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Ablation of prostaglandin E2 signalling 
through dual receptor knockout  
in CAR T cells enhances therapeutic  
efficacy in solid tumours
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The efficacy of chimeric antigen receptor (CAR) T cell therapy in solid cancers 
is limited by immunosuppression in the tumour microenvironment (TME). 
Prostaglandin E2 (PGE2) is a key factor locally inhibiting T cell function. We 
hypothesized that targeted ablation of PGE2 signalling in CAR T cells may 
enhance their activity in PGE2-rich solid tumours. Here we generate knockout 
CAR T cells double deficient for the PGE2 receptors EP2 and EP4 (EP2−/−EP4−/−) 
by CRISPR–Cas9 engineering. EP2−/−EP4−/− CAR T cells expanded unabatedly 
in the presence of PGE2. Further, they effectively controlled syngeneic 
and human xenograft tumour models in vivo, which was accompanied by 
intratumoural accumulation and persistence of modified T cells. Improved 
anti-tumour activity was also observed against patient-derived tumour 
samples from patients with pancreatic ductal adenocarcinoma (PDAC), 
colorectal (CRC) and neuroendocrine (NET) cancer. Our data uncovers the 
detrimental impact of PGE2-mediated suppression on CAR T cell efficacy and 
highlights EP2 and EP4 targeting as a potential strategy.

Chimeric antigen receptor (CAR) T cells have achieved remarkable 
response rates in otherwise refractory haematologic malignancies 
and led to the first approval by the US Food and Drug Administra-
tion (FDA) in 2017 (ref. 1). A CAR is a synthetic protein introduced into 
T cells, which is composed of an extracellular single-chain variable 
fragment targeting a specific tumour surface antigen, a hinge/spacer 
and transmembrane domain, an intracellular co-stimulatory domain 
and an intracellular signalling domain triggering T cell activation2,3. 

The advantage of CAR T cells lies in their ability to merge the specificity 
of an antibody with the cytotoxic effect of activated T cells in a human 
leukocyte antigen (HLA)-independent manner2,3. In some patients, a 
single infusion was sufficient to cure refractory disease4–6. For many 
years, clinical development has focused on haematological malignan-
cies, but efforts are increasingly expanded to solid tumour entities, 
such that the clinical trial landscape is growing rapidly7. This devel-
opment is certainly propelled by the success of immune checkpoint 
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levels of PGE2 and its rate-limiting enzyme, COX-2, are associated with 
poor prognosis and reduced survival in various cancer types, such 
as breast, prostate or pancreatic cancer20–22. While PGE2 does have 
direct pro-tumour effects, mainly through antiapoptotic signalling23 
or promotion of tumorigenic angiogenesis24, recent evidence suggests 
that PGE2 mainly contributes to tumour progression through inducing 
immunosuppressive effects18,19,25–27.

While a preventive effect of COX inhibitors on cancer progres-
sion has been observed for various types of cancer20,28–30, therapeu-
tic use has failed to demonstrate a clear benefit of COX inhibition in 
clinical trials25,28,30–33. A major issue related to systemic inhibition of 
COX-dependent PGE2 lies in its homeostatic functions, which results in 
treatment-limiting side effects that narrow the therapeutic window31–36. 
This emphasizes the need for alternative and more tailored methods 

inhibition in many solid tumours, which demonstrates that T cells can 
elicit potent anti-tumour effects, mainly in patients with pre-existing 
immunity and active T cells8. Notable antigens in these trials include 
human epidermal growth factor receptor 2 (HER2)9 or the epidermal 
growth factor receptor and its variant (EGFR/EGFRvIII)10,11. Despite 
limited success in solid cancer patients thus far, there is emerging 
evidence that engineered T cells, and specifically CAR T cells, may 
enhance therapeutic responses12–14.

Currently, major limitations of CAR T cell therapy in solid tumours 
include lack of T cell infiltration into the tumour15,16, T cell exhaus-
tion and functional suppression15, as well as limited persistence and 
expansion of CAR T cells in the tumour microenvironment (TME)2,3. A 
well-described immunosuppressive molecule in the TME is the endog-
enously produced bioactive lipid prostaglandin E2 (PGE2)17–19. Elevated 
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Fig. 1 | Knockout of Ep2 and Ep4 improves the efficacy of adoptively 
transferred OT-I T cells by increasing their persistence in the TME. a, 5 × 106 
CD45.1 × CD4CrePtger2−/−Ptger4fl/fl OT-I T cells and 5 × 106 CD90.1 OT-I T cells were 
co-injected into D4M.3A-SIINFEKL (106 cells s.c.) bearing mice. b,c, On days 2, 5, 
9 and 14, the abundance of T cell populations in tumours (b) and lymph nodes 
(c) was determined by flow cytometry (data shown as mean ± s.e.m. of n = 5 
mice per group). Statistical analysis was done with a two-way ANOVA.  
d, OT-I T cells with Ep2 and/or Ep4 knockout were treated with 2,000 ng ml−1 
PGE2 and cAMP levels were determined in a luciferase-based readout  
(data shown as mean ± s.d. of n = 3 independent experiments with 2 technical 
replicates each; statistical analysis was done with an ordinary one-way ANOVA). 
e, OT-I T cells with Ep2 and/or Ep4 knockout were treated with 1,600 ng ml−1 

PGE2 and CREB phosphorylation was measured by flow cytometry. Pooled data 
of n = 3 representative experiments (mean ± s.d.) with 2 technical replicates 
each and a representative change of the pCREB MFI are shown. Statistical 
analysis was done with a two-way ANOVA. Mice bearing D4M.3A-SIINFEKL 
tumours (106 cells s.c.) were treated with 107 adoptively transferred (i.v.) OT-I 
T cells with Ep2 and/or Ep4 knockout. f,g, Tumour growth (f) was monitored 
over time and survival (g) was determined. Pooled results of n = 3 independent 
repetitions with n = 5 mice per group are shown as mean ± s.e.m. Statistical 
analysis was done with a repeated measurements mixed-effects analysis with 
Dunnett’s multiple comparison correction (f) and log-rank (Mantel–Cox) test 
(g). Panel a created with BioRender.com.
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to target the COX-2–PGE2 axis, restricting its effects to a well-defined 
effector cell population.

Extracellular PGE2 signals via PGE2 receptors (EP), namely EP1, EP2, 
EP3 and EP4, all of which belong to the family of G protein-coupled 
receptors (GPCRs)17. These receptors are expressed on a variety of 
cell types that have important roles in shaping the TME, including 
myeloid-derived suppressor cells, macrophages, dendritic cells, 
natural killer cells and T cells18,19,25–27,37. We and others have recently 
uncovered that PGE2 mediates tumour immune escape through its 
receptors EP2 and EP4 by hindering the differentiation and expansion of 
tumour-infiltrating anti-cancer T cells through disruption of interleukin 
(IL)-2 signalling38–41. This raises the fundamental question of whether 
safeguarding T cells from PGE2 can enhance their functionality within 
solid tumours and thereby facilitate tumour eradication. Thus, we 
sought to investigate whether abrogating the effects of tumour-derived 
PGE2 on therapeutic T cells can increase their functionality within solid 
tumours and enhance the efficacy of T cell cancer therapy.

We thus developed a clustered regularly interspaced short palin-
dromic repeats (CRISPR)–CRISPR-associated protein 9 (Cas9)-based 
knockout system for primary T cells15 to eliminate the EP2 and EP4 
receptors, as well as their subsequent inhibitory signalling, selec-
tively in CAR T cells. Given the therapeutic challenges associated with 
targeting GPCRs such as EP2 and EP4, we aimed to establish novel 
functional readouts to assess gene editing efficiency. Furthermore, we 
demonstrate how the concurrent elimination of these two receptors 
enhances CAR T cells’ ability to proliferate and, as a result, increases 
their therapeutic potential, both in vitro and in vivo in syngeneic as 
well as xenograft mouse models of pancreatic carcinoma, melanoma 
and mesothelioma and against different patient-derived organotypic 
tumour spheroids (PDOTS).

Results
Knockout of EP2 and EP4 improves the efficacy of adoptively 
transferred OT-I T cells by increasing their persistence in  
the TME
As demonstrated recently, PGE2 has detrimental effects on the establish-
ment of an efficient T cell response against solid tumours21,42. Shield-
ing T cells from tumour-derived PGE2 by knocking out its receptors 
EP2 and EP4 on therapeutically transferred T cells therefore might 
be a promising strategy to improve adoptive T cell transfer such as 
CAR T cell therapy. To verify whether EP2 and EP4 double knockout 
can rescue the function of transferred T cells comparably to what 
was reported recently, we performed in vivo tracking of adoptively 
transferred ovalbumin (OVA)-specific OT-I T cells using congenic 
marker-positive T cells in a murine D4M.3A-SIINFEKL tumour model. 
We co-injected equal numbers of T cells obtained from a CD90.1 
wild type and a CD45.1 × CD4CrePtger2−/−Ptger4fl/fl mouse, both trans-
duced with the OT-I receptor at equal efficiencies (Fig. 1a). Flow 
cytometry analysis (Extended Data Fig. 1a) of tumours, lymph nodes, 
spleens and blood after 2, 5, 9 and 14 days revealed higher numbers 
of CD4CrePtger2−/−Ptger4fl/fl T cells in tumours from day 5 onwards 
(Fig. 1b). However, no consistent differences were observed regarding 
T cell numbers between wild-type and CD4CrePtger2−/−Ptger4fl/fl T cells 
in lymph nodes (Fig. 1c), spleen (Extended Data Fig. 1b) and blood 
(Extended Data Fig. 1c), confirming that the changes in composition 
are specific to the PGE2-rich TME. Together, these data indicate that 
PGE2 in the TME severely undermines effectivity of adoptively trans-
ferred T cells by impairing their local persistence. Along these lines, 
when transducing CD4CrePtger2−/−Ptger4fl/fl-derived splenocytes with an 
anti-epithelial cell adhesion molecule (EpCAM)-CAR, we could observe 
improved tumour control and clearance in 2/5 mice in a subcutaneous 
murine Panc02-OVA-EpCAM model (Extended Data Fig. 1d). Together, 
these data indicate that adoptively transferred T cells benefit from a 
knockout of the PGE2 receptors EP2 and EP4, testified by their improved 
intratumoural accumulation and therapeutic activity.

To assess the therapeutic potential of these findings, we developed 
a CRISPR–Cas9 knockout method to disable Ep2 and Ep4 signalling in 
tumour-targeting T cells. As a first proof of concept, we introduced 
both Ep2 and Ep4 single knockouts, as well as a simultaneous knockout 
of both receptors into OT-I T cells (Extended Data Fig. 1e). Importantly, 
we were unable to establish specific and reliable Ep2 or Ep4 detection 
by flow cytometry or western blot, a common issue with GPCRs, which 
complicates knockout validation as protein-level reduction cannot 
be directly measured to assess gRNA efficacy or CRISPR optimiza-
tion. This, until now, has hindered many GPCRs from being evaluated 
regarding their function in a therapeutic setting. To overcome this 
key limitation, we herein propose evaluating intractable knockout 
targets by monitoring reductions in their downstream signalling. To 
this end, we established assays measuring the production of cyclic 
adenosine monophosphate (cAMP) and downstream phosphoryla-
tion of cAMP-response element-binding protein (CREB) upon PGE2 
stimulation as a proxy for a reduction in the expression of the PGE2 
receptors Ep2 and Ep4. Upon double knockout of both receptors, 
downstream signalling following PGE2 stimulation, measured by intra-
cellular cAMP levels (Fig. 1d) and CREB phosphorylation (Fig. 1e and 
Extended Data Fig. 1f), was completely abrogated. By contrast, the 
individual knockout of either Ep2 or Ep4 was not sufficient to prevent 
PGE2 signalling in OT-I T cells.

We previously observed improved tumour control when using 
CD4CrePtger2−/−Ptger4fl/fl TCF1+ stem-like CD8+ OT-I T cells compared 
with wild-type OT-I T cells in adoptive cell transfer experiments. 
To probe whether engineered and differentiated cells would phe-
nocopy this effect, we chose to treat mice bearing established 
D4M.3A-SIINFEKL melanomas with these cells. Ep2−/−Ep4−/− but not 
Ep2−/− nor Ep4−/− OT-I T cells were able to slow tumour growth (Fig. 1f and 
Extended Data Fig. 1g). Ep2−/−Ep4−/− but also Ep4−/−OT-I T cells prolonged 
survival (Fig. 1g) compared with mock OT-I T cells (electroporation 
without ribonucleoprotein (RNP) complex), whereby the effect of 
Ep2−/−Ep4−/− was superior to that of Ep4−/− OT-I T cells. Remarkably, we 
observed complete responses in 3 out of 15 mice in the Ep2−/−Ep4−/− and 
in 1 out of 15 mice in the EP2−/− groups, while no complete responses 
occurred in mice treated with mock CRISPR or Ep4−/− T cells. Consistent 
with our hypothesis, shielding tumour-targeting T cells by knocking out 
Ep2 and Ep4 improved the effectiveness of adoptive cellular therapy in 
the presence of PGE2 and constitutes a promising therapeutic avenue.

Generation of CAR T cells with a CRISPR-based knockout of 
EP2 and EP4
To transfer these findings into a therapeutic CAR T cell protocol, we 
next integrated the CRISPR–Cas9-based knockout of EP2 and EP4 
into our retroviral transduction protocol to produce murine and 
human CAR T cells targeting the murine tumour antigen EpCAM 
or the human tumour antigens HER2, HER1 or mesothelin (MSLN) 
(Fig. 2a). We routinely obtained around 50–80% CAR-transduced 
T cells (Extended Data Fig. 2a), which was comparable between the 
knockout and mock CRISPR conditions. Equivalent to our OT-I data, 
we observed a complete shutdown of the PGE2 signalling pathway, 
as measured by cAMP levels (Fig. 2b) and CREB phosphorylation 
(Fig. 2c and Extended Data Fig. 2b) in EP2−/−EP4−/− CAR T cells but 
not in EP2−/− or EP4−/− CAR T cells upon stimulation with PGE2. Of 
note, unphysiologically high concentrations of PGE2 (murine setting 
1,600 ng ml−1 and human setting 2,000 ng ml−1) were purposefully 
chosen to probe the robustness of the receptor knockouts. To access 
knockout efficiency quantitatively for our therapeutically relevant 
knockout in human CAR T cells, we subsequently performed MiSeq 
Illumina sequencing of human anti-HER2 CAR T cells with the respec-
tive EP2 and EP4 knockouts, serving as a validation of our previously 
described functional readout of knockout efficiency. We obtained 
efficiencies of on average 70% for EP2 and 90% for EP4 receptor both 
in the single and double knockout settings, proving high knockout 
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efficiency (Fig. 2d and Extended Data Fig. 2c,d). Together, we are 
the first to engineer a double knockout of two unstainable recep-
tors, namely EP2 and EP4, and demonstrate feasibility of knockout 
integration into a retroviral CAR T cell manufacturing workflow with 
high efficiency.

To further characterize our human EP2−/−EP4−/− CAR T cell knock-
out product, we also assessed potential off-targets. To this end, we in 
silico predicted off-targets for all our gRNAs using Cas-OFFinder43. We 
included all predicted off-target sites with up to 4 mismatches between 
gRNA and DNA sequences in our analysis, as 97% of off-targets are 
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T cells were submitted to CRISPR-based gene editing to knockout the surface 
receptors EP2 and EP4. b, Murine and human CAR T cells with EP2 and/or EP4 
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in a luciferase-based readout (data shown as mean ± s.d. of n = 3 independent 
experiments with 2 technical replicates each; statistical analysis was done with 
an ordinary one-way ANOVA). c, CAR T cells with EP2 and/or EP4 knockout 
were treated with 1,600 ng ml−1 (murine) and 2,000 ng ml−1 (human) PGE2. 
CREB phosphorylation was measured by flow cytometry. Pooled data of n = 3 

representative experiments with 2 technical replicates each (mean ± s.d.) and a 
representative change of the pCREB MFI are shown. Statistical analysis was done 
with a two-way ANOVA. d, Genomic DNA samples from human anti-HER2 CAR T 
cells of n = 3 donors with their respective EP2 and EP4 knockouts were submitted 
to MiSeq Illumina sequencing. Data are shown as mean ± s.d. Statistical analysis 
was done with a two-way ANOVA. e, Potential off-targets were predicted for each 
gRNA using Cas-OFFinder allowing up to four mismatches between gRNA and 
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f, Workflow for variant filtering during unbiased variant identification from 
whole genome sequencing data. Panel a created with BioRender.com.
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anticipated to have less than 5 mismatches between gRNA and DNA 
sequences44. No off-targets with 0–2 mismatches were predicted for 
all gRNAs. Up to 2 off-targets with 3 mismatches per gRNA and up to 
45 off-targets with 4 mismatches were predicted (Fig. 2e). To validate 
those predicted potential off-targets, we preformed whole genome 
sequencing for one human donor. All Cas-OFFinder predicted sites 
were manually inspected in the integrative genomics viewer (IGV), 
and no signs of variations compared with our unmodified control sam-
ples could be found. As there are also gRNA-independent off-target 
effects45, we also performed genome analysis toolkit (GATK) variant 
calling in our samples. We excluded all variants from the analysis that 
were also present in our unmodified and mock CRISPRed samples, 
as those are likely normal variations from our donor to the reference 
genome that are unrelated to our engineering approach. We further 
excluded all variants that were not reproducible between the EP2 
and EP4 double knockout and the respective single knockouts, as we 
deemed them of unlikely relevance for lack of reproducibility within 
a single donor. From the remaining variants, we selected only those 
that are likely to have an influence on a protein (high-priority variants; 
Fig. 2f). We defined a high-priority variant as a variant located in the 
exonic or splicing region with a frequency of less than 0.01 in the 
1000 Genomes database and a deleterious prediction from at least 
one of SIFT, Polyphen, MutationTaster and CADD algorithms. The 
remaining variants of interest (Supplementary Table 1) were again 
manually inspected in the IGV, and the only confirmed variants were 
PTGER2 and PTGER4 in their respective knockout samples, represent-
ing good on-target efficiency and validity of our approach for variant 
identification. Taken together, we were neither able to confirm any 
predicted off-targets nor independently find any off-target sites in 
our donor, pointing towards a potential good safety profile of our 
knockout strategy.

Improved expansion and survival of EP2−/−EP4−/− CAR T cells in 
the presence of PGE2 leads to enhanced anti-tumour function 
in vitro
Next, we evaluated the performance of PGE2 receptor knockout CAR 
T cells in vitro. While pre-incubation of mock CAR T cells with PGE2 
over 48 h (Extended Data Fig. 3a) completely abrogated their killing 
capacity of murine pancreatic ductal adenocarcinoma (PDAC) Panc02 
cells overexpressing EpCAM (Fig. 3a), we observed a partial rescue 
of tumour control for Ep2−/− and Ep4−/− CAR T cells. However, only 
Ep2−/−Ep4−/− CAR T cells were able to completely eradicate tumour cells 
in the presence of PGE2 (Fig. 3a,b and Extended Data Fig. 3b). We made 
similar observations in a human setting, whereby only EP2−/−EP4−/− 
anti-HER2 CAR T cells were able to control growth of BxPC3 tumour 
cells (Fig. 3c,d and Extended Data Fig. 3b,c). As the pre-incubation 
setting (Extended Data Fig. 3a) allows for PGE2-treatment-induced 
changes of T cell numbers and previous reports show deficient T cell 

proliferation in the presence of PGE2 (refs. 42,46,47), we next evalu-
ated whether the observed differences in killing capacity are due to 
differential T cell activation and cytotoxicity or due to changes in 
T cell numbers. Indeed, we observed decreased proliferation, as well 
as impaired survival of anti-EpCAM CAR T cells (Fig. 3e,f) and anti-HER2 
CAR T cells (Fig. 3g) in the presence of PGE2. This phenotype could 
be completely rescued by knocking out EP2 and EP4. We did not see 
an inhibitory effect of PGE2 on T cell activation, as interferon (IFN)-γ 
production at the single-cell level of murine anti-EpCAM CAR T cells 
was unabated regardless of PGE2 (Fig. 3h). Similarly, no changes in CD25 
nor CD69 expression on human anti-HER2 CAR T cells were observed 
(Fig. 3i,j) when stimulating cells with their respective HER2 tumour 
antigen in vitro. This suggests that failure to eradicate tumour cells in 
the presence of PGE2 results from impaired CAR T cell proliferation but 
not inhibition of their killing capacity. These observations are consist-
ent with in vivo results presented in Fig. 1a,b. Taken together, EP2 and 
EP4 double-knockout CAR T cells show improved functionality in the 
presence of PGE2 in vitro.

EP2 and EP4 knockout enhances anti-tumour activity of CAR 
T cells in vivo and in patient-derived samples
We further evaluated the in vivo performance of PGE2 receptor 
knockout HER2-targeting CAR T cells in a xenograft model derived 
from BxPC3 PDAC cells. EP4−/− as well as EP2−/−EP4−/− anti-HER2 CAR 
T cells reduced tumour growth and consequently prolonged survival, 
while EP2−/−EP4−/− CAR T cells were able to clear the tumours of three 
mice (Fig. 4a,b). To further validate the functionality of our receptor 
knockouts in a second mouse model, we implemented a mesothelioma 
model using the Msto-hMSLN cell line in NOD-Prkdcscid-IL2rgTm1/Rj 
(NXG) mice, which were treated with 2 × 105 EP2−/−EP4−/− anti-MSLN CAR 
T cells. Mice showed reduced tumour growth, resulting in prolonged 
survival compared with mice treated with mock electroporated cells, 
with three mice transiently clearing their tumour (Fig. 4c,d). Build-
ing on these promising preclinical findings, we sought to evaluate 
the therapeutic potential of our receptor knockout CAR T cells in a 
clinically relevant setting. To this end, we tested EP2−/−EP4−/− anti-HER1 
CAR T cells in patient-derived tumour explants from colorectal carci-
noma (CRC), PDAC and neuroendocrine tumours (NET). PDOTS were 
co-cultured in a three-dimensional (3D) microfluidic culture device 
with therapeutic CAR T cells, after which tumour cell viability was 
assessed through fluorescent nuclear staining and subsequent imag-
ing (Fig. 4e). Increased anti-tumour activity of EP2−/−EP4−/− anti-HER1 
CAR T cells was observed against three different CRC patient sam-
ples (Fig. 4f) compared with untransduced (UT) T cells indicated by a 
decrease in tumour cell viability. Double-knockout CAR T cells further 
showed an increased benefit against samples from PDAC (Fig. 4g) 
and NET (Fig. 4h). As anti-HER1 CAR T cells showed no effect against 
gastrointestinal stromal tumour samples (Fig. 4i), a tumour known 

Fig. 3 | Improved expansion and survival of EP2−/−EP4−/− CAR T cells in the 
presence of PGE2 leads to enhanced anti-tumour function in vitro.  
a–d, Murine anti-EpCAM CAR T cells (a,b) and human anti-HER2 CAR T cells 
(c,d) were pretreated with 250 ng ml−1 (murine) or 500 ng ml−1 (human) PGE2 for 
48 h, after which co-culture experiments with Panc02-OVA-EpCAM or BxPC3 
cells were performed. Target killing was measured using impedance-based 
readout. A representative experiment (a,b) of n = 3 independent repetitions with 
3 technical replicates each is shown as mean ± s.d., (b,d) as well as the area under 
the curve (AUC) as a proxy for the quantification of the tumour cell lysis over all 
repetitions. AUC data are shown as mean ± s.d. (b,d). Statistical analysis was done 
using a two-way ANOVA with Šidák’s multiple comparison correction. e, To assess 
their proliferative capacity, murine anti-EpCAM CAR T cells were cultured with 
250 ng ml−1 PGE2 for 24 h and 48 h, after which live cell numbers were determined 
using counting beads. f, Viability of the murine anti-EpCAM-CAR T cells was 
assessed using flow cytometry after 24 h and 48 h. g, To assess their proliferative 
capacity, human anti-HER2 CAR T cells were cultured with 500 ng ml−1 PGE2. 

Cell numbers were determined using counting beads. Results are shown as 
normalized ratios calculated from treated to untreated values depicted as 
mean ± s.d. for n = 3 independent experiments with 3 technical replicates each 
(e–g). Statistical analysis was done with a repeated measurements two-way 
ANOVA with Dunnett’s multiple comparison correction (e,f) or ordinary one-way 
ANOVA with Tukey’s multiple comparison correction (g). h, A representative 
change in IFNγ-MFI of CD8+ T cells as well as the pooled data of n = 3 independent 
repetitions with 3 technical replicates each is shown. All data in this figure are 
shown as mean ± s.d. All statistical analysis was done with a two-way ANOVA.  
i,j, To evaluate the activation status of anti-HER2 CAR T cells, cells were treated 
with 500 ng ml−1 PGE2 and plated in HER2-precoated wells for 24 h, after which 
flow cytometry analysis of CD25 (i) and CD69 (j) expression was performed. 
Data from n = 3 biological donors in 3 technical replicates each are shown as 
mean ± s.d. Statistical analysis was done using a two-way ANOVA with Tukey’s 
multiple comparison correction.
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for little to no HER1 expression48, we concluded that the system used 
was dependent on CAR engagement, as anticipated. Overall, this data 
indicates that EP2−/−EP4−/− CAR T cells have a clear killing advantage in 
PGE2-rich tumours, both in mouse models, as well as patient-derived 
tumour samples.

Increased expansion of EP2 and EP4 knockout CAR T cells 
enhances anti-tumour activity in vivo
To better understand the increased anti-tumour efficacy of EP2−/−EP4−/− 
CAR T cells, we additionally transduced human T cells with a luciferase 
reporter system (teLuc receptor) to facilitate imaging of adoptively 
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Fig. 4 | EP2 and EP4 knockout enhances anti-tumour activity of CAR T cells in 
vivo and in patient-derived samples. NXG mice were inoculated s.c. with 106 
BxPC3 tumour cells and treated with 107 anti-HER2 CAR T cells without EP2−/− and/
or EP4−/−. a,b, Tumour growth (a) and survival (b) were monitored for 90 days. 
Pooled data of n = 3 independent repetitions with each n = 5 mice per group are 
shown. Statistical analysis was done with a mixed-effects analysis and log-rank 
(Mantel–Cox) test. NXG mice were inoculated s.c. with 106 Msto-hMSLN tumour 
cells and treated with 2 × 106 anti-MSLN CAR T cells without EP2−/− and/or EP4−/−. 
c,d, Tumour growth (c) and survival (d) were monitored for 90 days. Pooled  
data of n = 3 independent repetitions with each n = 4–5 mice per group are  
shown. Statistical analysis was done with a mixed-effects analysis and log-rank 

(Mantel–Cox) test. e, Schematic representation of workflow. f–i, PDOTS were 
prepared in hydrogels composed of rat tail type I collagen and loaded into 
the centre gel region of the 3D microfluidic culture device, whereafter mock 
or EP2−/−EP4−/− anti-HER1 CAR T cells or UT T cells were added into one of the 
side channels in the device in an effector to target ratio (E:T) of 3:1. To assess 
PDOTS viability, dual-label fluorescence live/dead staining was using Hoechst/
propidium iodide staining solution. Viability (mean ± s.d.) of n = 3 CRC-derived 
(f), n = 1 PDAC-derived (g), n = 1 neuroendocrine (h) and n = 1 gastrointestinal 
cancer tumour-derived (i) PDOTS (3 technical replicates each) is shown. 
Statistical analysis was done with a two-way ANOVA. Illustrations in e created  
with BioRender.com.
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transferred CAR T cells in live animals inoculated with a BxPC3 tumour 
(Extended Data Fig. 4a,b). Live imaging revealed an expansion of EP2−/− 
and EP2−/−EP4−/− CAR T cells within the first 20-day treatment period. 
Shortly after, we observed a decline of T cell signal per square millimetre 
of tumour before outgrowth of the tumour across all treatment groups 
(Fig. 5a,b and Extended Data Fig. 4b), linking the loss of tumour control 
to a failure of CAR T cell persistence in the TME. To better understand 
the reason for tumour relapse, we sought to analyse the tumour of 
treated mice using flow cytometry analysis, such that we terminated 
running experiments 12 days post T cell injections. Mice treated with 
EP2−/−EP4−/− anti-HER2 CAR T cells showed increased expansion of thera-
peutic T cells in tumours (Fig. 5c) compared with groups treated with 
mock electroporated CAR T cells. Interestingly, no changes in terms of 
activation, differentiation nor exhaustion phenotype were observed 
between the two groups (Fig. 5d–f). The improved anti-tumour effect of 
double-knockout CAR T cells thus stems from an increased expansion 
of therapeutic cells in the tumour, rather than increased cytotoxicity, 

which aligns with our previous observations (Fig. 3h–j). Together with 
our in vitro characterization, these findings underscore the failure of 
human CAR T cells to persist in a PGE2-rich TME. Persistence could be 
rescued by shielding therapeutic cells from PGE2 by knockout of EP2 
and EP4, whereby the improvement in persistence was directly linked 
to an improvement in tumour control and survival.

Discussion
In this study, we observed the PGE2–EP2–EP4 axis to be a potent inhibi-
tory signalling pathway on CAR T cells in the TME. We therefore pro-
pose a novel approach utilizing CRISPR–Cas9-based knockouts of EP2 
and EP4 to effectively shield CAR T cells from PGE2 in solid tumours, 
which may offer the possibility to achieve enhanced CAR T cell persis-
tence and anti-cancer activity within the TME. While conventional EP2/
EP4-sufficient CAR T cells exhibited reduced proliferation in PGE2-rich 
tumours, EP2/EP4-deficient CAR T cells were able to maintain their 
proliferative capacity and therefore exhibited enhanced anti-tumour 
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Fig. 5 | Increased expansion of EP2 and EP4 knockout CAR T cells enhances 
anti-tumour activity in vivo. a,b, To track CAR T cell distribution in vivo, NXG 
mice were inoculated s.c. with 106 BxPC3 tumour cells and treated with 107 
anti-HER2 CAR T cells without EP2−/− and/or EP4−/−. Anti-HER2 CAR T cells were 
additionally transduced with a teLuc reporter system, to allow T cell tracking 
in vivo. Mice were imaged 2× per week by injecting DTZ i.v. before standard 
IVIS imaging techniques were applied. Log-transformed average radiance was 
normalized to the tumour area and plotted against the tumour size over time 
(a). Data from a representative experiment with n = 5 mice per group are shown. 
Outliers were identified and excluded. Log-transformed average radiance per 

tumour area on day 16 post tumour injection pooled from two independent 
experiments as mean ± s.e.m. (b). Outliers were identified and removed; statistics 
were determined using an ordinary one-way ANOVA. c–f, To phenotype tumour-
infiltrating CAR T cells, mice were killed 12 days post treatment and tumours were 
analysed using flow cytometry analysis of teLuc+ cells (c), expression of CD69 (d) 
and PD-1 and LAG-3 (e). T cell differentiation was determined by the expression 
of CD62L and CD44 (f). Pooled data of n = 2 independent experiments with n = 5 
mice per group are shown. All data in this figure are shown as mean ± s.e.m. 
Statistical analysis was done with an ordinary one-way ANOVA.
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activity. The application of our findings in two different human xeno-
graft in vivo models using NXG mice demonstrated the feasibility of our 
strategy. Shielding CAR T cells from PGE2 signalling through a simultane-
ous knockout of EP2 and EP4 increased T cell persistence in the TME and 
prolonged survival. Interestingly, the activation of CAR T cells remained 
unaffected by PGE2 not only in vitro but also in in vivo tumour-infiltrating 
CAR T cells. Furthermore, CRISPR-engineered CAR T cells showed 
increased anti-tumour activity against patient-derived tumour samples, 
which underpins the translational potential of the approach.

In a recent study, we uncovered that EP2 and EP4 signalling leads 
to the abrogation of IL-2 signalling in T cells, caused by downregulation 
of the IL-2 receptor, thus causing defects in proliferative expansion and 
persistence of T cells in the TME40,41. Interestingly, impaired T cell pro-
liferation was recently confirmed to be caused by PGE2 in the CAR T cell 
context in an independent study42. Furthermore, we could not detect 
any influence of PGE2 on the migration of CD8+ T cells from the lymph 
nodes into the tumour in our recent study40. This further supports the 
hypothesis that proliferation and persistence of T cells, rather than 
an impairment of migration, were causing the observed differences 
in intratumoural CAR T cell numbers. While other studies reported 
a reduction of the activation and killing capacity of T cells by PGE2  
(refs. 42,49,50), we did not observe such effects. Rather, our data argue 
that reduced cytotoxicity is a consequence of impaired T cell expan-
sion. This is important given that most assays used to measure CAR 
T cell performance focus on analysis of activation or killing capac-
ity through assays such as tumour cell lysis or IFNγ production via 
enzyme-linked immunosorbent assay (ELISA), without accounting 
for alterations in effector cell numbers42,50. To carefully delineate our 
observations, we therefore chose methods analysing activation differ-
ences at single-cell resolution. In support of this, our recently published 
sequencing data also did not reveal changes in the T cell activation 
profiles between T cells deficient and proficient for PGE2 signalling40. 
Both in vitro and in vivo, we did not observe a consistently apparent 
benefit of the EP2 and EP4 single knockout over the double knockouts 
across repetitions and donors. This highlights the necessity of the 
double knockout to completely abrogate PGE2 signalling and guarantee 
reliable protection from PGE2 signalling in the TME.

COX-dependent PGE2 production is a hallmark of many human 
cancers20,37, and limiting the detrimental effects of this inhibitory axis 
on anti-cancer immunity is a promising strategy to advance T cell-based 
cancer immunotherapies40–42. Therefore, our findings that ablation 
of EP2 and EP4 on mouse and human therapeutic T cells is technically 
feasible and achieves durable T cell persistence, leading to anti-cancer 
activity in tumours, have important clinical implications. After discov-
ering that COX inhibitors had a preventive effect against several cancer 
types20,28–30, COX inhibition was tested in a therapeutic setting in com-
bination with chemo- or radiotherapy25,31–34. However, side effects such 
as skin rashes and gastrointestinal bleeding events have led to the dis-
continuation of the treatment with COX inhibitors in many patients31–33. 
Thus, the shortened duration of treatment was deemed a primary 
factor for the limited benefits attributed to COX inhibitors in influenc-
ing treatment outcomes31–33. Such adverse events would also need to 
be anticipated and eventually overcome in combination with CAR 
T cells. In addition, a recent in vitro study could show reduced expan-
sion and increased apoptosis of human anti-CD19 CAR T cells upon 
treatment with physiological concentrations of celecoxib51. Together, 
these observations highlight the need for alternative approaches to 
shield CAR T cells against PGE2, which highlights the relevance of our 
approach of ablating EP2 and EP4.

To avoid the drawbacks associated with systemic disruption of 
homeostatic PGE2 signalling by blocking PGE2 synthesis, selective inhib-
itors of EP2 and EP4 were developed52. The promising preclinical appli-
cation of these inhibitors in safeguarding T cells from PGE2 prompts a 
deeper investigation into the strategy of inhibiting PGE2 signalling in 
therapeutic T cells35,42,53. However, EP2 and EP4 are still expressed on 

a variety of cell types other than T cells, such that concerns related to 
systemic PGE2 inhibition might still apply. This is limiting the clinical 
application and leading to the need to further improve this approach. 
Using our method of knocking out EP2 and EP4, we can selectively 
protect CAR T cells from PGE2 while leaving systemic PGE2 signalling 
unaltered. Thereby, we can effectively avoid potential concerns of an 
antagonist-based approach, such as side effects or dosing issues in 
peripheral tissues and compartments. Importantly, our approach of 
EP2 and EP4 knockout has been shown to be effective at physiologically 
relevant concentrations in vitro and in vivo, as well as in patient-derived 
samples. Previous studies using small-molecule inhibitors of EP2 and 
EP4 could only demonstrate benefits at unphysiologically high concen-
trations of PGE2 and only in vitro42,50, suggesting that our approach may 
be more suitable at physiological concentrations of PGE2. Capitalizing 
on these results, we propose for the first time simultaneously target-
ing of two G protein-coupled surface receptors (GPCRs EP2 and EP4) 
that cannot be directly detected by antibodies, rendering efficiency 
assessment, especially in a space where protein half-life may survive 
transcription and translation of the corresponding genes, impossible. 
We postulate for the first time that a functional readout can be used to 
assess editing efficiencies of therapeutic T cells, opening a new target 
space for therapeutic engineering.

However, further genetic modification of T cells beyond addi-
tion of the CAR harbours its own safety concerns. Enhancing the 
cytotoxic potential of CAR T cells by releasing checkpoint-like breaks 
when ablating EP2 and EP4 may raise concerns regarding an unbri-
dled immune response in patients, thereby increasing the potential 
risk of unwanted side effects, which will need to be carefully weighed 
against potential benefits54. Clinical trials utilizing CRISPR-engineered 
CAR T cells, such as the knockout of the potent checkpoint inhibi-
tor PD-1 on (CAR) T cells, for example, have not reported increased 
toxicity compared with trials without such engineering55. In addition, 
multiple engineering steps of T cells before clinical application may 
raise manufacturing-related safety concerns that require thorough 
investigation56,57, which will be crucial for the continued development 
and application of CRISPR-engineered CAR T cells. In the context of 
CRISPR-engineered therapeutic cells, the occurrence of unwanted 
off-target editing possibly causing unforeseeable problems, includ-
ing oncogenic events, is an additional concern58–60. In any case, our 
whole genome sequencing analysis detected no relevant off-target 
gene editing effects, indicating that the chosen gRNAs for our protocol 
exhibit a relatively low-risk profile. Nonetheless, further evaluation, 
particularly in multiple donors, will be necessary to validate our find-
ings. Notably, no clinical issues regarding the use of CRISPR-engineered 
cells in patients have been reported so far55. In any case, preventive 
strategies, such as the inclusion of suicide switches, could be imple-
mented if necessary59,61.

In summary, our work showcases a versatile platform, allowing 
for the interchange of CAR targets in PGE2-rich tumours. Our findings 
underscore the relevance of CRISPR-mediated knockouts of EP2 and 
EP4 in rescuing CAR T cells from PGE2-mediated inhibition, highlighting 
the potential clinical relevance of CRISPR-mediated receptor knock-
outs targeting PGE2 for therapeutic applications.

Methods
Mice
All mice used in syngeneic experiments carried a C57BL/6J background. 
OT-I mice ( JAX:003831) were used as organ donors for syngeneic thera-
peutic experiments. Ptger2−/−Ptger4fl/fl mice were generated by crossing 
Ptger2−/− mice ( JAX:004376) to Ptger4fl/fl mice ( JAX:028102) and fur-
ther crossed to CD4Cre mice ( JAX:022071) to generate CD4CrePtger2−/− 
Ptger4fl/fl mice. CD4CrePtger2−/−Ptger4fl/fl mice were further crossed to 
CD45.1 ( JAX:002014) mice and used on a CD45.1/CD45.2 background. 
For xenograft experiments, NXG mice (NOD-Prkdcscid-IL2rgTm1/Rj) were 
obtained from Janvier. CD45.1/CD45.2 × CD4CrePtger2−/−Ptger4fl/fl mice 
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were bred and maintained at the Klinikum Rechts der Isar, Technical 
University of Munich, TUM. All other mice were maintained and bred 
at the Klinikum der Universität München. All mice were kept under 
specific-pathogen-free conditions and in accordance with the guide-
lines of the Federation of European Laboratory Animal Science Asso-
ciations. In all experiments, mice at 6–10 weeks of age were randomly 
assigned to control or treatment groups. Investigators were blinded 
during data acquisition. Mice were killed by cervical dislocation. Animal 
experiments were approved by local authorities (Regierung von Ober-
bayern) and performed in accordance with national guidelines. The 
experimental protocol mandated the euthanasia of mice upon reaching 
a critical tumour dimension of 12 mm (syngeneic models) or 15 mm 
(xenograft models) or ulceration of skin in accordance with established 
scientific procedures. These criteria were defined as humane surrogate 
endpoints for animal survival.

Cell lines
D4M.3A-SIINFEKL cells have been previously described and were cul-
tured in DMEM-F12 medium (Thermo Fisher Scientific)62, while Panc02 
cells were cultured in DMEM medium (Thermo Fisher Scientific), both 
media supplemented with 10% fetal calf serum (FCS), 1% penicillin, 1% 
streptomycin and 1% L-glutamine. Panc02 cells overexpressing OVA and 
EpCAM have been previously described16,63,64. BxPC3 and Msto-hMSLN 
cells were cultured in complete RPMI 1640 containing 10% FCS, 1% 
penicillin, 1% streptomycin and 1% L-glutamine. The producer cell 
lines 293VecEco-anti-EpCAM-CAR-mCherry16, RD114-anti-HER2 CAR, 
RD114-anti-HER1 CAR and RD114-anti-MSLN CAR65 were described pre-
viously. 293VecEco-OTI-TCRαβ and RD114-teLuc-mCherry producers 
were generated by expressing the retroviral vector pMP71 carrying the 
OTI-TCRαβ or teLuc-mCherry sequence in 293Vec-Galv and 293Vec-Eco 
or RD114 cell lines, as described previously16,63,64. In brief, 293Vec-Galv 
cells were transfected with the respective vector using Lipofectamine 
2000. Viral supernatants were taken after 48 h and were used to trans-
duce 293Vec-Eco or 293Vec-RD114 cells in the presence of polybrene. 
Cells were sorted for transgene-positive cells. All producer cell lines 
were cultured in complete DMEM medium containing 10% FCS, 1% 
penicillin, 1% streptomycin and 1% L-glutamine.

Tumour cell injection and measurement of tumour size
Tumour cell lines were detached by trypsinization (Thermo Fisher 
Scientific) and washed three times in sterile PBS (Thermo Fisher Sci-
entific). If not stated otherwise, 106 cells were injected subcutaneously 
(s.c.) in 100 µl sterile PBS into the flank of recipient mice. Tumour 
growth was measured using a digital caliper, and the tumour area was 
calculated by multiplying tumour width and length.

Genetic engineering and culture of primary CAR T cells
Isolation and culture of primary murine and human T cells was done as 
described previously15,16,63–65. In brief, human peripheral blood mono-
nuclear cells (PBMCs) were isolated from healthy donor blood or Buffy-
Coats by density gradient centrifugation. CD3+ T cells were enriched 
by MACS using CD3 MicroBeads, human (Miltenyi). Murine T cells 
were isolated from splenocytes by passing through a cell strainer and 
removing erythrocytes by using erythrocyte lysis buffer and activated 
by Dynabeads Mouse T-Activator CD3/CD28. Primary murine CAR T cells 
were cultured in RPMI 1640 containing 10% FCS, 2 mM L-glutamine and 
100 U ml−1 penicillin, 100 mg ml−1 streptomycin, 1% sodium pyruvate, 
1 mM HEPES, 50 µM β-mercaptoethanol and 1 mg ml−1 IL-15 in the pres-
ence of Dynabeads Mouse T-Activator CD3/CD28. Primary human CAR 
T cells were cultured in RPMI 1640 containing 2.5% human serum, 1% 
2 mM L-glutamine, 100 U ml−1 penicillin, 100 mg ml−1 streptomycin, 1% 
NEAA, 1% sodium pyruvate, 50 μM β-mercaptoethanol, 1 μg ml−1 IL-2 and 
100 μg ml−1 IL-15 in the presence of Dynabeads Human T-Activator CD3/
CD28. Retroviral transduction of primary murine and human T cells 
was done as described previously15,16,63–65. In brief, virus was coated 

onto RetroNectin (Takara)-treated plates and T cells were cultured 
in virus-coated plates for 24 h. Second-generation CAR T cells with 
a CD3ξ  signalling and a CD28 co-stimulatory domain were used. To 
obtain EP2 and/or EP4 knockout CAR T cells, CRISPR–Cas9-mediated 
knockouts were performed 24 h after transduction15. Two different 
Alt-R CRISPR–Cas9 crRNAs (IDT) were used in combination for each of 
the receptors EP2 (murine, GUAGAAGUAAGGGUACCCGAGUUUUA-
GAGCUAUGCU and CCUGCCGCUGCUCAACUACGGUUUUAGAGCU-
AUGCU; human, GCGUACGAAGCCAGUACCACGUUUUAGAGCUAUGCU 
and AGUACGUCCAGUACUGCCCCGUUUUAGAGCUAUGCU) and EP4 
(murine, ACAGGCCACCGAAGCUACCGGUUUUAGAGCUAUGCU and 
CCAGCCGCUUGUCCACGUAGGUUUUAGAGCUAUGCU; human, GGA-
GACGACCTTCTACACGCGTTTTAGAGCTATGCT and CGACUGGACCAC-
CAACGUGAGUUUUAGAGCUAUGCU). Alt-R CRISPR tracrRNA (100 µM, 
IDT) and Alt-R CRISPR–Cas9 crRNA (100 µM, IDT) were hybridized, and 
RNPs were formed with Alt-R Cas9 Electroporation Enhancer and Alt-R 
S.p. Cas9 Nuclease V3. Cells were resuspended in 100 µl in electropo-
ration buffer P3 (Lonza) and mixed with the RNPs in a Nucleocuvette 
Vessel (Lonza). Nucleofection was performed in a 4D Nucleofector 
(Lonza) with the pulse programme CM137 (murine T cells) or EH115 
(human T cells). To identify editing efficiencies for the genes of interest, 
polyclonal T cell knockout pools were lysed, barcoded using dual PCR 
barcoding and subsequently subjected to deep sequencing using the 
MiSeq (Illumina) sequencing system, as described before66. In brief, cells 
were lysed and subjected to dual PCR barcoding (primers: EP2 gRNA1: 
Fwd, CTGGGGAACCTCATAGCACT; Rev, GAAGAAGGTCATGGCGAAAG

�EP2 gRNA2: Fwd, GCACCCCTACTTCTACCAGC; Rev, GCATGCGG 
ATGAGGTTGAGA
�EP2 gRNA1 + gRNA2: Fwd, CTCTCCTTGTTCCACGTGCT; Rev, CATGG 
ACACCCTTTCCCCTC
�EP4 gRNA1: Fwd, CTGAACAGCCCAGTGACCAT; Rev, CCGGAC 
AGGCTGAAGAAGAG
�EP4 gRNA2: Fwd, TATGCGTCCAACGTGCTCTT; Rev, ATGAACTG 
GCGGTGCATGC
�EP4 gRNA1 + gRNA2: AATTCGTCCGCCTCCTTGAG; Rev, ATGAAC 
TGGCGGTGCATGC; adapter sequences: Fwd-Primer, ACACTCT 
TTCCCTACACGACGctcttccgatct

Rev-Primer, TGACTGGAGTTCAGACGTGTGctcttccgatct), followed 
by gel purification and Illumina MiSeq deep sequencing. Sequencing 
data were processed using OutKnocker 2.0 software for analysis.

Analysis of CRISPR off-target editing by whole genome 
sequencing
EP2−/−, EP4−/−, EP2−/−EP4−/− and mock anti-HER2-CAR T cells, as well as 
UT control T cells, were generated as described above. Genomic DNA 
was isolated from polyclonal T cell pools using the DNeasy blood and 
tissue kit (Quiagen), and whole genome sequencing with 30× cover-
age was performed by Novogene, including mapping to the reference 
genome hg38 and variant calling based on GATK. Off-targets were pre-
dicted in silico using Cas-OFFinder allowing up to four mismatches43. 
All potential off-target sites were manually inspected in our whole 
genome sequencing data in the IGV. In addition, similar as described 
by others67, GATK-called variants absent from the control samples 
(untransduced T cells and mock anti-HER2-CAR T cells), but reproduc-
ible across replicates, were used for unbiased off-target identification. 
All variants classified as ‘high priority’ (in brief, variants located in an 
exon or splicing region that naturally occur in less than 1% of genomes 
of the 1000 Genomes Project and predicted changes on protein level) 
were manually evaluated in the IGV.

Adoptive T cell transfer
For T cell transfers in the syngeneic tracking experiment, 5 × 106 CD45.1 ×  
CD4CrePtger2−/−Ptger4fl/fl and 5 × 106 CD90.1 T cells transduced with OT-I 
were co-injected intravenously (i.v.) in 100 µl sterile PBS into wild-type 
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(WT) recipient mice with s.c. tumours as indicated in the figure legends. 
For syngeneic therapeutic experiments, OT-I T cells with mock, EP2 and/
or EP4 knockout (done by CRISPR–Cas9) were injected i.v. in 100 µl 
sterile PBS into WT recipient mice with s.c. tumours 6–7 days post s.c. 
tumour injection. For T cell transfer into NXG mice, 107 human anti-HER2 
CAR T or 2 × 106 human anti-MLSN CAR T cells with mock or EP2 and EP4 
knockout (done by CRISPR–Cas9) were injected i.v. in 100 µl sterile PBS 
into female NXG recipient mice 5–8 days post s.c. tumour injection.

In vivo T cell tracking
To allow T cell tracking in vivo, human anti-HER2 CAR T cells were 
co-transduced with teLuc. When measuring bioluminescence imag-
ing (BLI), mice were injected i.v. with a stock solution of DTZ (1 mg ml−1 
diphenylterazine (DTZ) (MedChem) solved in 10% DMF (Carl Roth), 40% 
PEG-300 (Carl Roth), 20% Tween-20 (Carl Roth) and 30% NaCl (B. Braun 
SE)) diluted 1:3 in PBS directly before use. DTZ (0.07 mg) was injected 
per mouse, and mice were anaesthetized using an isoflurane–oxygen 
mixture (1.5–2.5%)68. An in vivo imaging system platform Lumina X5 
(IVIS, PerkinElmer) was used to measure the BLI signal.

Cell isolation for flow cytometry
Tumours, lymph nodes or spleens of tumour-bearing mice were excised 
at the indicated time points after T cell transplantation. Tumour sam-
ples were mechanically dissociated and incubated with Collagenase IV 
(1 mg ml−1, Sigma-Aldrich) and DNase I (0.05 mg ml−1, Sigma-Aldrich) for 
30 min at 37 °C and filtered through a 70 µm and a 30 µm cell strainer 
(Miltenyi) to generate single-cell suspensions. Spleens were passed 
through a 70 µm cell strainer, followed by red blood cell lysis and a 
second filtration step using a 30 µm cell strainer. Lymph nodes were 
passed through a 30 µm cell strainer. Cells were subsequently submit-
ted to further extra- and intracellular staining for flow cytometry.

Flow cytometry
Extracellular staining was performed for 15 min at 4 °C in PBS. The fol-
lowing antibodies and staining reagents were used for flow cytometry 
or cell sorting: Fixable Viability Dye eFluor 780 (1:1,000, Invitrogen), 
APC anti-human CD3 (1:100, clone OKT3, BioLegend), Pacific Blue 
anti-mouse CD3 (1:100, clone 17A2, BioLegend), Pacific Blue anti-mouse 
CD4 (1:100, clone GK1.5, BioLegend), FITC anti-mouse CD4 (1:100, 
clone GK1.5, BioLegend), PE-Cy7 anti-human CD4 (1:100, clone OKT4, 
BioLegend), PerCP anti-human CD8 (1:100, clone HIT8a, BioLegend), 
Pacific Blue anti-mouse CD8a (1:100, clone 53-6.7, BioLegend), FITC 
anti-mouse CD8 (1:100, clone 53-6.7, BioLegend), BV605 anti-human 
CD8 (1:100, clone SK1, BioLegend), BV785 anti-mouse CD8 (1:100, clone 
53-6.7, BioLegend), Alexa Fluor 647 mouse anti-CREB (pS133)/ATF-1 
(pS63) (1:20, clone J151-21, BD Biosciences), BV650 anti-human CD69 
(1:100, clone FN50, BioLegend), PE/Cy7 anti-human CD62L (1:100, 
clone DREG-56, BioLegend), BV510 anti-human CD44 (1:100, clone IM7, 
BioLegend), Alexa Fluor 700 anti-human PD-1 (1:100, clone EH12.2H7, 
BioLegend), BV510 anti-human TIM-3 (1:100, clone F38-2E2, BioLeg-
end), APC anti-human LAG-3 (1:100, clone 7G2C65, BioLegend), PE-Cy7 
anti-mouse IFNγ (1:100, clone XMG1.2, eBioscience), BV421 anti-human 
CD45 (1:100, clone 2D1, BioLegend), BV605 anti-human CD4 (1:100, 
clone UCHL1, BioLegend), Alexa Fluor 700 anti-mouse CD4 (1:100, 
clone GK1.5, BioLegend), BV711 anti-mouse CD45.1 (1:100, clone A20, 
BioLegend), APC anti-rat CD90/mouse CD90.1 (Thy-1.1) (1:100, clone 
OX-7, BioLegend), BV421 anti-human CD69 (1:100, clone F50, BioLeg-
end), PerCP-Cy5.5 anti-human CD25 (1:100, clone BC96, BioLegend) and 
FITC anti-human/mouse/rat c-myc (1:100, clone SH1-26E7.1.3, Miltenyi).

Patient specimens
Patient tumour samples were collected and analysed according 
to Dana-Farber/Harvard Cancer Center (DF/HCC) Institutional 
Review Board (IRB)-approved protocols. Written informed consent 
was obtained from all subjects, and a cohort of patients treated at 

Massachusetts General Hospital was assembled for PDOTS profil-
ing. These studies were conducted according to the Declaration of  
Helsinki and approved by the DF/HCC IRB.

PDOTS preparation, culture and viability assessment
PDOTS were prepared and cultured, as previously described69. In brief, 
PDOTS were prepared in hydrogels composed of rat tail type I colla-
gen (Corning, catalogue number 35426) at a final concentration of 
1.7 mg ml−1. Spheroid–collagen mixtures (10 μl) were counted with a 
Countess II (Invitrogen) and loaded into the centre gel region of the 3D 
microfluidic culture device (Dax-01, AIM Biotech), and after incubation 
(30 min at 37 °C, 5% CO2) in sterile humidity chambers. Anti-HER1 CAR 
T cells were added into one of the side channels in the device, and then 
collagen hydrogels containing tumour spheroids/PDOTS were hydrated 
with media (RPMI supplemented with 10% FBS and 1% penicillin–strepto-
mycin), in the presence or absence of the indicated treatments. To assess 
PDOTS viability, dual-label fluorescence live/dead staining was using 
Hoechst/propidium iodide staining solution (Nexcelom, CSK-V0005) 
(19,20). Images were obtained following incubation with the stain solu-
tion (30 min, 37 °C, 5% CO2), and image capture and analysis were per-
formed using a Nikon Eclipse NiE fluorescence microscope equipped 
with a motorized stage (ProScan) and ZYLA4.2 Plus USB3 Camera (Andor) 
and NIS-Elements AR software package (Nikon). Live and dead cells were 
quantified by measuring the total raw cell area for each dye. Percent 
change and log2FC (L2FC) data were generated using raw fluorescence 
data (live) for given treatments relative to control conditions.

Analysing CREB phosphorylation
For the pCREB staining (BD Phosphoflow AF647 anti-pCREB, BD Bio-
sciences), murine anti-EpCAM CAR or human anti-HER2 CAR T cells 
were surface stained and stimulated with 1,600 ng ml−1 (murine) 
and 2,000 ng ml−1 (human) for 60 min at 37 °C. Phosphorylation 
was terminated by fixing the cells with BD Cytofix (BD Biosciences) 
for 10 min at 37 °C and subsequently permeabilization using BD 
Phosflow Perm Buffer III (BD Biosciences) for 30 min on ice, before 
intracellular staining70.

CAR T cell expansion analysis
For the EdU incorporation assay, murine anti-EpCAM CAR T cells 
were stimulated with 250 ng ml−1 PGE2. EdU incorporation was meas-
ured after 24 h and 48 h. To determine the in vitro expansion murine 
anti-EpCAM CAR T cells or human anti-HER2 CAR T cells, cells were 
treated with 250 ng ml−1 PGE2 (murine) or 500 ng ml−1 PGE2 (human), 
stained with Fixable Viability Dye eFluor 780 (1:1,000, Invitrogen) and 
counted by using Countbright absolute counting beads after 72 h.

CAR T cell activation analysis
For the activation assay, 96-well plates were coated with 1 µg ml−1 
recombinant Fc-tagged EpCAM (R&D Systems) or human recombinant 
HER2/ERBB2 protein (Sino Biological) overnight and blocked with 1% 
BSA. Murine anti-EpCAM CAR T cells or human anti-HER2 CAR T cells 
were activated on the respective antigen-coated plates in the presence 
of 250 ng ml−1 PGE2 (murine) or 500 ng ml−1 PGE2 (human) for 24 h. After 
that, cells were submitted to cell surface staining for CD25 and CD69 
or intracellular staining for IFNγ (refer to flow cytometry).

Measuring of cAMP levels
cAMP production was measured by stimulating murine anti-EpCAM 
CAR or human anti-HER2 CAR T cells with 2,000 ng ml−1 PGE2 for 60 min 
at 37 °C and subsequently quantifying cAMP levels with the cAMP-Glo 
Assay Kit (Promega) according to the manufacturer’s instructions.

Determining the killing capacity of CAR T cells
Killing capacity was determined by co-culturing murine anti-EpCAM 
CAR T cells with Panc02-OVA-EpCAM cells (1:1 effector-to-target ratio) 
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or human anti-HER2 CAR T cells with BxPC3 (1:4–5 effector-to-target 
ratio) pre-incubated with PGE2 for 48 h (250 ng ml−1 for murine and 
500 ng ml−1 for human CAR T cells) while measuring the impedance 
using the xCELLigence-RTCA system.

Statistical analyses
The Prism software (v10.0.3 GraphPad) was used for all statistical 
analyses. Statistical significance for the comparisons among experi-
mental groups was assessed using a one- or two-way analysis of variance 
(ANOVA) as indicated in the figure legends. Tumour growth profiles 
were assessed with mixed-effects analyses, and for survival analyses, 
a log-rank (Mantel–Cox) test was used. Data are shown as mean ± s.d. 
or s.e.m., as indicated in the figure legends. Significance was assumed 
with *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. Imaging data 
were log-transformed to achieve a normal distribution before statisti-
cal analysis. Outliers were identified using the robust regression and 
outlier removal (ROUT) method with ROUT-coefficient Q = 2%.

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

Data availability
The main data supporting the results in this study are available within 
the paper and its extended data. The raw datasets generated in this 
study are available via the Open Data LMU repository at https://data.
ub.uni-muenchen.de/713/ in accordance with the principles of open 
science of the European Research Council (ERC). Whole genome 
sequencing data will be made available for research purposes from the 
corresponding author on reasonable request and regulatory clearance.
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Extended Data Fig. 1 | Ep2 and Ep4 knockout improves the efficacy of 
adoptively transferred OT-I T cells. (a) 5 ×106 CD45.1 x CD4CrePtger2−/−Ptger4fl/fl 
OT-I T cells and 5 ×106 CD90.1 OT-I T cells were co-injected into D4M.3A-SIINFEKL 
(106 cells s. c.) bearing mice. On days 2, 5, 9 and 14 the abundance of T cell 
populations was analyzed using flow cytometry; gating strategy depicted. T cell 
populations in spleen (b) and blood (c) were analyzed (data shown as mean ± SEM 
of n = 5 mice per group). Statistical analysis was done with a two-way ANOVA.  
(d) 10 ×106 CD4CrePtger2−/−Ptger4fl/fl anti-EpCAM-CAR T cells and 10 ×106 anti-
EpCAM-CAR T cells were intravenously injected into Panc02-OVA-EpCAM  
(2 ×106 cells s. c.) bearing mice. Tumor growth and survival are depicted for 

n = 5 mice per group. (e) Schematic representation of Ep2−/−Ep4−/− OT-I T cells 
production workflow. OT-I T cells were submitted to genetic editing by inserting 
the RNP complex through electroporation. (f) OT-I T cells with Ep2 and/or Ep4 
knockout were treated with 2000 ng/ml PGE2. CREB phosphorylation was 
measured by flow cytometry. Depicted is the gating strategy for flow cytometry 
analysis. (g) 107 OT-I splenocytes with Ep2 and/or Ep4 knockout were adoptively 
transferred (i. v.) into recipient mice bearing D4M.3A-SIINFEKL tumors  
(106 cells s. c.). Single tumor growth curves of n = 3 independent repetitions with 
n = 5 mice per group are shown. Illustrations in e created with BioRender.com.
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Extended Data Fig. 2 | Generation of CAR T cells with a CRISPR-based knockout 
of EP2 and EP4. (a) Representative transduction efficiencies for murine T cells 
with the different Ep2 and Ep4 knockouts with the anti-EpCAM-CAR measured 
using flow cytometry by its mCherry-tag. Genomic DNA samples from human 
anti-HER2 CAR T cells with their respective EP2 and EP4 knockouts were 
submitted to MiSeq Illumina Sequencing. Percentages of in- and out-of-frame 

indels are shown for n = 3 human donors at the PTGER2 locus (b) and the PTGER4 
locus (c) for both gRNAs. (d) T cells with EP2 and/or EP4 knockout were treated 
with 1600 ng/ml (murine) or 2000 ng/ml PGE2 (human). CREB phosphorylation 
was measured by flow cytometry. Depicted is the gating strategy for flow 
cytometry analysis and a representative result for all knockout conditions.
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Extended Data Fig. 3 | Improved expansion and survival of EP2-/-EP4-/- CAR 
T cells in the presence of PGE2 leads to enhanced anti-tumor function in 
vitro. (a) Schematic representation of the co-culture setup. Data from n = 2 
independent experiments with three technical replicates each (mean ± SD), each 
row of graphs represents one independent donor. CAR T cells were pretreated 

with 250 ng/ml (murine, (b)) and 500 ng/ml (human (c)) PGE2 for 48 h, after 
which co-culture experiments with Panc02-OVA-EpCAM (murine) or BxPC3 
(human) cells were performed. Target killing was measured using impedance-
based readout. Illustrations in a created with BioRender.com.
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Extended Data Fig. 4 | Increased expansion of EP2 and EP4 knockout CAR 
T cells enhances anti-tumor activity in vivo. (a) To track CAR T cell distribution 
in vivo, NXG mice were inoculated s. c. with 106 BxPC3 tumor cells and treated 
with 107 anti-HER2 CAR T cells w/o EP2−/− and/or EP4−/−. Anti-HER2 CAR T cells 
were additionally transduced with a teLuc reporter system to allow T cell 

tracking in vivo. Mice were imaged 2 x / week by injecting DTZ i. v. before 
standard IVIS imaging techniques were applied. (b) Representative images 
of luminescence on day 16 post tumor injection, n = 5 mice per group. Panel a 
created with BioRender.com.
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