CD70 IHC staining in the tumor. Scale bar, 200 μm. E, CD70 positivity in tumor cells before treatment (n = 13), day 7 after infusion (n = 9), and day 
42 after infusion (n = 10). Each point represents a tumor biopsy sample from 1 patient, and bars represent median values. CAR, chimeric antigen receptor; 
Cmax, peak expansion concentration; DL, dose level; IHC, immunohistochemistry; LOD, limit of detection.

http://AACRJournals.org
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Flow-cytometric analyses were performed on day 44 of the 
xenograft rechallenge study to assess the expansion of CAR T 
cells in the blood. These experiments revealed that CTX130 
cells with a single KO of either Regnase-1 or TGFβR2 were 
present at higher levels than unmodified CTX130 cells. How-
ever, CTX131 cells were present in mouse whole blood at 
higher levels than unmodified CTX130 or either of the single 
KOs (Fig. 3B).

Discussion
In the COBALT-RCC trial, which included heavily pre-

treated patients with ccRCC, we observed an excellent safety 
profile (including no grade ≥3 CRS events). The COBALT-RCC 
trial also demonstrated an encouraging, clinically meaningful 
benefit, as evidenced by a DCR of 81%. Furthermore, this trial 
provided evidence of the first durable CR, now persistent be-
yond 3 years, to a CRISPR-edited allogeneic CD70-targeting 
CAR T cell in solid tumors. This CR may be attributable to 
high tumor CD70 levels and low tumor burden.

The efficacy and safety of CTX130 have already been in-
vestigated in hematologic cancers in the COBALT-LYM trial. 
COBALT-LYM revealed an acceptable safety profile of CTX130 
across all DLs in patients with TCL. Despite promising data, 
the efficacy of CTX130 in ccRCC falls short of its performance 
in TCL (30% CR and 70% ORR at DL ≥3; n = 10; ref. 38).

Given these data, it was proposed that the potency and re-
sulting clinical activity of CTX130 could be enhanced with 
additional edits beyond disruption of TCR, β2M, and CD70 
expression. Therefore, we have developed CTX131, a novel con-
struct that bears the same edits as CTX130 as well as Regnase-1 
disruption (to improve functional CAR T-cell persistence) and 
TGFβR2 disruption (to reduce the immunosuppressive effect 
of TGFβ in the tumor microenvironment; refs. 45, 49).

Although the role of CAR T-cell therapies is well estab-
lished in hematologic malignancies, the overall clinical ex-
perience in solid tumors has been disappointing. The failure 
of CAR T-cell therapy in solid tumors is attributed to sev-
eral mechanisms, including tumor antigen heterogeneity, 
the suppressive tumor microenvironment, toxicities, and in 
some settings, the potency of the CAR construct itself (50).  
Except for a few studies, the majority of early-phase CAR 
T-cell clinical trials in solid tumors have been challenged 
and stopped early either due to excessive toxicities and/ 
or for lack of activity. Encouraging results were reported 
with a few autologous CAR T-cell studies targeting tumors 

expressing claudin 18.2 (51), interleukin-13 receptor alpha 
2 (52), and disialoganglioside 2 (53). However, several other 
studies have been hampered by challenges including SAEs, 
some of which have been attributed to on-target, off-tumor 
toxicities (50). In a recent study assessing autologous prostate 
cancer–specific membrane antigen-directed CAR T cell ther-
apy in patients with metastatic castration-resistant prostate 
cancer (mCRPC), no responses were observed, and 1 patient 
developed grade 4 CRS with hypoxic respiratory failure and 
capillary leak syndrome, leading to death within 30 days of 
treatment (54). A second study in patients with mCRPC tar-
geting prostate cancer stem cell antigen (PSCA) was amended 
early due to several cases of grade 3 cystitis, possibly owing to 
PSCA expression on the urothelium (55). In RCC, there is lim-
ited experience with CAR T-cell therapy. One previous study 
assessed autologous carbonic anhydrase IX-directed CAR T 
cells in 12 patients with RCC. No responses were observed, 
and significant hepatotoxicity was noted at low DLs (56). In 
our study, although CD70 is transiently expressed on B cells, 
natural killer cells, and T cells, we observed no significant 
hematologic or nonhematological toxicities attributable to 
targeting normal tissues expressing the CD70 antigen. Fur-
thermore, we observed encouraging antitumor activity.

Distinguishing our approach from that of several of the stud-
ies discussed above, we also employed a novel off-the-shelf 
CD70 CAR T-cell product derived from allogeneic healthy 
donor T cells. There remain several barriers to the broader 
applicability of autologous CAR T cells, including its labor- 
intensive process, cost, and more importantly the manufac-
turing time constraints, which would limit its use to patients 
with less aggressive disease. In contrast, allogeneic CAR T-cell 
therapies are readily available with predefined product char-
acteristics and secured cell doses, which allows for broader 
applicability to a larger proportion of patients. Finally, our 
experience stands out as the first demonstration of activity 
with CAR T cells in RCC.

As previously noted, dual checkpoint inhibition (with 
CTLA4/PD-1 blockade) or combination treatment with ICIs 
and VEGF inhibitors represents the mainstay of treatment. 
Beyond these therapies, other targeted agents are frequently 
applied at the discretion of treating clinicians given the paucity 
of comparative efficacy data. Although prospective data are 
scant, some contemporary trials suggest response rates of ap-
proximately 20% in this setting (57). Therefore, although the 
singular CR observed with CTX130 in this study is encour-
aging and serves as proof-of-principle, we feel that CTX131 

CAR T-cell dose
DL1 (3 × 107) DL2 (1 × 108) DL3 (3 × 108) DL4 (9 × 108) Total
N = 3 N = 3 N = 6 N = 4 N = 16

ORR (CR + PR), n (%) 1 (33.3) 0 (0.0) 0 (0.0) 0 (0.0) 1 (6.3)
 CR, n (%) 1 (33.3) 0 (0.0) 0 (0.0) 0 (0.0) 1 (6.3)
DCR (CR + PR + SD), n (%) 3 (100.0) 2 (66.7) 4 (66.7) 4 (100.0) 13 (81.3)
 SD, n (%) 2 (66.7) 2 (66.7) 4 (66.7) 4 (100.0) 12 (75.0)

Abbreviations: CAR, chimeric antigen receptor; CR, complete response; DCR, disease control rate; DL, dose level; ORR, overall response rate; PR, partial 
response; SD, stable disease.

Table 3. Summary of response rate in the full analysis set by dose level.
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(which boasts significantly greater preclinical activity and 
longer persistence of CAR T cells) is better poised to gener-
ate stronger antitumor activity that could supersede current 
options. A phase I clinical trial is planned that will include 
RCC as well as other CD70-expressing tumors. Based on pre-
liminary data from ongoing clinical trials, future trials will 
be focused on the next-generation CAR T product CTX131.

Limitations of the clinical data presented include the rel-
atively small sample size, though this comes in the context 
of a phase I dose-escalation study. Additionally, heavily pre-
treated patients, who have a more substantial disease burden, 
were included, perhaps due to the exploratory nature of this 
therapy. Little is known about how this may change disease 
biology and responsiveness to CAR T-cell therapy. It has been 
established that parameters such as effector:target ratio may 
affect the efficacy of CAR T-cell therapies.

The findings from this study represent a proof of concept for 
further exploration of CD70-targeted CAR T cells in ccRCC and 
other CD70+ malignancies and illustrate the direction of future 
studies evaluating the improved CD70 CAR T cell construct 
CTX131. Further, the Regnase-1 and TGFβR2 modifications  
incorporated into the CTX131 product may be applicable to 
other allogeneic CAR T products beyond those for ccRCC. Cur-
rently, for patients with refractory disease, treatment entails 
prolonged courses of VEGF inhibitors or multitargeted tyrosine 
kinase inhibitors, with or without ICIs. These frequently lead to 
chronic toxicities (e.g., diarrhea, fatigue, hand–foot syndrome), 
with limited durable benefits. It is our hope that the CAR T-cell 

approach proposed herein can offer durable responses with an 
acceptable safety profile and be a potential cure for these high-
risk patients who otherwise have an overall poor prognosis.

Methods
Production of CTX130 and CTX131

CTX130 was manufactured from healthy donor T cells via CRISPR- 
Cas9 gene editing (Supplementary Fig. S3). A recombinant adeno- 
associated virus (AAV) vector was used to insert an anti-CD70 CAR 
expression cassette into the TRAC locus, disrupting TCR expression 
and minimizing the risk of GvHD. Two additional guide RNAs were 
electroporated into cells to disrupt the expression of β2M (to mini-
mize MHC-mediated immune rejection of the CAR T-cell product) 
and CD70 (to improve T-cell function and minimize fratricide).

CTX131 was manufactured from healthy donor T cells via CRISPR- 
Cas9 gene editing (Supplementary Fig. S4). A recombinant AAV vector 
was used to insert an anti-CD70 CAR expression cassette into the 
TRAC locus, disrupting TCR expression and minimizing the risk of 
GvHD. Four additional guide RNAs were electroporated into cells to 
disrupt expression of β2M (to minimize MHC-mediated immune re-
jection of the CAR T product), CD70 (to improve T-cell function), 
Regnase-1 (to remove the intrinsic brake on T-cell function), and 
TGFβR2 (to remove the extrinsic brake on T-cell antitumor activity). 
Editing of the TGFβR2 and Regnase-1 genes was assessed by Sanger 
sequencing-based tracking of indels by decomposition analysis. 
TGFβR2 KO was verified at the mRNA level by ddPCR. Regnase-1 
protein KO was confirmed by capillary Western immunoassay using 
an anti-ZC3H12A rabbit polyclonal antibody (Proteintech, Rosemont, 
IL; catalog no. 25009-1-AP; RRID: AB_2879844).

Figure 3.  CTX131 efficacy studies. A, Tumor growth 
 in a xenograft rechallenge model. Following the injection 
of tumor cells, mice (n = 4 per group) were left  
untreated (black circles) or treated with CTX130 (black  
squares), CTX130 + Regnase-1 KO (black triangles), 
CTX130 + TGFβR2 KO (black inverted triangles), or 
CTX131 (red squares). Note that only mice receiving CAR 
T cells showing efficacy in the previous challenge were 
subjected to rechallenge. Each point represents the mean 
tumor volume ± SEM. B, CAR T cell counts in mouse whole 
blood were measured by flow cytometry at day 44 after 
CAR T injection. CAR T cells were identified as human 
CD45+/CD70 CAR+/CD3− cells. Error bars, SEM. n = 2 
biological replicates. LLOD = 3 counts/100 μL blood.  
CAR, chimeric antigen receptor; KO, knockout; LLOD, 
lower limit of detection; TGFβR2, transforming growth 
factor β receptor 2; RCC, renal cell carcinoma.
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Cell Lines
All cell lines used in the article were obtained from ATCC and were 

thawed and cultured according to the ATCC-recommended protocol: 
A498 cells (female; catalog no. HTB-44; RRID: CVCL_1056), ACHN 
(male; catalog no. CRL1611; RRID: CVCL_1067), Caki-1 (male; cat-
alog no. HTB-46; RRID: CVCL_0234), NCI-H1975 (female; catalog 
no. CRL-5908; RRID: CVCL_1511), and MCF-7 (female; catalog no. 
HTB-22; RRID: CVCL_0031). Cell lines used for in vitro studies were 
not tested for Mycoplasma and were used for the described experi-
ments between passages 3 and 12.

Cell lines used for in vivo studies were used as follows. A498 cells 
were authenticated on June 11, 2018; tested for Mycoplasma on May 23, 
2018, June 1, 2018, June 6, 2018, June 13, 2018, and June 27, 2018; and 
used at passage P16+8. NCI-H1975 cells were authenticated on March 
29, 2021, tested for Mycoplasma on March 31, 2021, and used at passage 
P8+3. ACHN cells were tested for Mycoplasma on May 6, 2021, and May 
13, 2021 and were used at passage P5+4. No authentication of ACHN 
was performed prior to this study. However, the cell line was authenticat-
ed on September 22, 2022, after the completion of the study. Caki-1 cells 
were authenticated on March 29, 2021, tested for Mycoplasma on June 10, 
2021, and June 17, 2021, and used at passage P17+3.

In Vitro CTX130 Studies
For the in vitro proliferation studies, CTX130 cells were manufac-

tured with or without CD70 KO. After gene editing, CAR T cells were 
cultured for 2 weeks, and viable cells were counted at regular intervals.

For the cytotoxicity rechallenge study, CTX130 and CD70+ anti- 
CD70 CAR T-cell cytotoxicity was assessed using a CellTiter-Glo 
luminescence assay. For the initial challenge, CTX130 or CD70+ anti- 
CD70 CAR T cells were cocultured with A498 cells at a 4:1 T-cell to 
target-cell ratio in T-cell media with human serum and cytokines  
(IL2 and IL7) for 3 to 4 days. CAR T cells were then collected from 
the supernatant of the coculture, washed, and cocultured again with 
fresh A498 cells for the next challenge. The cell-killing activity of the 
CAR T cells was measured after a defined numbers of challenges us-
ing a CellTiter-Glo luminescence assay following a 24-hour coculture 
with fresh A498 cells at a 2:1 T-cell to target-cell ratio.

The cytotoxic activity of CTX130 against tumor cells expressing 
low (ACHN) or high (A498) levels of CD70 or with no CD70 ex-
pression (MCF7) was also assessed using a coculture system and a 
CellTiter-Glo luminescent cell viability assay.

In Vivo CTX130 Efficacy Studies
The ability of CTX130 to affect tumor cell growth was evaluated in 

a standard subcutaneous solid tumor model of CD70+ RCC in NOG 
(NOD.Cg-PrkdcscidIl2rgtm1Sug/JicTac) mice. This model utilized A498 
cells, which are derived from a primary RCC tumor.

In the in vivo study comparing the efficacy of CTX130 with CD70+ 
anti-CD70 CAR T cells, 5 million A498 cells were injected subcuta-
neously into the right flank of NOG mice. When the mean tumor 
size reached approximately 150 mm3, mice were either left untreated 
(n = 5) or injected i.v. with 8 × 106 CTX130 cells per mouse (n = 5) or 
with 7.5 × 106 CD70+ anti-CD70 CAR T cells (n = 4) per mouse. Tu-
mor volume was obtained via caliper measurements twice weekly for 
the duration of the study.

In the xenograft rechallenge study, 5 million A498 cells were in-
jected subcutaneously into the right flank of NOG mice. Tumors 
were allowed to grow to an average size of approximately 51 mm3, 
after which the tumor-bearing mice were randomized into 2 groups  
(n = 5 per group). Group 1 was left untreated, whereas groups 2 and 
3 received ≈8 × 106 CTX130 and PD1− CTX130 cells, respectively. On 
day 25, a tumor rechallenge was initiated whereby 5 × 106 A498 cells 
were injected into the opposite (left) flank of treated mice and into a 
new control group. Tumor volume was obtained via caliper measure-
ments twice weekly for the duration of the study.

GvHD was investigated in 8- to 9-week-old immunocompromised 
[NOD/SCID/IL2Rγnull (NSG)] mice. Animals weighed 18 to 31 grams 
at the start of treatment. Mice were irradiated and then administered a 
single dose of either unedited T cells or CTX130 (low dose, 20 million 
cells/mouse; high dose, 40 million cells/mouse). Mice were then moni-
tored for symptoms of GvHD [characterized by the observation of ≥2 
of the following conditions: inactivity and decreased responsiveness, 
respiratory distress, abnormal appearance (e.g., dull fur, hunched back, 
piloerection, partly closed eye, red skin, slow skin turgor, and/or skin pal-
lor), weakness, lack of coordination, lying on side, and/or body weight 
loss of ≥20% over a 1-week period] throughout a 12-week period.

All animal study protocols were designed by CRISPR Therapeutics 
and approved by an external IACUC panel prior to study initiation.

Cytokine Secretion Analysis
The A498 adherent cancer cell line was trypsinized and seeded 

in ATCC-recommended media (EMEM + 10% FBS) in a 6-well plate 
(Corning Inc.; catalog no. 3506). Cells were cultured overnight at 
37°C with 5% CO2. On the following day, effector cells (CTX130, 
CTX130 + Regnase-1 KO, CTX130 + TGFβR2 KO, and CTX131) were 
collected from culture and seeded on the A498 cells at a 2:1 ratio in 
cytokine-free media (X-VIVO 15 + 5% human AB serum; Lonza, and 
Valley Biomedical Inc.; catalog no. HP1022). The coculture was incu-
bated at 37°C with 5% CO2. Cell supernatants were collected at the 
following time points, T0 (before incubation), T2 (2 hours after in-
cubation), T4 (4 hours after incubation), T24 (24 hours after incuba-
tion), and T48 (48 hours after incubation), and were stored at −80°C 
until they were assayed for cytokine expression. Quantification of 
cytokine secretion was performed on the cell supernatants using the 
Human Magnetic Luminex Assay (R&D Systems Inc.; catalog no. LX-
SAHM-17) according to the manufacturer’s protocol.

CTX131 Efficacy Studies
Five million NCI-H1975 cells were injected subcutaneously into the 

right flank of NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) mice. Tumors 
were allowed to grow to an average size of approximately 90 mm3, after 
which the tumor-bearing mice were randomized into 5 groups (n = 4 
per group). Group 1 was left untreated, group 2 received approximately  
8 million CTX130 cells, group 3 received approximately 8 million 
CTX130 + Regnase-1 KO cells, group 4 received approximately 8 mil-
lion CTX130 + TGFβR2 KO cells, and group 5 received approximately 
8 million CTX131 cells. On day 31, a tumor rechallenge model was ini-
tiated whereby 10 million ACHN RCC cells were injected into the left 
flank of treated mice and into a new control group. Finally, on day 69, 
another rechallenge was initiated whereby 5 million Caki-1 RCC cells 
were injected into the right flank of treated mice and into a new control 
group. Rechallenges only occurred in mice receiving CAR T cells that 
showed efficacy in the previous challenge. Tumor volume was obtained 
via caliper measurements twice weekly for the duration of the study.

All animal study protocols were designed by CRISPR Therapeutics 
and approved by an external IACUC panel prior to study initiation.

Flow-Cytometric Analyses
Whole blood samples were collected from 2 mice in each treatment 

group of this study by Translational Drug Development (TD2; Scott-
sdale, Arizona) via submandibular survival bleed. The blood collec-
tion was performed on day 44 after CAR T-cell infusion.

Mouse whole blood samples were placed in K2-EDTA tubes at TD2 
and then shipped overnight to CRISPR Therapeutics on ice packs 
(≈4°C). Within 24 hours of collection, 100 μL of blood was mixed 
with 200 μL red blood cell (RBC) lysis buffer (eBioscience 1× RBC 
Lysis Buffer, Thermo Fisher Scientific) in a 96-well U-bottom plate 
at room temperature (RT) for 10 minutes. The plate was centrifuged 
at 1,500 rpm for 5 minutes to collect cell pellets containing both 
mouse lymphocytes and human CAR T cells. To ensure complete 
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lysis of mouse RBCs, the cell pellets were resuspended in another 250 
μL RBC lysis buffer for 10 minutes. Cell pellets were then incubated 
with mouse Fc receptor (FcR) block (catalog no. 101320, BioLegend; 
RRID: AB_1574975) at RT for 15 minutes to reduce nonspecific bind-
ing of immunoglobulin to the mouse FcRs. CAR T-cell–specific staining 
was achieved by incubating the cell pellets with biotinylated anti- 
idiotypic anti-CD70 CAR antibody (CRISPR Therapeutics, clone: 
20H05-02D09-Biotin) for 30 minutes at RT. Lastly, quantification 
and immunophenotyping of CAR T cells were assessed with a flow- 
cytometric panel using the antibodies listed in Supplementary Table 
S2. Lymphocytes were gated on forward and side scatter areas (FSC-A 
and SSC-A, respectively). Single cells were then gated on FSC-A and 
forward scatter height (FSC-H), followed by gating for human leuko-
cytes (human CD45+/mouse CD45−). CAR T cells were defined as the 
human CD45+/anti-CD70 CAR+/CD3− cell population.

COBALT-RCC Study Oversight
The study sponsor (CRISPR Therapeutics) designed the study pro-

tocol with oversight provided by the study steering committee and an 
independent data monitoring committee. The research protocol was 
approved by the CRISPR Therapeutics review board/ethics commit-
tee, and participants provided written informed consent. The study 
was performed in accordance with the principles set forth in the Dec-
laration of Helsinki. All authors had access to the data and approved 
the decision to submit the manuscript for publication. All the au-
thors vouch for the accuracy and completeness of the data presented 
here, and the representatives of CRISPR Therapeutics vouch for the 
fidelity of the trial to the protocol.

COBALT-RCC Trial Design and Eligibility
COBALT-RCC (NCT04438083) is an open-label, multicenter, 

phase I study evaluating the safety, efficacy, and pharmacokinetics of 
CTX130 in patients with unresectable or metastatic, relapsed, or re-
fractory ccRCC. Eligibility was limited to patients ages ≥18 years who 
had prior exposure to an ICI and a VEGF inhibitor.

Patients received standard lymphodepletion with fludarabine/ cy-
clophosphamide (30 mg/m2 fludarabine and 500 mg/m2 cyclophos-
phamide i.v. daily for 3 days) followed by a single infusion of CTX130 
(DL1, 3 × 107 CAR T cells; DL2, 1 × 108 CAR T cells; DL3, 3 × 108 CAR 
T cells; DL4, 9 × 108 CAR T cells; Supplementary Fig. S5; Supplemen-
tary Fig. S6). A standard 3+3 trial design was used, in which 3 to 6 
subjects were enrolled at each dose level depending on the occurrence 
of DLTs.

The dosing of CTX130 was informed by prior clinical experience 
with CAR T cell therapies. For example, the starting dose of CTX130 
(3 × 107 CAR T cells) is at least 0.32 log lower than the approved doses 
of autologous CD19-directed CAR T cells for non-Hodgkin lymphoma 
and more than 1 log lower than the average starting dose used in 
many published clinical trials with autologous CAR T-cell therapies 
directed at solid tumors (58, 59).

The primary objective of this study was to assess the safety of 
CTX130 by the incidence of AEs, defined as DLTs. A secondary ob-
jective was to assess the efficacy of CTX130, as measured by ORR ac-
cording to RECIST guidelines (v1.1). The response assessment was 
performed locally by the investigator in this dose-escalation phase. 
Other secondary objectives were to assess PFS, OS, time to response, 
and duration of response and to characterize pharmacokinetics (ex-
pansion and persistence) of CTX130 in the blood.

Patients were permitted to receive ≤2 additional doses of CTX130 
after lymphodepleting chemotherapy based on the investigator’s deci-
sion and in consultation with the sponsor’s medical monitor. To be 
considered for redosing, patients must have either: (i) achieved a PR or 
CR after the initial or second CTX130 infusion and have an increase in 
tumor size (sum of target lesion diameters) of ≥10% within 2 years of 
the last dose or (ii) achieved SD or progressive disease with significant 

clinical benefit at the day 42 study visit after the most recent CTX130 
infusion. Repeat dosing decisions were based on local computed to-
mography scan/assessment. The earliest time at which a patient could 
be redosed was 8 weeks after the initial or second CTX130 infusion.

Following CTX130 infusion, patients were monitored for acute 
toxicities (days 1–28), including CRS, ICANS, GvHD, and other AEs. 
After the 28-day acute toxicity monitoring period, patients will be 
monitored for ≤5 years and assessed for ccRCC response (with initial 
efficacy assessment at day 42), disease progression, and survival. Mon-
itoring during this period will include physical exams, laboratory and 
imaging assessments, and AE assessments.

COBALT-RCC Patient Samples
Whole blood and tumor samples were collected from patients in 

the COBALT-RCC trial according to the collection regimen outlined 
in the trial protocol. Where posttreatment tumor samples were col-
lected, they were collected from the same organ site as the screening 
sample. All patients provided written consent.

ddPCR
DNA was extracted from whole blood samples using the Qiagen 

Blood DNA Midi Kit (catalog no. 816-0551, Qiagen). DNA samples 
were digested with the BamHI (catalog no. 852-0449, New England 
Biolabs) and KpnI (catalog no. 852-0450, New England Biolabs) en-
zymes. The ddPCR reaction was prepared with 2× ddPCR Supermix 
(Bio-Rad), FAM dye/MGB probe targeting the CAR insert (Thermo 
Fisher), VIC dye/QSY probe targeting the reference gene ABHD4 
(Thermo Fisher), deoxynucleoside triphosphates, and MgCl2. Drop-
lets were generated automatically with the QX200 Droplet Genera-
tor (Bio-Rad; RRID: SCR_019707). The reactions were placed in the 
thermal cycler and subjected to the following conditions: enzyme 
activation at 95°C for 10 minutes; 45 cycles of 94°C for 30 seconds, 
64°C for 1 minute, and 72°C for 2 minutes; 98°C for 10 minutes; and 
a final 4°C step for 2 hours. Droplet acquisition and analysis were 
performed with the QX200 Droplet Reader and QuantaSoft Software 
(Bio-Rad). The number of copies of the CAR construct (per micro-
gram) was plotted against the visit days, and the peak number of cop-
ies of the CAR construct (per microgram) was plotted against the DL 
using GraphPad Prism by Dotmatics.

CD70 IHC
IHC analysis of CD70 was performed using automated detection at 

RT on the Leica BOND RX autostainer (Leica Biosystems). Specimens 
were sectioned at 5-μm thickness, mounted onto positively charged 
glass slides, dried, and baked for 30 minutes at 60°C. Tissue slides were 
deparaffinized and rehydrated with xylene (catalog no. 134B, Medical 
Chemical Corporation) followed by a graded ethanol series (100% to 
80%, catalog no. 374B, Medical Chemical Corporation). Tissue slides 
were rinsed in distilled water prior to being placed in the Leica BOND 
RX autostainer. Heat-induced epitope retrieval was performed with 
BOND ER2 for 20 minutes at 100°C. Tissue slides were incubated in 
Peroxide Block (catalog no. DS9800, BOND Polymer Refine Detection 
Kit, Leica) for 5 minutes, ISH/IHC SuperBlock (catalog no. PV6122, 
Leica) for 10 minutes, and CD70 primary antibody (10 μg/mL Clone 
4E6G9, CRISPR Therapeutics) or isotype control for 30 minutes. For 
detection, tissue slides were incubated in Post Primary (BOND Polymer 
Refine Detection Kit, Leica) for 8 minutes, Polymer (BOND Polymer 
Refine Detection Kit, Leica) for 8 minutes, and Mixed DAB Refine for 
10 minutes. Slides were counterstained with hematoxylin (BOND Poly-
mer Refine Detection Kit, Leica) for 5 minutes. The tissue slides were 
removed from the autostainer, dehydrated, and cleared with a graded 
ethanol series and xylene. Coverslip mounting was performed using an 
automated tape coverslipper (Sakura Fine-Tek). Staining was evaluated 
by a pathologist under a light microscope. Percent CD70 positivity was 
plotted for each visit day using GraphPad Prism by Dotmatics.
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Data Availability
The deidentified data that underlie the results reported in the arti-

cle, as well as information from the protocol, will be available follow-
ing article publication. Researchers should submit a methodologically 
sound proposal for materials or data to medicalaffairs@crisprtx.com.
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