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The efficacy of chimeric antigen receptor (CAR) T cell therapy in solid tumours is 
limited by immunosuppression and antigen heterogeneity1–3. To overcome these 
barriers, ‘armoured’ CAR T cells, which secrete proinflammatory cytokines, have  
been developed4. However, their clinical application has been limited because of 
toxicity related to peripheral expression of the armouring transgene5. Here, we have 
developed a CRISPR knock-in strategy that leverages the regulatory mechanisms  
of endogenous genes to drive transgene expression in a tumour-localized manner.  
By screening endogenous genes with tumour-restricted expression, we have identified 
the NR4A2 and RGS16 promoters as promising candidates to support the delivery  
of cytokines such as IL-12 and IL-2 directly to the tumour site, leading to enhanced 
antitumour efficacy and long-term survival of mice in both syngeneic and xenogeneic 
models. This effect was concomitant with improved CAR T cell polyfunctionality, 
activation of endogenous antitumour immunity and a favourable safety profile,  
and was applicable in CAR T cells from patients.

Adoptive T cell therapy (ACT), including transgenic T cell receptor 
(TCR) therapy and CAR T cell therapy, has encouraging clinical poten-
tial for the treatment of cancer. In particular, CAR T cell therapy has 
achieved impressive outcomes in the treatment of haematological 
malignancies6. However, the lack of efficacy in the solid tumour set-
ting continues to be a challenge, owing to a number of factors, includ-
ing immunosuppression in the tumour microenvironment, tumour 
antigen heterogeneity and limited trafficking of CAR T cells to the  
tumour1–3.

One promising approach to address these limitations is engineer-
ing T cells to express an immunomodulatory factor, such as a proin-
flammatory cytokine, that can enhance antitumour responses; these 
engineered cells are known as armoured T cells4. Several seminal 
studies have highlighted the potential of T cells armoured with cyto
kines such as interleukin-2 (IL-2)7,8, IL-12 (refs. 9,10), IL-15 (ref. 11), IL-18 
(refs. 12,13), Flt3L (ref. 14), interferon-γ (IFNγ)15 and IL-7/CCL19 (ref. 16). 
However, peripheral expression of proinflammatory cytokines can 
lead to toxicity, so this is a key concern when developing armoured  
T cells.

To address this, several strategies have been developed to restrict 
expression of the armouring transgene to the tumour site17–20. Most of 
these rely on synthetic promoters and circuits to link transgene produc-
tion to tumour-associated events such as TCR/CAR activation, includ-
ing the nuclear factor of activated T cells (NFAT)-inducible promoter 
system17 and the synthetic Notch (SynNotch) system18,19. However, when 
using these approaches, the control of gene expression is limited to 
short segments of regulatory DNA that are unable to fully encapsulate 
the nuances of gene regulation required for precise and site-specific 
gene expression. Indeed, both preclinical and clinical data indicate that 
the NFAT promoter system, which is currently the most widely used 
inducible system for armouring T cells, does not completely restrict 
transgene expression to the tumour site5,21,22. This includes a clinical trial 
of NFAT–IL-12 armoured T cells that was prematurely terminated when 
severe toxicity occurred (NCT01236573)5. Thus, for armoured T cells 
to be a viable clinical option, more stringent regulatory mechanisms 
are required.

The advent of CRISPR introduced the ability to insert transgenes  
into specified genomic loci by homology-directed repair (HDR)23–25.  
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One application of this approach is to control transgene expression 
through the regulatory mechanisms of an endogenous gene. In this study,  
we proposed that we could leverage this ability to achieve tumour- 
localized expression of proinflammatory factors by CAR T cells and 
minimize systemic toxicity.

By screening for genes with increased transcriptional activity in intra-
tumoral relative to splenic CAR T cells, we identified NR4A2 and RGS16 
as promising promoters to support the tumour-directed delivery of 
proinflammatory factors. In particular, expressing transgenes through 
the NR4A2 promoter led to superior tumour-restricted transgene 
expression when compared with a synthetic NFAT promoter-based 
approach. We further demonstrate that expression of IL-12 or IL-2 
through the NR4A2 or RGS16 promoters, respectively, led to robust 
therapeutic responses without any overt signs of toxicity. By repurpos-
ing endogenous regulatory mechanisms to drive transgene expres-
sion, we propose that our approach will enable the development of 
next-generation armoured T cells with superior safety and efficacy 
compared with existing synthetic approaches.

Generation of CRISPR-edited armoured T cells
To develop and validate our CRISPR knock-in strategy, we selected 
Pdcd1 as a prototype gene because its expression is increased in T cells 
on activation. We designed a homologous repair template to insert 
GFP immediately downstream of the Pdcd1 start codon (Fig. 1a,b) and 
developed a protocol to achieve high-efficiency editing in primary 
murine T cells (Extended Data Fig. 1a–f). Notably, PD-1/GFP-edited 
OT-I cells significantly upregulated GFP expression after stimulation 
(Fig. 1c,d), indicating the successful control of GFP expression through 
the endogenous Pdcd1 promoter.

Next, to assess whether the Pdcd1 promoter drives transgene expres-
sion in a tumour-restricted manner in vivo, mock- or PD-1/GFP-edited 
OT-I cells were transferred to mice bearing AT-3 tumours expressing the 
ovalbumin antigen (AT-3-ova) (Fig. 1e,f). As expected, around 80% of 
mock OT-I cells expressed PD-1 in the tumour, with minimal PD-1 expres-
sion in the spleen. Indeed, in PD-1/GFP OT-I cells, this differential PD-1 
expression was reflected through potent intratumoral GFP expression 
and significantly lower GFP expression in the spleen.

To assess the therapeutic potential and safety of HDR armoured 
T cells, we engineered OT-I cells to secrete proinflammatory cytokines 
that are toxic when administered systemically26,27. TNF was selected 
for proof-of-concept experiments owing to its well-established role 
as a key effector cytokine and its ability to mediate bystander killing28. 
PD-1/TNF-edited OT-I cells exhibited sustained TNF production after 
stimulation and enhanced bystander killing of antigen-negative tumour 
cells (Extended Data Fig. 2a–c).

In vivo, PD-1/TNF OT-I cells mediated significantly enhanced tumour 
control compared with mock and PD-1 knockout OT-I cells (Fig. 1g). 
Tumour-infiltrating PD-1/TNF OT-I cells exhibited enhanced TNF pro-
duction and did not cause significant toxicity (Extended Data Fig. 2d,e). 
Similarly, PD-1/TNF CAR T cells demonstrated an increased capacity 
to produce TNF in vitro and enhanced antitumour efficacy in vivo, in 
a syngeneic hHer2 murine CAR T cell model (Extended Data Fig. 2f,g).

We next tested this system using other proinflammatory cytokines. 
Expression of IFNγ, IL-2, IFNα9 or IFNβ through the Pdcd1 locus in 
OT-I cells led to significantly enhanced therapeutic responses with-
out inducing overt toxicity (Fig. 1h). However, on assessment of PD-1/
IL-12 OT-I cells, systemic toxicities characterized by rapid weight 
loss and significantly increased serum IL-12 levels were observed, so 
we euthanized the mice for ethical reasons (Fig. 1i–k). We proposed 
that these toxicities were attributed to unacceptably high levels of 
peripheral transgene expression when regulated by the Pdcd1 pro-
moter (Fig. 1f). We therefore sought to identify alternative promot-
ers that may exhibit more favourable gene expression patterns  
than Pdcd1.

Identification of optimal target genes
To identify alternative target genes, we performed RNA-seq on CD8+ 
CAR T cells isolated from the tumour and spleen in both the syngeneic 
murine anti-hHer2 and xenogeneic human anti-Lewis Y (LeY) CAR T cell 
models (Extended Data Fig. 3a–i). Correlation of these datasets revealed 
many genes that were significantly upregulated by CAR T cells in the 
tumour relative to the spleen in both models (Fig. 2a), of which 27 were 
selected for further analysis based on the magnitude of differential 
expression (Supplementary Tables 1 and 2).

Of the 27 genes, 12 exhibited greater differential expression between 
the tumour and spleen compared with PDCD1 in both CD8+ and CD4+ 
CAR T cells (red bars in Fig. 2b and Extended Data Fig. 3e–i). Next, each 
of the 27 genes was knocked out in human anti-LeY CAR T cells to evalu-
ate the effects of gene disruption on cytokine production, cytotoxicity 
and proliferative capacity (Fig. 2c, Extended Data Fig. 4a–j and Supple-
mentary Table 3). From these data, AK4 and FOSB were excluded from 
further analyses because their disruption led to a marked reduction in 
cytokine production after CAR activation. Therefore, we proceeded 
to subsequent analyses with the top six genes identified on the basis 
of tumour specificity (RGS16, CLU, RGS2, DUSP4, RGS1 and NR4A2) as 
well as TNFAIP3, owing to the enhanced cytokine production capacity 
observed after knockout.

Homologous repair templates were designed for HDR-mediated 
insertion of GFP into each of the seven shortlisted genes, with PDCD1 
included for comparison. In vitro stimulation of HDR-edited human 
anti-LeY CAR T cells with LeY-expressing tumour cells led to a signi
ficant induction in GFP expression in both CD8+ and CD4+ CAR T cells 
for four of the eight genes (NR4A2, PDCD1, RGS16 and RGS2; Fig. 2d,e and 
Extended Data Fig. 5a–f). DUSP4 and TNFAIP3 exhibited high baseline 
GFP expression and were therefore excluded from subsequent analyses 
owing to their potential to cause toxicities.

We next assessed the ability of the remaining genes (CLU, NR4A2, 
PDCD1, RGS1, RGS16 and RGS2) to drive tumour-restricted GFP expres-
sion in OVCAR-3 tumour-bearing mice (Fig. 2f–i). All promoters led 
to a significant increase in GFP expression in intratumoral relative 
to splenic CAR T cells (Fig. 2g,h). Notably, CLU/GFP, NR4A2/GFP and 
RGS2/GFP CAR T cells exhibited stringent tumour-restricted expres-
sion, with less than 10% of CAR T cells expressing GFP in the spleen. Of 
these three promoters, NR4A2 supported the highest intratumoral GFP 
expression and was further verified to express minimal levels of GFP 
in the liver (Extended Data Fig. 5g,h), making it the top candidate for 
mediating safe payload delivery. By contrast, although RGS16/GFP CAR 
T cells demonstrated similar GFP expression levels in the spleen com-
pared with PD-1/GFP CAR T cells, they expressed significantly higher 
GFP expression in the tumour (Fig. 2i). This indicated that the RGS16 
promoter may be ideal for transgenes that require potent intratumoral 
expression to mediate their antitumour effects. Thus, we identified two 
promising target genes for our CRISPR knock-in strategy to engineer 
armoured T cells (Fig. 2j), for which we could routinely obtain approxi-
mately 50% dual CAR and GFP expression after activation (Extended 
Data Fig. 5i).

NR4A2/IL-12 T cells are potent and safe
Given the tumour specificity of transgene expression when controlled 
by the NR4A2 promoter, we proposed that this approach would support 
the safer delivery of IL-12. Consistent with our observations using the 
human NR4A2 promoter, NR4A2/GFP OT-I cells exhibited significantly 
greater GFP expression following stimulation and, importantly, more 
tightly regulated GFP expression compared with PD-1/GFP OT-I cells 
(Fig. 3a and Extended Data Fig. 6a). Similarly, the Nr4a2 promoter sup-
ported stringent tumour-restricted transgene expression in vivo, with 
less than 1% of OT-I cells expressing GFP in the spleen (Fig. 3b). This 
was in contrast to the significantly higher GFP expression observed in 
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splenic PD-1/GFP OT-I cells, which likely explains the toxicities elicited 
by PD-1/IL-12 OT-I cells (Fig. 1i–k).

Based on the above findings, we assessed the therapeutic efficacy 
and safety of NR4A2/IL-12 OT-I cells after confirming successful Il12 
integration (Extended Data Fig. 6b). Strikingly, NR4A2/IL-12 OT-I cells 
demonstrated significantly enhanced efficacy (Fig. 3c,d), an effect that 
was maintained even with a lower dose of 1 × 106 T cells (Extended Data 

Fig. 6c,d). Importantly, in contrast to PD-1/IL-12 OT-I cells, no toxicity 
was observed in mice treated with NR4A2/IL-12 OT-I cells (Fig. 3e).

Similarly, NR4A2/GFP CAR T cells exhibited superior tumour- 
restricted transgene expression compared with PD-1/GFP CAR 
T cells (Extended Data Fig. 6e,f). We further compared this approach 
with the NFAT promoter system (Fig. 3f), which is regarded as the 
gold standard for engineering tumour-inducible armoured T cells.  
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As expected, NFAT–GFP anti-hHer2 CAR T cells expressed limited GFP 
before activation (Fig. 3g). However, in vivo, NFAT–GFP CAR T cells 
exhibited significant GFP expression (about 10%) in the spleen, blood, 
liver, lung, brain, kidney and bone marrow, whereas NR4A2/GFP CAR 
T cells retained a maximum of 2% GFP expression in all the peripheral 
sites tested (Fig. 3h,i). The systemic GFP expression by NFAT–GFP CAR 

T cells was sustained over time, and we observed this in both parental 
(hHer2-negative) tumour- and non-tumour-bearing mice, and it was 
recapitulated using human CAR T cells (Extended Data Fig. 6g–j). Taken 
together, these data reveal that the endogenous Nr4a2 promoter sup-
ports more stringent tumour-restricted transgene expression than the 
synthetic NFAT promoter.
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Murine CAR T cells were then engineered to express IL-12 through the 
Nr4a2 promoter (Extended Data Fig. 6k) and assessed for therapeutic 
efficacy against E0771-hHer2 and MC38-hHer2 tumours, the latter of 
which we have previously shown to be refractory to anti-hHer2 CAR 
T cell treatment29,30. NR4A2/IL-12 murine CAR T cells demonstrated 
a significantly enhanced therapeutic effect and increase in mouse 
survival, even against larger, more advanced tumours in the absence 
of toxicities (Fig. 3j,k and Extended Data Fig. 6l,m). By contrast, 
severe toxicities were observed with NFAT–IL-12 murine CAR T cells in 
E0771-hHer2 tumour-bearing mice, as indicated by their rapid weight 
loss (Extended Data Fig. 6n,o), hunching and inactivity (Supplementary 
Information 1–4). Together, these data demonstrate the ability of the 
Nr4a2 promoter to drive highly tumour-localized transgene expression 
without eliciting systemic toxicities.

Activation of host antitumour immunity
We next sought to assess the mechanism by which NR4A2/IL-12 T cells 
elicit enhanced therapeutic activity. In the OT-I model, intratumoral 
NR4A2/IL-12 OT-I cells exhibited an increased capacity to secrete IFNγ 
and TNF following ex vivo stimulation with the SIINFEKL peptide, as 
well as significantly elevated Ki67 expression (Fig. 4a–c), although 
no differences in T cell numbers were observed at the assessed time 
point (Extended Data Fig. 7a). Consistent with their more activated 
phenotype, splenic NR4A2/IL-12 OT-I cells exhibited a marked increase 
in the proportion of the CD62L−CD44+ effector memory-like subset, as 
well as PD-1 and Tim3 expression (Fig. 4d and Extended Data Fig. 7b,c).

Previous studies have demonstrated the importance of epitope 
spreading in mediating a robust therapeutic response after ACT14,31. 
Using congenic CD45.1+ recipient mice, we observed that mice treated 
with NR4A2/IL-12 OT-I (CD45.2+) cells had an increased frequency of 
ova-specific host (CD45.1+) CD8+ T cells in the spleen (Fig. 4e). Further-
more, ex vivo stimulation of tumours and tumour-draining lymph nodes 
(dLNs) with the SIINFEKL peptide revealed a significantly increased 
number of IFNγ- and TNF-producing endogenous CD8+ T cells, which 
was concomitant with an increased number of Ki67+ host CD8+ T cells 
in the tumour (Fig. 4f and Extended Data Fig. 7d,e).

Similarly, we observed significantly increased numbers of CD8+ 
T cells in MC38-hHer2 tumours treated with NR4A2/IL-12 murine 
anti-hHer2 CAR T cells, concomitant with significantly increased Ki67 
expression (Fig. 4g–i). Using a tetramer specific to the p15E antigen, 
which is expressed on MC38 tumour cells32, we observed a significant 
increase in the frequency of tumour-specific CD8+ T cells in the spleens 
of mice treated with NR4A2/IL-12 CAR T cells (Fig. 4j). This was sup-
ported by an increased number of IFNγ- and TNF-producing CD8+ T cells 
following ex vivo stimulation of tumours with a cocktail of defined 
MC38 neoantigen peptides (Fig. 4k). To further investigate the epitope 
spreading mediated by NR4A2/IL-12 CAR T cells, we performed bulk 

TCR sequencing on the tumour dLN of a mouse that exhibited a high 
frequency of tumour-specific endogenous CD8+ T cells in the spleen and 
tumour (data point 1 in Fig. 4j,k). This revealed an oligoclonal expansion 
of several TCR clonotypes, indicating the stimulation of an endogenous 
T cell response beyond the p15E antigen (Fig. 4l). This was also observed 
following subsequent TCR sequencing of tumour dLN samples from 
a further three mice (data points 2, 3 and 4 in Fig. 4j,k) that exhibited 
an intermediate frequency of p15E-specific T cells (Fig. 4m). Further-
more, tumour rechallenge experiments revealed that mice previously 
cured by NR4A2/IL-12 CAR T cells exhibited significant protection 
against parental E0771 or MC38 tumours relative to treatment-naive 
mice (Extended Data Fig. 7f,g), providing further evidence of epitope 
spreading against non-hHer2 antigens.

Efficacy of human armoured CAR T cells
To extend these findings into a human tumour model, we first engi-
neered NR4A2/IL-12 human anti-LeY CAR T cells, which expanded equiv-
alently to control CAR T cells and produced increased levels of not only 
IL-12, but also IFNγ, TNF and IL-2 following in vitro stimulation (Extended 
Data Fig. 8a–c). In vivo, NR4A2/IL-12 CAR T cells mediated significantly 
enhanced antitumour responses against OVCAR-3 tumours relative to 
mock-edited CAR T cells, and cured mice showed increased resistance 
against a secondary challenge with OVCAR-3 tumours (Fig. 5a,b and 
Extended Data Fig. 8d,e). Notably, this occurred without observable 
toxicities, in contrast to PD-1/IL-12 CAR T cells, which induced rapid 
weight loss (Extended Data Fig. 8f).

We found that NR4A2/IL-12 CAR T cells had significantly enhanced 
expression of IFNγ, TNF, granzyme B (GzmB) and Ki67 (Fig. 5c–e 
and Extended Data Fig. 8g–i), and both CD8+ and CD4+ CAR T cells 
were present at higher frequencies in the tumour, spleen and blood 
(Extended Data Fig. 8j,k). RNA-seq of intratumoral CD8+ CAR T cells 
revealed significant differences between NR4A2/IL-12 and mock-edited 
CAR T cells including, unsurprisingly, increased expression of genes 
associated with IL-12 signalling, such as IFNG and IL18R1 (Fig. 5f and 
Extended Data Fig. 9a). Gene set enrichment analysis (GSEA) revealed 
significant upregulation of genes associated with proliferation, TNF 
signalling and STAT3/4/5 signalling, highlighting the increased effector 
functionality of NR4A2/IL-12 CAR T cells (Fig. 5g and Extended Data  
Fig. 9b,c).

To further explore the applicability of the NR4A2 promoter, we 
engineered human anti-LeY CAR T cells to express IL-2 (Extended 
Data Fig. 10a). However, NR4A2/IL-2 CAR T cells mediated only a mild 
enhancement of tumour control in vivo (Fig. 5h). We thus proposed 
that the RGS16 promoter may be more suited to the delivery of IL-2, 
given its ability to support greater intratumoral transgene expression 
(Fig. 2g–j). Indeed, RGS16/IL-2 CAR T cells exhibited significantly higher 
IL-2 expression (Extended Data Fig. 10a,b) and a superior antitumour 

Fig. 2 | Identification of optimal target genes for CRISPR-engineered 
armoured T cells. a,b, Bulk RNA sequencing of CD8+ murine anti-hHer2 or 
human anti-LeY CAR T cells from tumours and spleens of E0771-hHer2 or 
OVCAR-3 tumour-bearing mice at day 8 or 9 after treatment, respectively. 
Correlation plot of murine and human CAR T cell data (a) and log fold change 
(logFC) in expression of top 27 genes with high differential expression between 
intratumoral and splenic human CAR T cells (b); red, higher logFC than PDCD1; 
blue, lower logFC than PDCD1. Data are representative of n = 2 biological 
replicates. c, Heatmaps showing logFC in expression (tumour versus spleen) for 
the 27 genes shown in b (left), and the impact of their CRISPR/Cas9-mediated 
knockout (KO) on the proliferation of human anti-LeY CAR T cells and their 
cytokine-producing and killing capacities following OVCAR-3 tumour cell 
co-culture (right). Knockout data represent logFC normalized to mock CAR 
T cells pooled from n = 3 donors. Coloured text highlights genes that were 
selected for further analysis via CRISPR-mediated GFP knock-in. d,e, Human 

anti-LeY CAR T cells engineered to express GFP were co-cultured with OVCAR-3 
tumour cells for 72 h. Flow cytometry plots (d) and quantification (e) of GFP 
expression in CD8+ CAR T cells, represented as mean ± s.d. of technical triplicates 
from n = 3 (CLU, DUSP4, RGS1, RGS2 and TNFAIP3), 4 (PD-1) or 8 (NR4A2 and 
RGS16) donors. FSC-A, forward scatter area. f–i, Human anti-LeY CAR T cells 
adoptively transferred into mice bearing OVCAR-3 tumours were assessed 14 
days after transfer. MFI, mean fluorescence intensity. Data are experimental 
workflow (f); flow cytometry plots (g); quantification of GFP percentage (h) 
and ΔMFI (i) in intratumoral and splenic CD8+ CAR T cells, showing mean ± s.e.m. 
from n = 8 mice per group pooled from n = 2 donors (CLU, PD-1, RGS1 and  
RGS2) and n = 16 mice per group pooled from n = 4 donors (NR4A2 and RGS16). 
j, Flow chart summarizing the identification of NR4A2 and RGS16 (green text). 
c,i, One-way ANOVA; e, two-sided paired t-test; h, two-way ANOVA. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. Illustrations in f created using BioRender: 
Chen, A., https://BioRender.com/dzawe25 (2025).

https://BioRender.com/dzawe25
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effect compared with NR4A2/IL-2 and PD-1/IL-2 CAR T cells (Fig. 5h). 
Importantly, toxicity was not observed (Extended Data Fig. 10c), indi-
cating that the RGS16 promoter is suitable for driving intratumoral 
expression of factors with a milder toxicity profile. Mechanistically, 
RGS16/IL-2 CAR T cells exhibited significantly increased Ki67, IFNγ 
and TNF expression and significantly greater numbers of both CD8+ 

and CD4+ CAR T cells in the tumour, spleen and blood (Fig. 5i–k and 
Extended Data Fig. 10d,e). Moreover, in an immunocompetent set-
ting, RGS16/IL-2 murine anti-hHer2 CAR T cells mediated significantly 
enhanced therapeutic efficacy against E0771-hHer2 tumours and, 
importantly, did not lead to a significant increase in intratumoral Treg 
cells (Extended Data Fig. 10f,g).
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Clinical applicability of knock-in approach
Finally, we assessed the applicability of this technology to the patient 
setting. To interrogate the transcriptional activity of the NR4A2 and 
RGS16 promoters in patient T cells, we analysed publicly available 
scRNA-seq data for their expression in T cells from the blood and 
tumour across a broad range of cancer types33. This revealed a higher 
frequency of both NR4A2- and RGS16-expressing T cells in the tumour 
than in peripheral blood (Fig. 5l), indicating that these genes are likely to 
support tumour-localized transgene expression across diverse tumour 
types when engineered through our CRISPR knock-in approach.

We also investigated whether patient-derived T cells could be repro-
grammed by our CRISPR knock-in strategy. Anti-LeY CAR T cells derived 
from patients with diffuse large B cell lymphoma (DLBCL) or multiple 
myeloma had similar results to healthy donor CAR T cells, with stringent 
CAR-inducible GFP expression in NR4A2/GFP CAR T cells and potent 
GFP expression in RGS16/GFP CAR T cells (Fig. 5m–o and Extended 
Data Fig. 11a–c). Furthermore, NR4A2/IL-12 and RGS16/IL-2 patient 
CAR T cells had the expected cytokine profiles following stimulation 
in vitro (Fig. 5p and Extended Data Fig. 11d).

We then assessed the sensitivity of our system against varying anti-
gen densities, to more closely mimic the clinical setting. In the murine 
system, NR4A2/GFP and RGS16/GFP anti-hHer2 CAR T cells exhibited a 
similar capacity to upregulate GFP expression against MC38 tumours 
with low versus high hHer2 expression (Extended Data Fig. 11e,f). In the 
human system, stimulation of NR4A2/GFP and RGS16/GFP anti-LeY CAR 
T cells with suboptimal concentrations of anti-LeY idiotype antibodies 
resulted in significant GFP upregulation (Extended Data Fig. 11g,h). 
Furthermore, NR4A2/GFP human anti-hHer2 CAR T cells exhibited 
stringent GFP expression against MDA-MB-231 tumour cells, which have 
low hHer2 expression (Extended Data Fig. 11i,j). We also demonstrated 
that our system is sensitive in contexts of suboptimal antigen recogni-
tion, because NR4A2/IL-12 and RGS16/IL-2 OT-3 cells, which have low 
avidity for the ovalbumin antigen, exhibited substantial IL-12 and IL-2 
expression, respectively, following stimulation with AT-3-ova tumour 
cells (Extended Data Fig. 11k). Together, these data demonstrate the 
ability of the NR4A2 and RGS16 promoters to support transgene expres-
sion against low antigen densities and TCR affinities.

Previous studies have demonstrated the merits of CAR expression 
through the TRAC locus23. We therefore explored the use of a one-step 
manufacturing protocol to simultaneously knock-in a transgene into 
NR4A2 or RGS16 and a CAR into the TRAC locus. Comparison of human 
anti-LeY CAR T cells generated using our original two-step protocol 
with those from the one-step protocol revealed similar CAR expres-
sion, transgene knock-in efficiencies and in vivo efficacy (Fig. 5q–s 
and Extended Data Fig. 12a–d). Together, these data demonstrate 
the clinical potential of our CRISPR knock-in approach to engineer 
armoured CAR T cells, in which the endogenous regulatory machinery 
of tumour-restricted genes, including NR4A2 and RGS16, are leveraged 
to drive localized expression of proinflammatory cytokines.

Discussion
Engineering T cells to express a proinflammatory factor is a promising 
strategy to elicit a robust, multifaceted therapeutic response in the 
treatment of solid tumours, but it has the potential to cause toxicities, 
owing to peripheral transgene expression. In this study, we present a 
new CRISPR knock-in approach that leverages endogenous gene regula-
tory mechanisms to express transgenes in a tumour-localized manner.

The use of endogenous tumour-restricted promoters to drive 
transgene expression provides enhanced regulatory control compared 
with synthetic promoter systems. First, coupling transgene expression 
to an endogenous gene enables its control by not only the promoter 
but all trans- and cis-regulatory elements of the endogenous gene, the 
latter of which can extend up to 1 megabase from the gene locus34,35. By 
contrast, synthetic promoters use only a short segment of regulatory 
DNA and rely on simple promoter/transcription factor interactions to 
initiate gene expression. This provides ‘on’ signals but lacks mecha-
nisms to fine-tune or switch off gene expression when required. This 
may explain the inability of the NFAT promoter to restrict transgene 
expression to the tumour in vivo, as observed in our study, as well as 
other reports of its leaky transgene expression13,21,22 and potential to 
cause systemic toxicities5,20. Although more-recent inducible systems 
have been proposed, including variations of the NFAT system36, alter-
native T cell activation-dependent promoters37, logic-gating strate-
gies, such as the SynNotch system18, and drug-inducible or physically 
induced systems20, these also rely on synthetic regulatory elements 
and so may encounter similar limitations to the NFAT system.

Our CRISPR knock-in strategy also offers greater flexibility over 
T cell design. Although the NR4A2 promoter is ideal for expressing 
highly toxic factors such as IL-12, the RGS16 promoter enables potent 
intratumoral transgene expression and may be more favourable for 
delivering less-toxic factors, such as IL-2. Thus, promoter choice can 
be tailored to the specific transgene of interest. Moreover, our study 
used a ‘knock-in, knock-out’ approach in which target gene expres-
sion is disrupted following transgene integration, potentially ena-
bling further enhancement of T cell function by target gene knockout. 
Functionally, NR4A2 and RGS16 have been demonstrated to promote 
T cell exhaustion and limit antitumour T cell responses38–40, with one 
study observing enhanced therapeutic efficacy in NR4A2-knockout 
CAR T  cells38. Although NR4A2 and RGS16 depletion was not 
observed to enhance CAR T cell function in our studies, this does 
not rule out the possibility that their depletion may be beneficial in a  
clinical context.

Our mechanistic studies of NR4A2/IL-12-engineered T cells comple-
ment and extend previous findings on the antitumour functions of 
IL-12 (refs. 9,10). NR4A2/IL-12 OT-I and CAR T cells not only exhibited 
an enhanced proinflammatory phenotype, but also demonstrated an 
ability to engage host antitumour immunity, leading to the emergence 
of CD8+ T cells that recognize antigens not targeted by the OT-I TCR or 
CAR. Given the heterogeneity of antigen expression in solid tumours, 

Fig. 3 | NR4A2/IL-12 engineered T cells are well tolerated and elicit potent 
antitumour immunity. a,b, OT-I cells engineered to express GFP were assessed 
after 24-hour stimulation with anti-CD3/CD28 antibodies or ova-expressing 
tumour cells (a) and in mice bearing AT-3-ova tumours 8 days after transfer (b). 
Flow cytometry plots (left) and quantification (right) of GFP expression in  
OT-I cells. c–e, We adoptively transferred 12.5 × 106 mock, NR4A2 knockout or 
NR4A2/IL-12 OT-I cells into mice with AT-3-ova tumours. Data are tumour 
growth (c), survival (d) and body weight (e). f, Schematic depicting differences 
between endogenous and synthetic promoters. g–i, Murine anti-Her2 CAR 
T cells expressing GFP through synthetic NFAT or endogenous Nr4a2 promoters 
were assessed after 24-hour stimulation with anti-CD3/CD28, anti-CAR 
antibodies or hHer2-expressing tumour cells (g) and in E0771-hHer2 tumour- 
bearing mice 9 days after transfer (h,i). Flow cytometry plots (h) and 
quantification (g and i) of GFP expression in CD8+ CAR T cells. j,k, 5 × 106 mock, 

NR4A2 knockout or NR4A2/IL-12 murine anti-hHer2 CAR T cells were adoptively 
transferred into E0771-hHer2 ( j) or MC38-hHer2 (k) tumour-bearing mice.  
Data are tumour growth (left) and survival (right). a,g, Data are mean ± s.d.  
of technical triplicates, representative of n = 3 (a) and n = 2 (g) experiments.  
b–e,h–k, Data are mean ± s.e.m. from n = 6 (NR4A2/GFP) or 7 (PD-1/GFP) mice 
per group, representative of n = 3 experiments (b); n = 5 mice per group (c–e); 
n = 3 (tumour) and 4 (non-tumour tissues) mice per group (h,i); n = 4 (NR4A2/ 
IL-12), n = 5 (mock) and n = 6 (non-treated, NR4A2 knockout) mice per group 
(left), or n = 5 (mock), n = 6 (non-treated, NR4A2 knockout) and n = 7 (NR4A2/ 
IL-12) mice per group (right), representative of n = 2 experiments ( j); n = 6 mice 
per group (k). a–c,g,j–k (Left), two-way ANOVA; d,j–k (right), log-rank Mantel–
Cox test; i, one-way ANOVA. NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. Illustrations in f created using BioRender: Chen, A., https://
BioRender.com/03b4c93 (2025).
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Fig. 4 | NR4A2/IL-12 engineered T cells exhibit an enhanced proinflammatory 
phenotype and effectively promote host antitumour immunity. a–f, Mock, 
NR4A2 knockout or NR4A2/IL-12 OT-I cells (CD45.2+) were adoptively transferred 
into CD45.1+ mice bearing AT-3-ova tumours, and ex vivo analyses were 
performed 8 days later. Data are t-SNE plots comparing protein expression in 
intratumoral OT-I cells (a); flow cytometry plots (left) and quantification (right) 
of IFNγ, TNF, Ki67, PD-1 and Tim3 expression in intratumoral (b,c) or splenic (d) 
OT-I cells; quantification of H-2Kb SIINFEKL tetramer+ host splenic CD8+ T cells (e); 
and flow cytometry plots (left) and quantification (right) of IFNγ and TNF 
expression in host intratumoral CD8+ T cells (f). g–m, 5 × 106 mock, NR4A2 
knockout or NR4A2/IL-12 murine anti-hHer2 CAR T cells were adoptively 
transferred into MC38-hHer2 tumour-bearing mice and ex vivo analyses were 
performed 9 days later. Data are quantification of intratumoral CD8+ T cells (g) 

and their Ki67 expression (h); immunofluorescence imaging of tumours showing 
CD4, CD8 and DAPI, representative of n = 3 mice per group (i); quantification  
of H-2Kb p15E tetramer+ splenic CD8+ T cells ( j) and IFNγ+ TNF+ intratumoral  
CD8+ T cells (k); green data points indicate mice with tumour dLNs analysed by 
TCR sequencing (l–m), showing cumulative frequencies of the top five TCR 
clonotypes (indicated by five colours; black indicates all other TCR clonotypes) in 
tumour dLNs. a–c,f,k, Tumours were ex vivo stimulated with SIINFEKL (a–c,f) or 
MC38 neoantigen peptides (k) for 3 h. a–d,f, Plots concatenated from n = 5 mice 
per group. b–h,j–k, Data are mean ± s.e.m. from n = 8 (NR4A2/IL-12), n = 9 (mock) 
and n = 10 (NR4A2 knockout) mice per group (b–c,f) or n = 10 mice per group (d,e) 
pooled from n = 2 experiments; n = 6 (mock, NR4A2 knockout) and n = 3 (g,k) or  
n = 5 (h) or n = 12 ( j) (NR4A2/IL-12) mice per group. One-way ANOVA. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bar in i, 50 μm.
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this ability of IL-12 to mediate epitope spreading would synergize with 
and broaden the therapeutic potential of ACT, which often targets only 
a single antigen. We further observed that NR4A2/IL-12 CAR T cells 
mediated increased CD8+ T cell numbers in MC38-hHer2 tumours, 
which are generally poorly infiltrated by standard CAR T cells29,30. This 
highlights the ability of our approach to overcome the challenge posed 
by limited trafficking of CAR T cells to solid tumours.

Furthermore, our CRISPR knock-in approach has the potential for 
clinical translation, demonstrated by our successful engineering of 
DLBCL and multiple myeloma patient T cells. Moreover, the ability 
to simultaneously insert a transgene into NR4A2 or RGS16 and a CAR 
into the TRAC locus through a ‘one-step’ approach would streamline 
the clinical production of CRISPR-engineered armoured CAR T cells. 
The feasibility of this approach is supported by ongoing clinical trials 
(NCT04438083, NCT04502446 and NCT04244656) assessing CAR 
T cells with CAR knock-in to the TRAC locus and simultaneous disrup-
tion of genes such as those encoding MHC-I and TCRβ. However, a key 
consideration of CRISPR engineering is the potential for detrimental 
off-target effects. Indeed, a low frequency of off-target indels have 
been detected in CRISPR-engineered T cells, although no phenotypic 
abnormalities or post-treatment toxicities were observed following 
infusion into patients41,42. Furthermore, simultaneously targeting mul-
tiple loci may lead to large chromosomal aberrations42; however, these 
were observed at a low frequency that decreased to undetectable levels 
following adoptive transfer.

One limitation of our approach is that although it achieves improved 
tumour-restricted expression compared to the NFAT system, the risk of 
on-target, off-tumour toxicity remains. Therefore, the choice of target 
antigen will be extremely important. In this regard, LeY, as used in our 
study, is an attractive target, given its lack of expression in healthy 
tissues43,44, as well as clinical data highlighting the safety of anti-LeY 
CAR T cells45 (NCT03851146). Recent clinical data with CARs target-
ing STEAP2 and GPC3 indicate that these are also promising targets, 
owing to their low expression in healthy tissues46–48. Alternatively, our 
approach could be used in neoantigen-specific T cells, because neoan-
tigens are absent in healthy tissues.

Broadly, our CRISPR knock-in approach can be used to express almost 
any DNA-encoded factor in a tumour-restricted manner, enabling future 
studies to explore different applications of our system49. For example, 
the increased frequency of cytokine release syndrome, previously 
observed with IL-15-expressing CAR T cells11, could potentially be over-
come by expressing IL-15 through the NR4A2 promoter. Furthermore, 
multiplex editing can be incorporated into our approach, to enable the 
concurrent disruption of genes that can further enhance T cell func-
tion, expression of factors with synergistic functions, or that target 
distinct processes to provide a multipronged approach to enhance 
therapeutic efficacy. Moreover, our approach could be broadened to 

benefit other forms of ACT, both for cancer-related therapies, such as 
CAR macrophage or NK cells, or other therapeutic contexts, such as Treg 
therapy for autoimmune diseases. These applications would require 
similar experiments to identify tissue-restricted promoters in these 
cell types to enable localized payload expression.

In summary, by repurposing endogenous gene regulatory mecha-
nisms to express proinflammatory payloads in a tumour-localized 
manner, we propose that this system will expand the arsenal of proin-
flammatory factors that can be safely expressed by armoured T cells. 
We think our approach will broaden the therapeutic reach of ACT by 
effectively addressing the key challenges of treating solid tumours, 
including immunosuppression and tumour heterogeneity.
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Article
Methods

Human samples
Buffy coats from healthy donors less than 35 years old were obtained 
from the Red Cross with informed consent, as approved by the Red 
Cross and the Peter MacCallum Cancer Centre (PMCC) Human Research 
and Ethics Committee under HREC#01/14. Frozen apheresis samples 
were collected from one multiple myeloma patient and six DLBCL 
patients enrolled in CAR T cell clinical trials. All patients gave informed 
consent, in accordance with the PMCC Human Research and Ethics 
Committee under HREC/74245/PMCC.

Animal models
OT-I and C57BL/6 human-Her2 (hHer2) transgenic mice50,51 were bred 
at PMCC. C57BL/6 wild-type mice were purchased from the Walter and 
Eliza Hall Institute or Australian Bioresources. The Ly5.1 congenic mice 
and NOD.Cg-Prkdc scid IL2rg (NSG) mice were either bred at PMCC or 
purchased from Australian Bioresources. The OT-3 mice were bred at 
the Peter Doherty Institute. All murine experiments were done with 
mice 6–18 weeks of age and housed in a PC2 specific pathogen-free 
animal facility, in accordance with the PMCC Animal Experimentation 
Ethics Committee under projects #E582, #E664, #E671 and #E693, and 
a minimum of three mice per group were used in each experiment. Mice 
were randomized before treatment according to tumour size to ensure 
that all groups had equivalent tumour burdens before therapy. Experi-
ments were not blinded because the same investigators performed and 
analysed experiments, so blinding was not possible. All experiments 
complied with the ethical endpoints stated in the approved projects, 
including maximum tumour size.

Cell lines
All murine tumour cell lines were from a C57BL/6 background. The 
murine breast carcinoma cell lines AT-3 and E0771 were obtained from  
T. Stewart (PMCC) and R. Anderson (Olivia Newton-John Cancer  
Centre), respectively. The murine MC38 colon adenocarcinoma cell 
line and 24JK sarcoma cell line were provided by J. Schlom (National 
Institutes of Health) and P. Hwu (National Institutes of Health), respec-
tively. The parental tumour cell lines were retrovirally transduced with 
a murine stem cell virus vector to obtain hHer2- and ova-expressing 
tumour cell lines. The human ovarian cancer cell line OVCAR-3 and 
breast cancer cell lines MCF-7 and MDA-MB-231 were obtained from 
the American Type Culture Collection. The retroviral packaging 
lines GP+e86 and PG13, as well as HEK293T, were obtained from the 
American Type Culture Collection. All cell lines were confirmed to 
be mycoplasma-negative by polymerase chain reaction (PCR)-based  
testing.

The E0771, MC38, 24JK, OVCAR-3, MCF-7, GP+e86 and PG13 cell lines 
were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium 
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1 mM 
sodium pyruvate, 2 mM glutamine, 0.1 mM non-essential amino acids, 
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 
100 U ml−1 penicillin and 100 µg ml−1 streptomycin (complete RPMI), 
and maintained in a humidified incubator at 37 °C with 5% CO2. The AT-3, 
MDA-MB-231 and HEK293T cell lines were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) supplemented with 10% heat-inactivated 
FBS and maintained in a humidified incubator at 37 °C with 10% CO2.

Antibodies and cytokines
Murine anti-CD3 (clone 145-2C11) and anti-CD28 (clone 37.51) antibodies 
were purchased from BD Biosciences. The human anti-CD3 antibody 
(clone OKT3) was purchased from BioLegend. The anti-Myc tag anti-
body (clone 9B11) was purchased from Cell Signaling Technology. The 
anti-LeY idiotype antibody hu3S193 was provided by A. Scott (Olivia 
Newton-John Cancer Centre)52. The recombinant human IL-2 (hIL-2) 
was obtained from the National Institutes of Health or purchased from 

PeproTech and Miltenyi Biotec. The recombinant murine IL-7 (mIL-7) 
and human IL-15 (hIL-15) were purchased from PeproTech.

CRISPR/Cas9 editing of primary T cells
Murine T cells were activated from naive splenocytes by culturing 
in complete RPMI containing murine anti-CD3 (0.5 µg ml−1), murine 
anti-CD28 (0.5 µg ml−1), hIL-2 (100 IU ml−1) and mIL-7 (200 pg ml−1) 
for 24 h. Human T cells were activated by isolating peripheral blood 
mononuclear cells from healthy buffy coats and culturing in complete 
RPMI containing human anti-CD3 (30 ng ml−1) and hIL-2 (600 IU ml−1) 
for 48 h. To perform CRISPR/Cas9 editing, 37 pmol recombinant Cas9 
(IDT) and 270 pmol single guide RNA (sgRNA; Synthego) were com-
bined and incubated at room temperature for 10 min to form Cas9/
sgRNA ribonucleoprotein (RNP) complexes. Then, 20 × 106 murine 
T cells or 1 × 106 human T cells were resuspended in 20 µl P3 elec-
troporation buffer (containing 82% P3 buffer and 18% Supplement 1;  
Lonza), combined with RNP and electroporated in 20-µl cuvettes 
using a 4D-Nucleofector X Unit (Lonza) with pulse code CM137 for 
murine T cells and EO115 for human T cells. For CRISPR-mediated 
knockout, 100 μl of prewarmed media was immediately added, and 
T cells were incubated for 10 min at 37 °C before being transferred to 
an appropriate culture plate. Knockout efficiency was determined by 
PCR amplification of regions more than 150 bp around the sgRNA cut 
site in both mock and CRISPR-edited cells, Sanger sequencing of the 
PCR amplicons and analysis of sequencing data using the Synthego 
ICE analysis tool (https://ice.editco.bio/#/). For CRISPR-mediated 
knock-in, T cells were immediately washed out with prewarmed 
media to a concentration of 50 × 106 cells per millilitre and added to 
an appropriate culture plate containing a mixture of AAV6 at a multi-
plicity of infection (MOI) of 10,000–100,000 and 2 µM M3814 (Med-
ChemExpress). T cells were incubated at 37 °C for 4 h before AAV6 and 
M3814 were washed off and downstream protocols were performed. 
The sgRNA sequences used are included in Supplementary Table 4. 
Homologous repair templates were manufactured and cloned by 
NotI digest into pAAV-MCS (Agilent Technologies) by Genscript, and 
the resulting plasmids were packaged into AAV6 vectors by Vigene 
Biosciences (now Charles River Laboratories) or PackGene Biotech. 
The pAAV-MCS was provided by V. Wiebking and M. Porteus (Stanford 
University), and the homologous repair template sequences used are 
included in Supplementary Table 5.

Generation of murine and human CAR T cells
Retroviral supernatants were collected from the GP+e86 or PG13 pack-
aging line for transduction of murine T cells with an anti-hHer2 CAR 
or human T cells with an anti-LeY CAR as previously described53–55. For 
the generation of GP+e86 or PG13 packaging lines encoding both an 
anti-hHer2 CAR or anti-LeY CAR and an NFAT promoter56 inducing GFP 
or IL-12 expression, NFAT–GFP or NFAT–IL-12 sequences were cloned 
into the murine stem cell virus vector encoding a truncated human 
nerve growth factor receptor, the vector was transfected into GP+e86 
or PG13 packaging lines encoding an anti-hHer2 CAR or anti-LeY CAR, 
and the resulting packaging lines were sorted on nerve growth factor 
receptor by flow cytometry. Lentiviral transduction was used for the 
generation of human anti-Her2 CAR T cells. In brief, lentiviral packag-
ing plasmids (pCMV-VSV-G, pMDLg/pRRE, pRSV-Rev) and a plasmid 
encoding an anti-Her2 CAR (Genscript) were transfected into HEK293T 
cells. The resulting lentiviral supernatants were collected on three 
consecutive days, pooled and centrifuged with Lenti-X Concentrator 
(Takara Bio) to concentrate the lentivirus. Concentrated lentivirus was 
directly added to human T cells at a MOI of 0.5 with Lentiboost (Sirion) 
for transduction. Following transduction, murine T cells were main-
tained in media containing hIL-2 (100 IU ml−1) and mIL-7 (200 pg ml−1) 
for in vitro assays or mIL-7 (200 pg ml−1) and hIL-15 (10 ng ml−1) for in vivo 
applications, and human T cells were maintained in media containing 
hIL-2 (600 IU ml−1).

https://ice.editco.bio/#/


In vitro co-culture/stimulation assay
Murine and human T cells were co-cultured with tumour cells at an 
effector to target (E:T) ratio of 1:1 for 24 h before collection of super-
natants and flow cytometry analysis of T cells. For 72-h chronic stimu-
lation assays, supernatant was completely removed at the 24 h and 
48 h timepoints and an equivalent number of fresh tumour cells were 
added. For T cell stimulation with anti-CD3 (0.5 µg ml−1), anti-CD28 
(0.5 µg ml−1), anti-Myc tag antibody (1:1,000) or anti-LeY idiotype anti-
body (4.5 μg ml−1), a U-bottomed 96-well plate was coated with 100 µl 
PBS containing the appropriate dilutions of antibody at 37 °C for 2 h 
before wells were washed twice with 200 µl PBS and T cells were added.

Chromium-51 release assay
Tumour cells were labelled with 51Cr by resuspending cell pellets in 
50 µCi 51Cr per 1 × 106 cells and incubating at 37 °C for 1 h. Next, 1 × 104 

51Cr-labelled tumour cells were co-cultured with T cells at the indicated 
E:T ratios. As controls for background and total 51Cr levels, tumour cells 
were cultured either alone or with 5% Triton X-100 (Sigma-Aldrich). 
After a 16-h incubation, the 51Cr level in the supernatant was measured 
using the automatic gamma counter Wallac Wizard 1470 (PerkinElmer), 
and T cell killing was quantified using the following formula: [51Cr 
CPM (sample) − 51Cr CPM (background)]/[51Cr CPM (total) − 51Cr CPM  
(background)], where CPM stands for counts per minute.

Incucyte killing assay
Tumour cells expressing mCherry or GFP were co-cultured with T cells 
in a 384-well black, optically clear flat-bottomed plate (PerkinElmer) 
at the indicated E:T ratios. Plates were imaged using the Incucyte SX5 
Live-Cell Analysis System every 4 h. The assay was run using the ‘adherent 
cell-by-cell’ scan type, using a 10× objective lens, with acquisition times 
of 400 ms and 300 ms for the red and green channels, respectively.

Analysis of cytokine production
Supernatants from the in vitro co-culture and stimulation assays and 
serum samples from mice were analysed for cytokine concentration 
using BD Cytometric Bead Array Flex sets for IFNγ, TNF, IL-2, IL-12/
IL-23p40 (human) and IL-12p70 (murine) (BD Biosciences). Data were 
acquired using FACSVerse, FACSCanto II or LSR II (BD Biosciences) and 
analysed using the FCAP Array v.3 software (BD Biosciences).

Flow cytometry
Cells were incubated in FACS buffer (2% FBS, 2 mM EDTA in PBS) con-
taining a 1:50 dilution of Fc receptor block (2.4G2 antibody, produced 
in-house) with fluorochrome-conjugated antibodies at 4 °C for 30 min 
in the dark. After staining, cells were washed twice with FACS buffer 
before analysis or intracellular staining. For cytoplasmic and intranu-
clear staining, cells were fixed and permeabilized using a BD Cytofix/
Cytoperm Fixation Permeabilization Kit (BD Biosciences) or an eBiosci-
ence Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher 
Scientific) following the manufacturer’s instructions, respectively, 
before staining with fluorochrome-conjugated antibodies at room 
temperature for 30 min in the dark. Cells were then washed twice 
with 1× BD Perm/Wash Buffer or eBioscience Permeabilization Buffer 
(diluted from 10× stock) before analysis. Data were acquired on either 
a FACSCanto II, LSRFortessa X-20, LSR II, FACSymphony A3 or A5 (BD 
Biosciences), and analysed using FlowJo software (BD Biosciences). 
Cells were quantified using counting beads (Beckman Coulter) using 
the following formula: cell events of interest/bead events × number of 
beads per sample. FC values calculated from negative mean fluores-
cence intensity values were set to 0.

Adoptive-transfer experiments
For murine adoptive-transfer experiments, C57BL/6 WT, hHer2 trans-
genic or Ly5.1 mice were inoculated with 5 × 105 AT-3-ova or 2 × 105 

E0771-hHer2 in the fourth mammary fat pad orthotopically or 4 × 105 
MC38-hHer2 subcutaneously. Tumours were allowed to establish for 
eight days (AT-3-ova, MC38-hHer2) or six days (E0771-hHer2) before 
mice were preconditioned with 0.5 Gy (for AT-3-ova and MC38-hHer2) 
or 4.0 Gy (E0771-hHer2) total body X-ray irradiation. For human 
adoptive-transfer experiments, NSG mice were inoculated with 
1.25 × 106 MDA-MB-231 in the fourth mammary fat pad orthotopically, or 
5–6 × 106 OVCAR-3 subcutaneously. Tumours were allowed to establish 
for 7 days (MDA-MB-231) or 10–16 days (OVCAR-3) before precondi-
tioning with 1 Gy total body X-ray irradiation. Mice were intravenously 
injected with 0.1–1.5 × 107 OT-I cells or 2 doses of 0.1–1.0 × 107 murine or 
human CAR T cells on consecutive days and intraperitoneally injected 
with 5 doses of hIL-2 (25,000 IU per dose) on consecutive days. For 
experiments in NSG mice using IL-12-engineered T cells, all T cell groups 
were edited to disrupt TCR expression by CRISPR/Cas9-mediated TRAC 
knockout to minimize the risk of graft-versus-host disease.

For tumour growth experiments, tumour area was measured using 
callipers every 2–4 days until all mice reached an ethical end point.  
The ethical end point for tumour size was 150 mm2.

Ex vivo analysis of immune cells
For ex vivo flow cytometry analyses of the tumour, spleen, tumour dLNs, 
liver, brain, lung, kidney and bone marrow, tissues were collected on 
days 7–9 for OT-I and murine CAR T cell experiments, and on days 7–14 
for human CAR T cell experiments, unless indicated otherwise. Tumours 
were processed by mechanical dissociation followed by enzymatic 
digestion with serum-free DMEM containing 1 mg ml−1 collagenase type 
IV (Sigma-Aldrich) and 0.02 mg ml−1 DNAse I (Sigma-Aldrich) at 37 °C 
for 30 min with gentle shaking, then filtered through a 70-µm filter 
followed by a 35-µm filter before staining. Spleens were processed by 
macerating and filtering through a 70-µm filter, red blood cells were 
lysed with ACK lysis buffer, then samples were filtered through a 35-mm 
filter before staining. Tumour dLNs were processed by macerating and 
filtering through a 70-µm filter mesh before staining. Livers and brains 
were processed by macerating and filtering through a 70-µm filter, 
immune cells were isolated following density gradient centrifugation 
in 33% Percoll at 2,000 rpm for 12 min, red blood cells were lysed with 
ACK lysis buffer, then samples were filtered through a 35-µm filter before 
staining. Lungs and kidneys were processed by mechanical dissociation 
followed by enzymatic digestion with serum-free DMEM containing 
1 mg ml−1 collagenase type IV (Sigma-Aldrich) and 0.02 mg ml−1 DNAse I 
(Sigma-Aldrich) at 37 °C for 30 min with gentle shaking, filtered through 
a 70-µm filter, red blood cells were lysed with ACK lysis buffer, then sam-
ples were filtered through a 35-µm filter before staining. Bone marrow 
was processed by using a needle and syringe to flush the inner cavity of 
the femur with FACS buffer, red blood cells were lysed with ACK lysis 
buffer, then samples were filtered through a 35-µm filter before staining.

For experiments requiring ex vivo stimulation, samples were stimu-
lated with either 10 ng ml−1 phorbol 12-myristate 13-acetate (PMA) and 
1 µg ml−1 ionomycin, 200 nM SIINFEKL peptide or a cocktail of 5 μM 
MC38 neoantigen peptides (Dpagt1mut SIIVFNLL, Reps1mut AQLANDVVL, 
Adpgkmut ASMTNMELM) as well as GolgiPlug (BD Biosciences) and 
GolgiStop (BD Biosciences) at a 1:1,000 or a 1:1,500 dilution, respec-
tively. Samples were incubated at 37 °C for 3 h before staining. For  
ex vivo co-cultures, tumour cells were seeded at 5 × 104 cells per well in 
a flat-bottomed 96-well plate the day before tumour collection. After 
tumour processing, tumour samples were added to the plate and incu-
bated overnight at 37 °C. On the following day, GolgiPlug and GolgiStop 
were added, and samples were incubated at 37 °C for 3 h before staining.

For flow cytometry analysis of blood, 200 µl of blood was collected 
by either retro-orbital or submandibular bleeds into Eppendorf tubes 
containing 10 µl EDTA. Red blood cells were lysed three times using 
75 µl ACK lysis buffer before staining. For serum analyses, blood was 
centrifuged at 10,000g at 4 °C for 15–20 min and serum was collected 
for downstream analyses.
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Immunofluorescence analysis
C57BL/6 hHer2 transgenic mice were subcutaneously engrafted with 
4 × 105 MC38-hHer2 for 8 days before the adoptive transfer of 5 × 106 
murine anti-hHer2 CAR T cells. Then, 9 days after adoptive transfer, 
tumours were collected, embedded in OCT compound (Scigen) in a 
cryomold, stored at −80 °C and sectioned at 10 μm per tissue slide.

Tissue slides were fixed with ice-cold methanol at −20 °C for 20 min, 
washed twice with FACS buffer at room temperature for 5 min, blocked 
with 0.2% bovine serum albumin at room temperature for 5 min, and 
stained at 4 °C overnight with fluorochrome-conjugated antibodies pre-
pared at 1:200 dilution in FACS buffer: anti-CD4 FITC (clone RM4-5) and 
anti-CD8 Alexa Fluor 594 (clone 53-6.7) from BioLegend. On the following 
day, tissue slides were washed twice with FACS buffer at room tempera-
ture for 5 min, stained with DAPI (Thermo Scientific) at room tempera-
ture for 10 min, washed twice with FACS buffer at room temperature for 
5 min and coverslipped with VECTASHIELD Antifade Mounting Medium 
(Vector Laboratories). Immunofluorescence images were acquired using 
an Olympus DP80 camera on an Olympus BX53 microscope using the 
cellSens Dimension program and analysed using ImageJ.

3′ bulk RNA-seq analysis
RNA-seq libraries were prepared from RNA samples using the Quant-seq 
3′ mRNA-seq Library Prep Kit for Illumina (Lexogen) following the 
manufacturer’s instructions. Single-end, 75–100 bp RNA-seq short 
reads were generated by NextSeq sequencing (Illumina) and CASAVA 
1.8.2 was subsequently used for base calling. RNA-SeQC v.1.1.7 was 
used to assess the quality of output57, and Cutadapt v.2.1 was used to 
remove random primer bias and poly-A-tail-derived reads. Sequence 
alignment against the mouse reference genome mm10 or the human 
reference genome hg19 was done using HISAT2. Finally, the Rsubread 
software package 2.10.5 was used to quantify the raw reads of genes 
defined from Ensembl release 96 (ref. 58). Gene counts were normal-
ized using the trimmed means of M-values method and converted into 
log2 counts per million using the EdgeR v.3.8.5 package59,60. Differential 
gene expression between groups was derived using the quasi-likelihood 
F-test statistical test method based on the generalized linear model 
(glm) framework from EdgeR. Principal component analysis was done 
on normalized counts based on the most-variable genes. Adjusted 
P-values were computed using the Benjamini–Hochberg method. All 
differentially expressed genes were classified as significant based on 
a false discovery rate cut-off of less than 0.05. MA plots were used to 
represent differential gene expression between groups. Unbiased GSEA 
was used on a preranked list of differentially expressed genes identified 
by RNA-seq analysis. GSEA was done against Hallmark and C2 (canonical 
pathways) curated gene sets from the Molecular Signatures Database. 
Annotated in Fig. 5f and Extended Data Fig. 9a are genes associated 
with the C2 IL-12 signalling pathway (Gene set IL12_STAT4_PATHWAY).

scRNA-seq analysis
We analysed an scRNA-seq atlas of publicly available and previously 
published datasets of tumour-infiltrating, healthy tissue and periph-
eral blood T cells from 21 different cancer types, following previously 
described methods33. Data integration was done by per-cell size-factor 
normalization and per-gene z-score scaling across cells for each dataset. 
Each dataset was then partitioned into mini-clusters to reduce noise 
before batch-correction with the Harmony package61. Seurat was then 
used to further cluster integrated datasets into meta-clusters. To deter-
mine binarized expression of genes of interest across different cancer 
types above mean expression, the scale and average.cell functions 
from the sscVis package (https://github.com/Japrin/sscVis/) was used, 
and total frequency of cells from each scRNA-seq dataset was plotted 
as a box-plot. Numbers of patient samples analysed were as follows:  
n = 1 (blood: BCL; tumour: FTC, OV); n = 2 (blood: BRCA, multiple mye-
loma, CHOL; tumour: AML, BCL); n = 3 (tumour: multiple myeloma);  

n = 4 (tumour: SCC, CHOL); n = 7 (tumour: STAD, ESCA); n = 8 (tumour: 
HNSCC); n = 9 (tumour: UCEC); n = 10 (tumour: RC, THCA, NPC);  
n = 11 (blood: HCC; tumour: BCC); n = 14 (tumour: BRCA); n = 16 (blood: 
LC, CRC); n = 17 (tumour: HCC); n = 18 (tumour: CRC); n = 22 (tumour: 
PACA); n = 26 (tumour: LC); n = 44 (tumour: MELA).

TCR sequencing analysis
RNA was extracted from processed tumour dLN samples and used for 
TCR sequencing using the RNeasy kit (Qiagen) and the QIAseq Immune 
Repertoire RNA Library kit (Qiagen) following the manufacturer’s 
instructions. In brief, RNA was reverse transcribed into cDNA using 
TCR-specific primers, and unique molecular identifiers were ligated 
to each double-stranded cDNA molecule. The TCR region was enriched 
using a set of primers specific to the TCR constant regions and a univer-
sal primer complementary to the adaptor. Then, the product was ampli-
fied using universal primers that incorporate Illumina sequences and 
indices. The resulting samples were pooled and sequenced in a MiSeq 
(Illumina, v.3 chemistry) with paired-end 300-bp reads and a custom 
sequencing primer (Qiagen). Read processing and analysis were per-
formed using Qiagen’s web resources (GeneGlobe Data Analysis Centre, 
software version 1.0), and clonotype calls and quantity estimates were 
generated using the IMSEQ software (http://www.imtools.org).

Statistical analysis
All statistical analyses were performed using Graphpad Prism. The 
unpaired and paired student’s t-tests were used to determine statis-
tical significance between pairs of data. To determine significance 
between multiple groups with one independent variable, one-way 
ANOVA and Tukey’s multiple-comparisons test were used. To determine 
significance between multiple groups of data with two independent 
variables, a repeated measures two-way ANOVA with the Geisser– 
Greenhouse correction and Tukey’s multiple-comparisons test were 
used. To determine significance between multiple survival curves, the 
log-rank Mantel–Cox test was used.

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

Data availability
The RNA-seq data that support the findings of this study have been 
deposited in the NCBI Gene Expression Omnibus (GEO) under accession 
GSE292859. All other data are available from the corresponding authors 
upon reasonable request. Source data are provided with this paper.
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Extended Data Fig. 1 | Optimization of a CRISPR-HDR protocol for 
engineering primary murine T cells. a. Schematic of CRISPR-HDR protocol 
using a PD-1/GFP dsDNA repair template. Cas9 and PD-1-targeting sgRNA RNPs 
were electroporated into activated murine T cells with a purified PD-1/GFP 
dsDNA repair template and stimulated 72 h later with plate-bound anti-CD3  
and CD28 antibodies for 24 h before analysis of GFP by flow cytometry. b. Flow 
cytometry plots showing GFP expression in stimulated Mock, PD-1 KO or  
PD-1/GFP murine T cells, representative of n = 3 experiments. c. Schematic of 
CRISPR-HDR protocol using a PD-1/GFP AAV6 repair template. Cas9 and PD-1- 
targeting sgRNA RNPs were electroporated into activated murine T cells then 
incubated with a PD-1/GFP AAV6 repair template for 4 h prior to GFP analyses 
72 h later as per (a). d. Flow cytometry plots (left) and quantification (right) of 

GFP expression in Mock, PD-1 KO or PD-1/GFP murine T cells edited with AAV6  
at the indicated MOIs. Data represent mean ± SD of technical duplicates, 
representative of n = 2 experiments. e. Quantification of GFP expression  
in stimulated PD-1/GFP murine T cells edited with AAV6 at an MOI of 100 K, 
incubated at decreasing volumes to increase the effective AAV6 concentration, 
represented as mean ± SD of technical duplicates. f. Quantification of GFP 
expression in stimulated PD-1/GFP murine T cells edited with AAV6 at an MOI  
of 100 K and M3814 at the indicated concentrations, representative of n = 2 
experiments. Illustrations in a and c created using BioRender: a, Chen, A., 
https://BioRender.com/ye4jk15 (2025); c, Chen, A., https://BioRender.com/
ye4jk15 (2025).

https://BioRender.com/ye4jk15
https://BioRender.com/ye4jk15
https://BioRender.com/ye4jk15


Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Validation of CRISPR KI strategy with PD-1/TNF OT-I 
and murine anti-hHer2 CAR T cells. a-e. Assessment of PD-1/TNF OT-I cells 
in vitro (a-c) and in vivo (d-e). a. TNF concentration in supernatants of Mock, 
PD-1 KO or PD-1/TNF OT-I cells stimulated with anti-CD3/28 antibodies or the 
indicated tumor cell lines for 24 or 72 h. b. TNF-conditioned supernatants from 
a 24 and 72 h coculture with MC38-ova tumor cells and indicated OT-I cells were 
added to 51Cr-labelled parental MC38 tumor cells and incubated for 16 h before 
quantifying 51Cr release. c. OT-I cells were cocultured with a 1:1 mix of mCherry+ 
parental MC38 and GFP+ MC38-ova tumor cells and imaged using the Incucyte 
Live-Cell Analysis System. Tumor cells were quantified based on mCherry  
or GFP expression. (a-c) Data represent mean ± SD of technical triplicates, 
representative of n = 3 experiments. d-e. Mock, PD-1 KO or PD-1/TNF OT-I cells 
were adoptively transferred into mice bearing orthotopic AT-3-ova tumors.  
d. 8 days post transfer, tumors were harvested, processed and cocultured with 
fresh AT-3-ova tumor cells for 16 h prior to analysis of TNF expression in OT-I cells. 

Flow cytometry plots from concatenated samples of n = 6 mice/group (left) and 
quantification of TNF expression represented as mean ± SEM from n = 18 (Mock) 
and 19 (PD-1 KO, PD-1/TNF) mice/group pooled from n = 3 experiments (right). 
e. Body weight of mice, represented as mean ± SEM from n = 6 mice/group.  
f-g. Assessment of PD-1/TNF murine anti-hHer2 CAR T cells. f. TNF concentration 
in supernatants of Mock, PD-1/GFP or PD-1/TNF murine anti-hHer2 CAR T cells 
cocultured with the indicated hHer2-expressing tumor cell lines for 24 h. Data 
represent mean ± SD of technical triplicates, representative of n = 3 experiments. 
g. Mock, PD-1 KO or PD-1/TNF murine anti-hHer2 CAR T cells were adoptively 
transferred into mice bearing subcutaneous MC38-hHer2 tumors. Tumor growth 
curve represented as mean ± SEM from n = 5 (Non-treated, Mock, PD-1/TNF) 
and 6 (PD-1 KO) mice/group. (a-c, f-g) Two-way ANOVA. (d) One-way ANOVA. 
*p < 0.05, **p < 0.01, ****p < 0.0001. Illustrations in b and c created using 
BioRender: b, Chen, A., https://BioRender.com/q0g8j7b (2025); c, Chen, A., 
https://BioRender.com/q0g8j7b (2025).

https://BioRender.com/q0g8j7b
https://BioRender.com/q0g8j7b


Extended Data Fig. 3 | RNA sequencing of murine and human CAR T cells 
isolated from tumors and spleens of tumor-bearing mice. 3′ bulk RNA 
sequencing of CD8+ murine anti-hHer2 (a-b) or CD4+ (d-e, g, i) or CD8+ (c, f, h) 
human anti-LeY CAR T cells isolated from tumors and spleens of E0771-hHer2 
or OVCAR-3 tumor-bearing mice at day 8 or 9 post treatment, respectively.  
a. MA plot depicting differentially expressed genes in CD8+ murine CAR T cells 
isolated from the tumor relative to the spleen. b. Log fold change (logFC) in 
expression in CD8+ murine CAR T cells of the top 27 genes identified to exhibit 
high differential expression in the tumor relative to the spleen in CD8+ human 
CAR T cells from Fig. 2b. Red and blue bars represent genes with higher and 

lower logFC than PDCD1, respectively. c-d. MA plots depicting differentially 
expressed genes in CD8+ (c) or CD4+ (d) human CAR T cells isolated from the 
tumor relative to the spleen. e. LogFC in expression in CD4+ human CAR T cells 
of the top 27 genes identified to exhibit high differential expression in the 
tumor relative to the spleen in CD8+ human CAR T cells. f-i. Counts per million 
(CPM) values of the 27 genes in CD8+ (f) or CD4+ (g) human CAR T cells isolated 
from the spleen and CD8+ (h) or CD4+ (i) human CAR T cells isolated from the 
tumor. (a-i) Data were obtained from n = 2 biological replicates, each pooled 
from n = 3 mice.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | Impact of CRISPR-mediated knockout of target genes 
on functions of human anti-LeY CAR T cells. Each of the 27 target genes of 
interest was knocked out in human anti-LeY CAR T cells via CRISPR/Cas9 gene 
editing. a-f. Human CAR T cells with the indicated gene KO were cocultured with 
OVCAR-3 (a, c, e) or MCF-7 (b, d, f) tumor cells for 24 h before the concentrations 
of IFNγ (a-b), TNF (c-d) and IL-2 (e-f) in supernatants were assessed. g-h. Human 
CAR T cells with the indicated gene KO were cocultured with 51Cr-labelled 

OVCAR-3 (g) or MCF-7 (h) tumor cells for 16 h before quantifying 51Cr release.  
i-j. Human CAR T cells with the indicated gene KO were maintained in culture 
with IL-2 for over 28 days and the numbers of CD8+ (i) and CD4+ ( j) T cells were 
determined. (a-j) Data represent logFC values normalized to Mock CAR T cells 
pooled from n = 3 donors. One-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001.
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Extended Data Fig. 5 | Transgene expression profiles of shortlisted target 
genes in human anti-LeY CAR T cells. a-f. Human anti-LeY CAR T cells were 
engineered to express Gfp from the indicated gene loci and cocultured with 
OVCAR-3 (a-b) or MCF-7 (c-f) tumor cells for 72 h before GFP expression in CD4+ 
(a-b, e-f) or CD8+ (c-d) CAR T cells was assessed. a, c, e. Quantification of GFP 
percentage and b, d, f. fold change in GFP MFI of human CAR T cells following 
coculture. (a, c, e) Data represent mean ± SD of technical triplicates from n = 3 
(CLU, DUSP4, RGS1, RGS2, TNFAIP3), 4 (PD-1) and 8 (NR4A2, RGS16) donors.  
(b, d, f) Data represent mean ± SEM pooled from n = 3 (CLU, DUSP4, RGS1, RGS2, 
TNFAIP3), 4 (PD-1) and 8 (NR4A2, RGS16) donors. g-h. Human anti-LeY CAR 
T cells engineered as per (a-f) were adoptively transferred into mice bearing 

subcutaneous OVCAR-3 tumors. 14 days later, tumors, spleens and livers were 
harvested and GFP expression by CD8+ human CAR T cells was assessed. g. Flow 
cytometry plots from concatenated samples of n = 4 mice/group, representative 
of n = 2 donors. h. Quantification of GFP percentage of CD8+ human CAR T cells 
in the tumor, spleen and liver. Data represent mean ± SEM from n = 8 mice/group 
pooled from n = 2 donors. i. Human anti-LeY CAR T cells engineered as per (a-f) 
were cocultured with OVCAR-3 tumor cells for 72 h. Concatenated flow cytometry 
plots showing CAR and GFP expression in CD8+ T cells from technical triplicates, 
representative of n = 8 donors. (a, c, e) Paired student’s t-test. (b, d, f) One-way 
ANOVA. (h) Two-way ANOVA. n.s. not significant, *p < 0.05, **p < 0.01, 
****p < 0.0001.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Assessment of transgene expression driven by the 
Nr4a2 and NFAT promoters. a. NR4A2/GFP OT-I cells were stimulated with 
anti-CD3/28 antibodies or the indicated ova-expressing tumor lines for 24 or 
72 h before GFP expression was quantified. Data represent mean ± SD of 
technical triplicates, representative of n = 3 experiments. b-d. NR4A2/IL-12 
OT-I cells were generated and assessed in vitro (b) and in vivo (c-d). b. IL-12 
concentration in supernatants of Mock or NR4A2/IL-12 OT-I cells stimulated 
with anti-CD3/28 antibodies for 24 h, represented as mean ± SD of n = 6 technical 
replicates. c-d. 1 × 106 Mock, NR4A2 KO or NR4A2/IL-12 OT-I cells were adoptively 
transferred into mice bearing orthotopic AT-3-ova tumors. c. Tumor growth 
curve represented as mean ± SEM from n = 5 mice/group, representative of n = 3 
experiments. d. Survival curve from n = 5 (NR4A2 KO), 9 (NR4A2/IL-12) and  
10 (Non-treated, Mock) mice/group, pooled from n = 2 experiments. e-f. Murine 
anti-hHer2 CAR T cells were engineered to express Gfp via the Pdcd1 or Nr4a2 
locus and assessed upon in vitro stimulation with anti-CD3/28, anti-CAR 
antibodies or the indicated tumor cell lines (e) and in mice bearing orthotopic 
E0771-hHer2 tumors (f). e. Concatenated flow cytometry plots (left) and 
quantification (right) of GFP expression in CAR T cells following a 24 h 
stimulation. Data represent mean ± SD of technical triplicates, representative 
of n = 3 experiments. f. Concatenated flow cytometry plots (left) and 
quantification (right) of GFP percentage in CAR T cells in the tumor and spleen 
harvested 7 days post transfer. Data represent mean ± SEM from n = 3 mice/
group, representative of n = 2 experiments. g. Murine T cells were retrovirally 
transduced with an anti-hHer2 CAR and either with an NFAT-GFP construct or 
CRISPR-engineered to express Gfp from the Nr4a2 locus, and assessed for GFP 
expression in mice bearing orthotopic E0771-hHer2 tumors. Quantification of 
GFP percentage in CAR T cells pre-infusion and in the spleen of mice 3, 6 and 9 
days post transfer, represented as mean ± SEM from n = 3 (Mock) and 4 (NR4A2/
GFP, NFAT-GFP) mice/group. h-i. Human T cells were retrovirally transduced with 
an anti-LeY CAR and either with an NFAT-GFP construct or CRISPR-engineered 
to express Gfp from the NR4A2 locus, and assessed for GFP expression in mice 
bearing subcutaneous OVCAR-3 tumors (h-i) or non-tumor bearing mice (i). 

Quantification of GFP percentage in CD8+ human CAR T cells in h. the blood of 
tumor-bearing mice 4 and 7 days post transfer and i. the spleen of tumor- and 
non-tumor bearing mice 7 days post transfer, represented as mean ± SEM from 
n = 4 mice/group. j. Murine T cells engineered as per (g) were assessed for GFP 
expression in mice bearing orthotopic E0771-hHer2 tumors, E0771 parental 
tumors or non-tumor bearing mice. Quantification of GFP percentage in CAR 
T cells in the spleen of mice 3 days post transfer, represented as mean ± SEM 
from n = 3 (Mock) and 4 (NR4A2/GFP, NFAT-GFP) mice/group (E0771-hHer2); 
n = 4 mice/group (E0771 parental); n = 3 mice/group (no tumor). k. IL-12 
concentration in supernatants of Mock, NR4A2 KO or NR4A2/IL-12 murine  
anti-hHer2 CAR T cells stimulated with anti-CD3/28 or anti-CAR antibodies,  
or E0771-hHer2 tumor cells for 24 h. Data represent mean ± SD of technical 
triplicates, representative of n = 3 experiments. l. 5 × 106 mock or NR4A2/IL-12 
murine anti-hHer2 CAR T cells were adoptively transferred into mice bearing 
orthotopic E0771-hHer2 tumors > 30 mm2. Tumor growth curves (left) 
represented as mean ± SEM from n = 6 mice/group. Survival curves (right)  
from n = 6 mice/group. m. 5 × 106 mock, NR4A2 KO or NR4A2/IL-12 murine anti-
hHer2 CAR T cells were adoptively transferred into mice bearing orthotopic 
E0771-hHer2 tumors (left) or subcutaneous MC38-hHer2 tumors (right).  
Body weights represented as mean ± SEM from n = 4 (NR4A2/IL-12) and 6  
(Non-treated, Mock, NR4A2 KO) mice/group (E0771-hHer2); n = 6 mice/group 
(MC38-hHer2). n-o. Murine T cells were retrovirally transduced with an anti-
hHer2 CAR and either with an NFAT-IL-12 construct or CRISPR-engineered to 
express IL-12 from the Nr4a2 locus. n. Concentration of IL-12 in supernatants 
upon in vitro stimulation with anti-CD3/28, anti-CAR antibodies or hHer2-
expressing tumor cells. Data represent mean ± SD of technical triplicates, 
representative of n = 2 experiments. o. 5 × 106 mock, NR4A2/IL-12 or NFAT-IL-12 
murine anti-hHer2 CAR T cells were adoptively transferred into mice bearing 
orthotopic E0771-hHer2 tumors. Body weights represented as mean ± SEM 
from n = 5 (NFAT-IL-12) and 6 (Non-treated, Mock, NR4A2/IL-12) mice/group.  
(a-c, e, f-h, j-k, l (left), n) Two-way ANOVA. (d, l (right)) Logrank Mantel-Cox test. 
(i) One-way ANOVA. n.s. not significant, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Extended Data Fig. 7 | Mechanistic studies of NR4A2/IL-12 OT-I T cells and 
murine anti-hHer2 CAR T cells. a-e. NR4A2/IL-12 OT-I T cells (CD45.2+) were 
adoptively transferred into congenic CD45.1+ mice bearing orthotopic AT-3-ova 
tumors and ex vivo analyses were performed 8 days post transfer. Transferred 
OT-I T cells were identified as live CD45.2+ Thy1.2+ CD8+ cells. Endogenous CD8+ 
T cells were identified as live CD45.1+ Thy1.2+ CD8+ cells. a. Quantification of 
OT-I T cells in the tumor (left) and spleen (right). b. Proportion of splenic OT-I 
T cells with effector memory (TEM), central memory (TCM) or stem cell memory 
(TSCM) phenotype, based on CD62L and CD44 expression. Data represent  
mean proportions from n = 5 mice/group. c. Quantification of PD-1 and Tim3 
expression in OT-I T cells in the spleen. d. Concatenated flow cytometry plots 
(left) and quantification (right) of TNF and IFNγ expression in host CD8+ T cells 
in the dLN. e. Concatenated flow cytometry plots (left) and quantification 
(right) of Ki67 expression in host CD8+ T cells in the tumor. (d-e) Samples were 

ex vivo stimulated with SIINFEKL peptide for 3 h. (a, c-e) Data represent 
mean ± SEM from n = 8 (NR4A2/IL-12), 9 (Mock) and 10 (NR4A2 KO) mice/group 
(tumor), or n = 10 mice/group (spleen) (a), n = 10 mice/group (c), n = 7 (NR4A2 
KO), 9 (Mock) and 10 (NR4A2/IL-12) mice/group (d), or n = 8 (NR4A2/IL-12),  
9 (Mock) and 10 (NR4A2 KO) mice/group (e) pooled from n = 2 experiments.  
(d-e) Flow cytometry plots from concatenated samples of n = 5 mice/group.  
f-g. Mice with previously cured E0771-hHer2 (f) or MC38-hHer2 (g) tumors 
following treatment with NR4A2/IL-12 murine anti-hHer2 CAR T cells were 
rechallenged with parental E0771 or MC38 tumors in the opposite mammary 
fat pad or flank, respectively. Tumor growth curves represented as mean ± SEM 
from n = 6 mice/group (E0771) or n = 5 (NR4A2/IL-12) and 11 (Naïve) mice/group 
(MC38). (a, c-e) One-way ANOVA. (f-g) Two-way ANOVA. n.s. not significant, 
*p < 0.05, **p < 0.01, ****p < 0.0001.
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Scalability, therapeutic efficacy and safety of NR4A2/ 
IL-12 human anti-LeY CAR T cells. a. Human anti-LeY CAR T cells engineered to 
express IL-12 from the NR4A2 locus were maintained in culture with IL-2 for over 
11 days and the fold expansion following transduction was determined from 
n = 2 donors. b-c. Human anti-LeY CAR T cells engineered to express IL-12 from 
either the NR4A2 or PDCD1 locus were co-cultured with OVCAR-3 or MCF-7 
tumor cells for 24 h before the concentrations of IL-12 (b) as well as IFNγ, TNF 
and IL-2 (c) in supernatants were assessed. Data represent mean ± SD of technical 
triplicates. d-k. Human anti-LeY CAR T cells engineered as per (b-c) were 
adoptively transferred into mice bearing subcutaneous OVCAR-3 tumors.  
d. Tumor growth curves from n = 2 donors, represented as mean ± SEM from 
n = 5 (NR4A2/IL-12) and 6 (Non-treated, Mock, NR4A2 KO) mice/group (Donor 
1), or n = 3 (NR4A2/IL-12), 4 (Mock, NR4A2 KO) and 6 (Non-treated) mice/group 
(Donor 2). e. Mice with previously cured OVCAR-3 tumors following treatment 
with NR4A2/IL-12 human anti-LeY CAR T cells were rechallenged with OVCAR-3 
tumors in the opposite flank. Tumor growth curves represented as mean ± SEM 
from n = 5 (NR4A2/IL-12) and 9 (Naïve) mice/group. f. Body weight of mice post 

treatment, represented as mean ± SEM from n = 6 mice/group. g-k. Ex vivo 
analysis of human CAR T cells isolated from tumors (g-h, j-k), spleens ( j-k) or 
blood (i, k) 11-14 days post transfer. g. t-SNE plots comparing expression of 
indicated proteins in intratumoral Mock and NR4A2/IL-12 CD8+ human CAR 
T cells, concatenated from n = 4 mice/group. h. Quantification of IFNγ and  
TNF expression in intratumoral CD8+ human CAR T cells. Data represent 
mean ± SEM from n = 4 mice/group. (g-h) Tumor samples were ex vivo 
stimulated with PMA/Ionomycin for 3 h. i. Flow cytometry plots showing Ki67 
expression in CD8+ human CAR T cells isolated from the blood, concatenated 
from n = 5 (NR4A2/IL-12) and 6 (Mock, NR4A2 KO) mice/group. j. Quantification 
of CAR expression in the tumor and spleen, represented as mean ± SEM from 
n = 4 mice/group. k. Quantification of bulk, CD8+ and CD4+ human CAR T cells 
isolated from tumors (left), spleens (middle) and blood (right). Left and  
middle: Data represent mean ± SEM from n = 4 mice/group. Right: Data 
represent mean ± SEM from n = 8 mice/group, representative of n = 2 donors.  
(b-c, d-e) Two-way ANOVA. (h, j-k) One-way ANOVA. n.s. not significant, *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | Transcriptomic analysis of NR4A2/IL-12 human  
anti-LeY CAR T cells. Human anti-LeY CAR T cells were engineered to express 
IL-12 from the NR4A2 locus and adoptively transferred into mice bearing 
subcutaneous OVCAR-3 tumors. 3′ bulk RNA sequencing analysis was 
performed on CD8+ CAR T cells isolated from tumors at day 14 post treatment. 
a. MA plot comparing gene expression in NR4A2/IL-12 and Mock-edited CAR 
T cells. Annotated genes are those associated with the C2 IL-12 signaling 

pathway (Gene Set: IL12_STAT4_PATHWAY). b-c. Gene set enrichment analysis 
(GSEA) plots (b) and heatmaps (c) for C2 (IL12_STAT4_PATHWAY) or Hallmark 
(TNFA_SIGNALING_VIA_NFKB, IL6_ JAK_STAT3_SIGNALING and IL2_STAT5_
SIGNALING) pathways determined to exhibit differential expression between 
NR4A2/IL-12 and NR4A2 KO or Mock-edited CAR T cells. (a-c) Data were obtained 
from n = 2 biological replicates per group, each pooled from n = 8 mice.
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Extended Data Fig. 10 | Characterization of RGS16/IL-2 human anti-LeY  
and murine anti-hHer2 CAR T cells. a-b. Human anti-LeY CAR T cells were 
engineered to express IL-2 from either the NR4A2, PDCD1 or RGS16 locus and 
co-cultured with OVCAR-3 or MCF-7 tumor cells for 24 and 72 h before the 
concentration of IL-2 in supernatants was assessed. a. Concentration of IL-2 
post 24 h of stimulation with OVCAR-3 or MCF-7 tumor cells. b. Concentration 
of IL-2 post 24 and 72 h of stimulation with OVCAR-3 tumor cells. (a-b) Data 
represent mean ± SD of technical triplicates. c-e. Human anti-LeY CAR T cells 
engineered as per (a-b) were adoptively transferred into mice bearing 
subcutaneous OVCAR-3 tumors. c. Body weight of mice post treatment, 
represented as mean ± SEM from n = 6 mice/group. d. Flow cytometry plots of 
Ki67 expression in intratumoral CD8+ human CAR T cells following ex vivo 

stimulation with PMA/Ionomycin for 3 h, concatenated from n = 4 mice/group. 
e. Quantification of CD8+ and CD4+ human CAR T cells in tumors (left), spleens 
(middle) and blood (right) 14-15 days post transfer. Left and middle: Data 
represent mean ± SEM from n = 4 mice/group. Right: Data represent mean ± SEM 
from n = 6 mice/group, representative of n = 2 donors. f-g. 5 × 106 mock, RGS16 
KO or RGS16/IL-2 murine anti-hHer2 CAR T cells were adoptively transferred 
into mice bearing orthotopic E0771-hHer2 tumors. f. Tumor growth curves 
represented as mean ± SEM from n = 4 (RGS16 KO), 5 (Mock) and 6 (Non-treated, 
RGS16/IL-2) mice/group. g. Quantification of intratumoral Tregs (CD4+ CD25+ 
FoxP3+) 9 days post transfer. Data represent mean ± SEM from n = 4 mice/group. 
(a-b, f) Two-way ANOVA. (e, g) One-way ANOVA. n.s. not significant, *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.



Extended Data Fig. 11 | See next page for caption.
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Extended Data Fig. 11 | Clinical applicability of CRISPR-engineered armored 
CAR T cells. a-c. Anti-LeY CAR T cells derived from patients with multiple 
myeloma were engineered to express Gfp from either the NR4A2 or RGS16 locus 
and cocultured with OVCAR-3 tumor cells for 72 h before GFP expression was 
assessed. a. Flow cytometry plots from concatenated technical triplicates.  
b. Quantification of GFP percentage and c. MFI in CD8+ human CAR T cells, 
represented as mean ± SD of technical triplicates. d. Anti-LeY CAR T cells 
derived from patients with diffuse large B cell lymphoma were engineered to 
express IL-12 from the NR4A2 locus and cocultured with OVCAR-3 or MCF-7 
tumor cells for 24 h before cytokine concentration in supernatants was assessed. 
Concentrations of IFNγ, TNF or IL-2 produced by NR4A2/IL-12 CAR T cells, 
represented as mean ± SD of technical triplicates. e-f. Murine anti-hHer2 CAR 
T cells engineered to express Gfp from either the Nr4a2 or Rgs16 locus were 
cocultured with MC38 tumor cells with varying Her2 expression for 24 h before 
GFP expression was assessed. e. Histogram overlay showing Her2 expression in 
MC38 tumor cells. f. Quantification of GFP MFI in CD8+ murine CAR T cells, 
represented as mean ± SD of technical triplicates. g-h. Human anti-LeY CAR 

T cells engineered to express Gfp from either the NR4A2 or RGS16 locus were 
stimulated with varying concentrations of anti-LeY idiotype antibody for 24 h 
before GFP and CD69 expression were assessed. g. Quantification of GFP MFI 
and h. CD69 percentage in CD8+ human CAR T cells, represented as mean ± SD 
of technical triplicates. i-j. Human anti-Her2 CAR T cells were engineered  
to express Gfp from the NR4A2 locus and assessed in vitro upon stimulation 
with MDA-MB-231 tumor cells (i) and in mice bearing orthotopic MDA-MB-231 
tumors ( j). i. Flow cytometry plots from concatenated technical triplicates (left) 
and quantification of GFP expression represented as mean ± SD of technical 
triplicates (right) in CD8+ human CAR T cells post 24 h of stimulation. j. Flow 
cytometry plots representative of n = 4 mice/group in CD8+ human CAR T cells 
14 days post transfer. k. OT-3 T cells were engineered to express IL-12 or IL-2 
from the Nr4a2 or Rgs16 locus, respectively, and cocultured with AT-3-ova 
tumor cells for 24 h before cytokine concentration in supernatants was assessed. 
Concentration of IL-12 (left) or IL-2 (right) produced by NR4A2/IL-12 or RGS16/
IL-2 OT-3 T cells, respectively, represented as mean ± SD of technical triplicates. 
(b-d, f-g, i, k) Two-way ANOVA. n.s. not significant, ****p < 0.0001.



Extended Data Fig. 12 | One-step manufacturing approach for CRISPR- 
engineered armored CAR T cells. a-b. Anti-LeY CAR T cells manufactured  
via retroviral transduction or CRISPR-mediated knock-in to the TRAC locus 
were engineered to express Gfp from either the NR4A2 or RGS16 locus. a. Flow 
cytometry plots from concatenated technical triplicates (left) and quantification 
of CAR expression represented as mean ± SD of technical triplicates (right) in 
CD8+ human CAR T cells. b. Quantification of GFP expression in CD8+ human 
CAR T cells upon in vitro stimulation with anti-LeY idiotype antibody, MCF-7 or 

OVCAR-3 tumor cells for 24 h, represented as mean ± SD of technical triplicates. 
c-d. Anti-LeY CAR T cells manufactured via CRISPR-mediated knock-in to  
the TRAC locus were engineered to express IL-12 or IL-2 from the NR4A2 or  
RGS16 locus, respectively, and assessed upon in vitro stimulation as per (b).  
c. Concentration of IL-12 or d. IL-2 produced by NR4A2/IL-12 or RGS16/IL-2  
CAR T cells, respectively, represented as mean ± SD of technical triplicates. 
(c-d) Two-way ANOVA. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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