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ABSTRACT
Background Target antigen (Ag) loss has emerged as 
a major cause of relapse after chimeric antigen receptor 
T (CART)- cell therapy. We reasoned that the combination 
of CART cells, with the consequent tumor debulking and 
release of Ags, together with an immunomodulatory agent, 
such as the stimulator of interferon gene ligand (STING- L) 
2′3′-cyclic GMP- AMP (2′3′-cGAMP), may facilitate the 
activation of an endogenous response to secondary tumor 
Ags able to counteract this tumor escape mechanism.
Methods Mice bearing B16- derived tumors expressing 
prostate- specific membrane Ag or gp75 were treated 
systemically with cognate CART cells followed by 
intratumoral injections of 2′3′-cGAMP. We studied the 
target Ag inmunoediting by CART cells and the effect of 
the CART/STING- L combination on the control of STING- 
L- treated and STING- L- non- treated tumors and on the 
endogenous antitumor T- cell response. The role of Batf3- 
dependent dendritic cells (DCs), stimulator of interferon 
gene (STING) signaling and perforin (Perf)- mediated killing 
in the efficacy of the combination were analyzed.
Results Using an immune- competent solid tumor model, 
we showed that CART cells led to the emergence of 
tumor cells that lose the target Ag, recreating the cancer 
immunoediting effect of CART- cell therapy. In this setting, 
the CART/STING- L combination, but not the monotherapy 
with CART cells or STING- L, restrained tumor progression 
and enhanced overall survival, showing abscopal effects 
on distal STING- L- non- treated tumors. Interestingly, 
a secondary immune response against non- chimeric 
antigen receptor- targeted Ags (epitope spreading), as 
determined by major histocompatibility complex- I- tetramer 
staining, was fostered and its intensity correlated with 
the efficacy of the combination. This was consistent with 
the oligoclonal expansion of host T cells, as revealed by 
in- depth T- cell receptor repertoire analysis. Moreover, 
only in the combination group did the activation of 
endogenous T cells translate into a systemic antitumor 
response. Importantly, the epitope spreading and the 

antitumor effects of the combination were fully dependent 
on host STING signaling and Batf3- dependent DCs, and 
were partially dependent on Perf release by CART cells. 
Interestingly, the efficacy of the CART/STING- L treatment 
also depended on STING signaling in CART cells.
Conclusions Our data show that 2′3′-cGAMP is a suitable 
adjuvant to combine with CART- cell therapy, allowing the 
induction of an endogenous T- cell response that prevents 
the outgrowth of Ag- loss tumor variants.

BACKGROUND
Adoptive T- cell transfer (ACT) of chimeric 
antigen receptor T (CART) cells represents 
a revolutionary treatment for hematolog-
ical malignancies. However, attempts to 
reproduce this success in solid tumors have 
to date been disappointing. Barriers to 
effective CART- cell therapy in solid tumors 
include limited trafficking to the tumors, low 
persistence, and impaired functions due to 
the immunosuppressive and hostile tumor 
microenvironment (TME). Tumor escape 
due to antigen (Ag) loss or low Ag expression 
has become an important resistance mecha-
nism to CART- cell therapy in hematological 
malignancies1–3 and is likely to also emerge 
as an important barrier to success in solid 
tumors, which manifest greater heterogeneity 
in target Ag expression. Indeed, Ag escape 
and induced adaptive resistance has also 
been reported in patients with recurrent glio-
blastoma who were treated with a single dose 
of CART cells redirected to the epidermal 
growth factor receptor variant III (EGFRvIII) 
mutation.4 The mechanism responsible for 
the appearance of Ag- loss variants is the 
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immunoediting effect5 of monotarget therapies and the 
consequent immune selection of cancer cells expressing 
low or null target Ag levels. Low Ag density may also result 
from CART- cell trogocytosis.6 Target Ag loss or downregu-
lation seriously affects CART cells as the Ag threshold for 
chimeric antigen receptors (CARs) is higher than that for 
T- cell receptors (TCRs).7

Increasing evidence shows that the phenomenon of 
epitope spreading is critical to the development of effec-
tive antitumor immunity.8 Epitope or Ag spreading is a 
process characterized by the enhancement and diversi-
fication of the endogenous T- cell response against anti-
genic epitopes other than the originally targeted epitope. 
It usually occurs following initial therapy- mediated tumor 
destruction, which leads to the release of secondary tumor 
Ags. Subsequently, these Ags are taken up by professional 
antigen- presenting cells, such as dendritic cells (DCs), to 
induce a novo or rescue a pre- existing T- cell response.

There is some evidence that T- cell therapy induces 
epitope spreading. In a murine CAR model targeting 
EGFRvIII, mice that were cured of EGFRvIII+ tumors 
later rejected EGFRvIII− tumors when rechallenged, 
suggesting that epitope spreading can be induced by 
CART cells.9 During CART- cell therapy in patients with 
gastric cancer, new T- cell clones against tumor neo- Ags 
have been detected.10 In addition, in a clinical trial of a 
CAR targeting mesothelin, patients who received CART 
cells also developed an antitumor antibody response.11 
Epitope spreading has also been reported in tumor infil-
trating lymphocyte therapy12 and TCR T- cell therapy.13–16 
However, few studies have addressed the question of 
whether the Ag spreading derived directly from the action 
of T cells achieves a meaningful level for therapeutic effi-
cacy. In a recent study, Etxeberria et al elegantly demon-
strated that only the combination of TCR T cells with 
inmunostimulating agents, such as interleukin (IL)- 12 
and anti- CD137 mAb, was able to induce a systemic 
endogenous tumor- specific T- cell response strong enough 
to reject local and distal tumors.15 Similar findings were 
observed when ACT was combined with pathogen- based 
vaccines.14

The fact that Ag spreading in T- cell therapy rarely 
achieves a sufficient level for therapeutic efficacy may be 
associated with insufficient activation of Batf3- dependent 
DCs, which are required for the initial cross- priming 
of CD8 T cells and effector T- cell recruitment into the 
TME.17–21 Gajewski et al has shown that activation of the 
host stimulator of interferon gene (STING) pathway by 
natural agonist (tumor cell- derived DNA) leads to type 
I interferon (IFN) production, DC activation, cross- 
presentation of tumor- associated Ag to CD8 T cells, and 
T- cell recruitment into the TME.22 On the basis of these 
observations, therapeutic intervention by injecting stim-
ulator of interferon gene ligands (STING- Ls) directly 
into the tumor has been shown to trigger an antitumor 
response that induces tumor regression.23 Interestingly, 
Batf3- dependent DCs were critical for the therapeutic 
effect of STING agonists.23

Therefore, we reasoned that the combination of the 
cytotoxic activity of CART cells, with the consequent 
tumor debulking and release of Ags, together with the 
immunostimulatory action of STING- Ls, may facilitate the 
activation of endogenous T cells specific for secondary 
tumor Ags. This broadly targeted antitumor immune 
response may prevent the outgrowth of tumor Ag escape 
variants and enhance the efficacy of CART therapy.

METHODS
Mice and cell lines
All mouse strains used in this study are described in the 
online supplemental Methods. Platinum- E (Cell Biolabs), 
B16- F10, and B16OVA cells were cultured as described 
in the online supplemental Methods. Human prostate- 
specific membrane antigen (hPSMA) expressing B16- F10 
(B16- PSMA) tumor cell line was generously provided 
by Dr F Pastor (CIMA, Spain)24 and are described in 
the online supplemental Methods. Primary mouse T 
cells were cultured in complete medium (RPMI- 1640- 
glutamax, 10% fetal bovine serum, 100 U/mL penicillin, 
100 µg/mL streptomycin, 10 mg/mL gentamicin, 1 mM 
N- (2- hydroxyethyl)piperazine- N′-(2- ethanesulfonic acid) 
(HEPES), and 50 mM 2- mercaptoetanhol).

CAR construct design and retroviral transduction of mouse T 
cells
The anti- human CD19, anti- human/mouse gp75 and 
anti- human PSMA CARs used in this study are all- mouse 
proteins. They were designed by fusion of the mouse CD8 
protein signal peptide, the scFvs from FMC63 (CD19), 
TA99 (gp75) or J591 (PSMA) mouse hybridomas, the 
hinge and transmembrane domain of mouse CD8, the 
signaling domains of mice CD137 and CD3ζ. Enhanced 
green fluorescent protein (EGFP) and P2A autocleavage 
coding sequences were added to the 5′ region of the 
chimeric gene. The EGFP- P2A- CAR polycistronic gene 
was cloned into the pRubiC- T2A- CRE retroviral vector25 
(a gift from B Luikart, Addgene #66692), under the 
control of the ubiquitin promoter and replacing the 
Cherry- T2A- cre gene. Retroviral particles were gener-
ated as detailed in the online supplemental Methods. 
Untouched CD8 and CD4 T cells were sorted using the 
negative selection EasySep Mouse CD8 or CD4 T- cell 
isolation kits (StemCell), respectively. The CD8 and CD4 
T cells, separately, were then activated, cultured, and 
infected with retroviruses. Cells were harvested on days 
4–5 of activation for ACT experiments and for in vitro 
analyses. Recognition of tumor cells by CART cells was 
assessed by measuring interferon gamma (IFNγ) produc-
tion and cytotoxic activity. For more details, see online 
supplemental Methods.

Combination therapy and rechallenge experiments
In monolateral tumor models, 8- week- old mice were 
subcutaneously implanted with 5×105 tumor cells. In 
bilateral tumor models, mice were subcutaneously 
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implanted with 5×105 and 1.5×105 tumor cells in the right 
and left flanks, respectively. At the time indicated, mice 
were treated with an intravenous dose of a mixture (1:1) 
of CD8 and CD4 CART cells (3 million in total) followed 
by repetitive intratumoral injections of the STING 
agonist 2′3′-cyclic GMP- AMP (2′3′-cGAMP) (5 µg/mouse) 
(Invivogen). In the bilateral tumor model, STING- L was 
injected intratumorally in the larger right tumor. The 
2′3′-cGAMP administration regimen is specified in each 
figure legend. Mice injected intratumorally with saline 
were used as control. In certain experiments, STING- KO 
or perforin (Perf)- KO CART cells were used to compare 
with wild- type (WT) CART cells. In experiments where 
the antitumor response was analyzed ex vivo, CD45.1 
mice were used for CART- cell generation to distinguish 
exogenous (CD45.1+) from endogenous (CD45.2+) T 
cells. For rechallenge experiments, naïve mice (control) 
and long- term survivors (greater than 90 days after treat-
ment) of subcutaneous B16- PSMA tumors by combina-
tion therapy were inoculated with 5×105 B16- F10 cells on 
the left flank (contralateral flank for rechallenged mice). 
Antitumor efficacy was assessed by monitoring tumor size 
and survival.

Ex vivo characterization of tumor, CART and endogenous T 
cells on treatments
For surface staining of the target Ag in in vivo growing 
tumor cells, tumor- bearing mice (treated as specified 
in the figure legends) were sacrificed and their tumors 
homogenized and stained as described in the online 
supplemental Methods. For ex vivo characterization of 
CART and endogenous T cells, 2′3′-cGAMP- treated and 
2′3′-cGAMP- non- treated tumors, lymph nodes (LNs) 
(both draining lymph node (DLN) and contralateral 
lymph node (CLN) (relative to the STING- L- treated 
tumor)) and blood were processed as described in the 
online supplemental Methods. Samples were labeled 
with fluorochrome- labeled mAbs and H- 2Kb tetramers 
loaded with the immune- dominant CD8 T- cell epitopes 
of B16OVA cells (OVA257- 264 and MuLV p15E604- 611, hence-
forth OVA and M8, respectively) as detailed in the online 
supplemental Methods. CART cells were identified as 
GFP+CD45.1+. The P2A- linked GFP acts as a readout of 
CAR synthesis and, as compared with detection of scFV 
using secondary anti- mouse IgG, facilitates the identi-
fication of CART cells in multiparametric flow cytom-
etry studies. Cells were acquired in a FACSCanto- II (BD 
Biosciences) or a CytoFlex (Beckman Coulter) flow 
cytometer. Data were analyzed with FlowJo software 
(Tree Star).

TCR repertoire analysis
In- depth TCR repertoire analysis was conducted in 
blood and treated tumors using the Oncomine mouse 
TCR Beta- SR DNA Assay (Thermo Fisher Scientific) as 
described in the online supplemental methods.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 
(V.8.4.0). The statistical tests used have been specified in 
the legend of each figure.

RESULTS
Immune pressure exerted by CART cells drives the selection of 
tumor cells expressing low target Ag levels
B16- F10 cells were genetically modified to express a 
hPSMA variant (B16- PSMA) that is not internalized 
because it lacks the clathrin- binding motif.24 Interestingly, 
cell surface expression of hPSMA was high and quite 
homogenous in cells cultured in vitro and in B16- PSMA 
tumors when implanted in Rag1- KO mice, but not in WT 
mice, where it decreased and became heterogeneous 
(figure 1A,B). Moreover, B16- PSMA tumors grew more 
slowly than B16- F10 tumors when implanted in WT mice, 
while both cell lines exhibited similar growth kinetics in 
Rag1- KO mice (online supplemental figure S1A). These 
findings suggested that hPSMA antigenicity in mice had 
promoted B16- PSMA cell immunoediting in vivo with the 
consequent increased heterogeneity in hPSMA expres-
sion. In order to assess the antitumor efficacy of CART 
cells targeting this heterogeneously expressed Ag, we 
designed an all- murine, second- generation CAR specific 
for hPSMA (online supplemental figure S1B). CAR- PSMA- 
engineered (CART- PSMA) CD8 T cells expressed the CAR 
on their surface (online supplemental figure S1C) and 
efficiently recognized B16- PSMA cells in vitro (figure 1C 
and online supplemental figure S1D). However, in vivo 
they only modestly contained tumor progression the first 
7 days on ACT (figure 1D). When growing tumors were 
analyzed 12 days after CART- cell transfer (day 22 of tumor 
inoculation), tumor cells from WT mice treated with 
CART- PSMA cells exhibited lower hPSMA surface expres-
sion levels than those in the control group (figure 1E). 
This finding suggested that the immune pressure exerted 
by CART cells had driven the selection of tumor cells 
expressing low target Ag levels, which may have favored 
tumor escape after the initial containment phase.

Similar findings were observed with CART cells targeting 
a naturally expressed murine Ag, such as gp75 (TYRP1). 
Although gp75 predominantly localized intracellularly 
within the melanosomes, it was also exposed at low 
density on the surface of B16OVA cells (figure 1F), and 
this surface expression was maintained when implanted 
in mice (figure 1G). Surface expression of gp75 in WT 
and Rag1- KO mice was comparable, supporting the 
notion that mice maintain tolerance to gp75.26 27 T cells 
expressing a CAR against gp75 (online supplemental 
figure S2A) recognized B16OVA cells isolated from fresh 
tumors (figure 1H) and slightly delayed tumor growth 
when injected into 4- day B16OVA- tumor bearing mice 
(figure 1I). Interestingly, CART- gp75 therapy promoted 
the selection of tumor cells expressing low gp75 levels, 
reflected by decreased gp75 intensity after surface and 
total staining (figure 1J).
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Figure 1 CART cells drive the selection of tumor cells expressing low target Ag levels. (A–E) B16- PSMA/CART- PSMA tumor 
model. (A) Surface hPSMA expression measured by flow cytometry in in vitro cultured B16- PSMA or B16- F10 cells. (B) Surface 
expression of hPSMA determined by flow cytometry in tumor cells (CD45−FSChiSSChi) from 11- day B16- PSMA or B16- F10 
tumor- bearing WT or Rag1- KO mice. (A,B) Staining of B16- PSMA with control isotype is shown as a reference. (C) Real- time 
cytotoxic activity of CART- PSMA cells. B16- PSMA or B16OVA cells were grown on xCELLigence E- plates. At 24 hours, medium 
or CART cells (tumor:effector ratio 1:2) were added. Cell index normalized values. (D,E) Ten- day B16- PSMA tumor- bearing B6 
mice received an intravenous dose (3×106) of CART- PSMA or CART- CD19 cells. As control, Rag1- KO and B6 (WT) mice bearing 
B16- PSMA tumors were left untreated to assess PSMA- immunoediting in mice that did not receive CART cells. (D) Experimental 
model (left) and tumor growth kinetics (right). (E) Mice were sacrificed at day 22 (day 12 of ACT), and surface expression of 
hPSMA was determined by flow cytometry in tumor cells (CD45−FSChiSSChi). (F) Total (surface and intracellular) and surface 
gp75 expression measured by flow cytometry in in vitro cultured B16OVA and MC38 (negative control) cells. (G) Surface 
expression of gp75 determined by flow cytometry in tumor cells (CD45−FSChiSSChi) from 11- day B16OVA or MC38 tumor- 
bearing WT or Rag1- KO mice. (F,G) Staining of B16OVA with control isotype is shown as a reference. (H) CD8 CARTs were 
cocultured with a cell suspension obtained from 10- day implanted B16OVA or MC38 (negative control) tumors (T), and 24 hours 
later, IFN-γ was measured in the culture supernatant. Cells from homogenized B16OVA tumors from two different mice (T1 and 
T2) were used. IFN-ɣ levels in the culture supernatant were measured by ELISA. (I) Four- day B16OVA tumor- bearing B6 mice 
received an intravenous dose (3×106) of CART cells and tumor growth was monitored. (J) Mice treated (as in I) were sacrificed 
on day 20 (day 16 of ACT) and surface and total gp75 expression was determined in CD45−FSChiSSChi cells from homogenized 
tumors by flow cytometry. As control, Rag1- KO and B6 (WT) mice bearing B16OVA tumors were left untreated. Red dotted 
lines depict the average MFI of total (J, right) and surface (E,J; left) staining of tumor cells with the corresponding IgG isotype. N 
(mice/group)=4 (B,G) and 6 (D,I). (C–E,H–J) One experiment representative of at least two experiments. Data are represented as 
mean±SD (H), mean±SEM (D,I), mean (C) and median (E,J). Non- parametric Mann- Whitney test, two- tailed (E,J). ****P<0.0001, 
**P<0,01. ACT, adoptive T- cell transfer; Ag, antigen; CART, chimeric antigen receptor T; IFN-γ, interferon gamma; KO, knockout; 
MFI, median fluorescence intensity; PSMA, prostate- specific membrane antigen; WT, wild type.
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CART cells and intratumoral administration of 2′3′-cGAMP 
synergize and exert abscopal effects in distal STING-L-non-
treated tumors
Given the CART cell- mediated leakage of tumor cells 
lacking the target Ag and considering the potential of 
STING agonists to prompt a host’s immune response,23 
we wondered whether the combination of CART cells 
with the intratumoral administration of a STING- L might 
promote an endogenous T- cell response that counteracts 
tumor escape from CART cells. To test this hypothesis, we 
selected the STING agonist 2′3′-cGAMP because, unlike 
other STING- Ls, it does not induce T- cell apoptosis.28–30

First, we tested our premise in the B16- PSMA model. 
Therefore, B16- PSMA tumor- bearing mice were treated 
with CART cells followed by intratumoral injections of 2′3′-
cGAMP (figure 2A). The CART- PSMA/STING- L combi-
nation and the therapy with STING- L alone (-/STING- L) 
or together with unrelated CART cells (CART- CD19) 
significantly restrained tumor progression (figure 2B 
and online supplemental figure S1E,F). Interestingly, the 
combination therapy cured 60%–50% of the mice. More-
over, regions of vitiligo were observed in half of the cured 
mice (online supplemental figure S1G), suggesting that 
an endogenous response to tumor- associated Ag, such 
as melanin, had been induced. Importantly, cured mice 
showed delayed tumor growth after B16- F10 rechallenge 
(figure 2C). Strikingly, the rechallenge- resistant mice 
and the mouse with late- relapse tumor (relapse at day 
40) were those exhibiting vitiligo after the combination. 
Collectively, these data demonstrated a strong synergistic 
effect of CART cells and 2′3′-cGAMP administration and 
suggested that the combination promoted the induction 
of an endogenous T- cell response.

The fact that not all combination- cured mice resisted 
the rechallenge indicated that either the protection was 
partial or that the T- cell response had been directed against 
an Ag not present in B16- F10, such as hPSMA. Interest-
ingly, whereas CART- PSMA/saline treatment shaped 
PSMA surface expression in both WT and Rag1- KO tumor- 
bearing mice, the treatment with CART- CD19/STING- L 
only decreased the expression of hPSMA in WT mice 
(figure 2D and online supplemental figure S1H), indi-
cating that hPSMA was targeted by both CART- PSMA cells 
and the 2′3′-cGAMP- induced immune response. Interest-
ingly, the PSMA- immunoediting by CART- PSMA cells was 
more intense in Rag1- KO mice than in WT mice. The lack 
of endogenous T cells (which compete with the transferred 
cells for homeostatic cytokines) and T regulatory cells may 
have favored the antitumor activity of CART cells.

Given the lack self- tolerance of the hPSMA model, we 
moved to the murine gp75 model. Importantly, the CART- 
gp75/STING- L combination significantly restrained tumor 
progression and enhanced overall survival (figure 2E and 
online supplemental figure S2B), supporting our previous 
data with the hPSMA model. Interestingly, only tumor cells 
from mice treated with CART- gp75 cells, either alone or 
together with 2′3′-cGAMP, exhibited diminished surface 
expression of gp75 (figure 2F). Similar data were obtained 

when total gp75 expression was analyzed (online supple-
mental figure S2C,D). Therefore, these data indicate 
that gp75 is targeted by CART- gp75 cells, but not by the 
2′3′-cGAMP treatment, providing a scenario in which the 
immune effects of CART cells and STING- L on tumor cells 
can be differentially studied.

In order to determine if the CART- cell/STING- L 
combination was able to control the growth of distal 
STING- L- non- treated tumors (abscopal effect), mice were 
inoculated bilaterally with B16OVA cells (3.3 times fewer 
tumor cells in the case of the left tumor) and treated 
with CART cells and 2′3′-cGAMP, which was injected only 
in the right flank tumor (figure 3A). The CART- gp75/
STING- L combination significantly restrained progres-
sion not only of the treated tumor (right tumor) but also 
of the contralateral tumor (figure 3B). Furthermore, the 
antitumor effect also resulted in higher overall survival of 
the mice receiving the combined treatment. Collectively, 
all these data suggest a strong synergistic effect between 
CART cells and 2′3′-cGAMP, with the combination even 
being able to control distal tumors.

CART/STING-L combination fosters an endogenous immune 
response against non-CAR-targeted Ags noticeable also at the 
systemic level
To evaluate the effect of the combination on the endoge-
nous T- cell response, the percentage of host CD8 T cells 
specific for two immunodominant CD8 T- cell epitopes 
of B16OVA tumors, such as the M8 and OVA epitopes, 
was assessed using H2- Kb- tetramers in treated and non- 
treated tumors, LNs (both DLN and CLN (relative to the 
STING- L- treated tumor)) and peripheral blood. These 
analyses were performed on day 17 (figure 3A), 3 days 
after the last STING- L injection. As shown in figure 4A, M8 
tetramer+ cells predominated over OVA tetramer+ cells in 
tumors. Compared with CART- CD19/saline- treated mice, 
an increase in the percentage of M8- specific T cells in the 
treated tumor was observed in all other groups, but this only 
reached statistical significance in the CART- gp75/STING- L 
group (figure 4A). The treatment with CART- gp75 cells, 
either alone or with STING- L, significantly increased the 
percentage of host CD8 T cells recognizing M8 in the 
contralateral tumor. Interestingly, mice treated with CART- 
gp75/STING- L also exhibited a significantly enhanced 
percentage of M8 tetramer+ cells in DLN, CLN and blood. 
Similar results were observed for host OVA- specific CD8 
T cells (figure 4A). These data indicated that the CART/
STING- L combination promoted an endogenous CD8 
T- cell response against non- CAR- targeted Ags in treated 
and distal tumors and, importantly, at the systemic level.

We also conducted bulk CDR3 TCRβ sequencing in cells 
from blood and treated tumors. Regarding the frequency 
of the 20 most abundant T- cell clonotypes (TOP20 clones), 
mice treated with the CART- gp75/STING- L combination 
presented CDR3β clonotypes with a higher frequency 
than those in the other treatments, both in blood and 
tumors (figure 4B,C; left), demonstrating a more robust 
oligoclonal T- cell expansion. Importantly, the cumulative 
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Figure 2 Intratumoral delivery of 2′3′-cGAMP synergizes with CART cells. (A) Experimental model. (B,E) Seven- day B16- 
PSMA (B) or 6- day B16OVA (E) subcutaneous tumor- bearing B6 mice received an intravenous dose (3×106) of CART- PSMA or 
CART- gp75 cells. 2′3′-cGAMP (5 µg) or saline was injected intratumorally at days 11 and 17 of tumor implantation. Mice injected 
with saline (B) or CART- CD19 cells (E) were used as controls. Data represent mean tumor size progression and overall survival 
of mice. (C) Long- term survivors (more than 90 days after treatment) of subcutaneous B16- PSMA tumors by CART- PSMA/
STING- L therapy were rechallenged with 5×105 B16- F10 cells on the contralateral flank and tumor size progression and survival 
were monitored. Naïve mice were used as controls. (D,F) Mice were treated as those of B and E, respectively. (D) The treatments 
were also carried out in parallel in Rag1- KO mice. Mice were sacrificed at day 16 or 20 of tumor inoculation corresponding 
to day 8 or 12 of ACT (D,F, respectively). Surface expression of hPSMA (D) or gp75 (F) was determined by flow cytometry in 
tumor cells (CD45−FSChiSSChi) present in the cell suspension obtained from homogenized tumors. Red dotted lines in box and 
whiskers graphs depict the average MFI of surface staining of tumor cells with the corresponding IgG isotype. (F) Histograms 
on the right show MFI of gp75 or control isotype in tumor cells from a representative mouse in each group. N (mice/group)=5 
(F), 6 (D), 7 (E), 8 (naïve mice) or 6 (rechallenged mice) (C), and 10 (B). (B–F) One experiment representative of two experiments. 
Data are represented as mean±SEM (B,D–F). One- way analysis of variance and non- parametric (Kruskal- Wallis) test and Dunns 
post- test to compare all pairs of groups (D,F). Non- linear regression (curve fit) (B,E; left). Log- rank (Mantel-Cox) test (B,C,E; 
right). *P<0.05, ***P<0.0005, ****P<0.00005. ACT, adoptive T- cell transfer; CART, chimeric antigen receptor T; MFI, median 
fluorescence intensity; ns, not significant; PSMA, prostate- specific membrane antigen; STING- L, stimulator of interferon gene 
ligand.
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frequency of the TOP20 clones was significantly higher 
in the CART- gp75/STING- L group as compared with 
the control group (figure 4B,C; right). A strong correla-
tion was observed between the TOP20 clone cumulative 
frequency and the percentage of tetramer+ cells in total 
CD3 lymphocytes (online supplemental figure S3A). 
Among the different diversity indices calculated to esti-
mate the TCR repertoire clonality (online supplemental 
table S1), only the Berger- Parker Index gave a border-
line significant difference in blood (p=0.0572) (online 
supplemental table S2), with the CART- gp75/STING- L 
group showing the highest value (increase in dominance) 
(figure 4D). Regarding the intratumoral TCR repertoire, 
several diversity indices, including Berger- Parker, Gini, 
Simpson and Evenness, were significantly altered and 
their changes indicated greater clonality in the CART- 
gp75/STING- L group (figure 4E and online supple-
mental table S3). We also analyzed CDR3β matching 
between blood and tumor TOP20 clones in each mouse. 
Certain CDR3β were only found either in tumor or in 

blood (figure 4F and online supplemental figure S3B). 
Among the shared CDR3β, some clonotypes showed good 
ranks (among the TOP20) in both tissues (yellow area, 
henceforth ‘TOP20- shared CDR3β’), while others were 
only well ranked either in tumor or in blood (gray and 
pink areas, respectively). Interestingly, the CART- gp75/
STING- L group stood out for presenting TOP20- shared 
CDR3β clones with a high degree of expansion, both in 
blood and tumors (figure 4G,H). Together, these data 
strengthened the idea that the CART/STING- L combi-
nation drove the expansion of a host antitumor T- cell 
response.

CART-gp75/STING-L combination enhances the infiltration and 
activation of CART and endogenous T cells in STING-L-treated 
and STING-L-non-treated tumors
We also analyzed the effects of the treatments on the 
numbers of CART cells and compared the data with that 
of total CD45+ and endogenous CD8 T (endo- CD8) cells. 
We noted a generalized increase (as compared with the 

Figure 3 CART therapy along with intratumoral delivery of STING- L controls the growth of distal STING- L- non- treated tumors. 
(A) Experimental design. To establish B16OVA bilateral tumors, B6 mice were injected subcutaneously with 5×105 and 1.5×105 
cells in the right and left flank, respectively. Tumor- bearing mice received an intravenous dose (3×106) of CART- gp75 cells on 
day 4, along with three intratumoral injections of 2′3′-cGAMP on days 8, 10, and 14 after tumor inoculation (n=8 mice/group). 
STING- L was injected intratumorally in the larger right tumor. Mice injected with CART- CD19 cells and/or injected intratumorally 
with saline were used as controls. (B) Tumor growth kinetics of STING- L- treated and STING- L- non- treated tumors (left and 
middle panels) and survival rate curves (right). The table summarizes the statistical differences across the four groups. Data 
are represented as mean±SEM (B, left and middle panels). One experiment representative of two experiments. Non- linear 
regression (curve fit) (B, left and middle panels). Log- rank (Mantel- Cox) test (B, right panel). CART, chimeric antigen receptor T; 
ns, not significant; PSMA, prostate- specific membrane antigen; STING- L, stimulator of interferon gene ligand.
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Figure 4 The CART/STING- L combination drives the expansion of a host antitumor T- cell response. (A–C) Mice were treated 
as in figure 3, except that CART cells were derived from CD45.1 mice. At day 17 of tumor inoculation (days 13 and 9 of ACT 
and first STING- L injection, respectively), they were bled and sacrificed. (A) Cell suspensions obtained from STING- L- treated 
and STING- L- non- treated tumors, DLN, CLN and blood were stained and analyzed by flow cytometry. Percentage of M8 (top) 
and OVA (bottom) tetramer+ cells within the endogenous (CD45.2+) CD8 T- cell subset. One experiment was representative of 
at least two experiments. (B–H) Deep bulk CDR3 TCRβ sequencing was performed with gDNA isolated from cell suspensions 
obtained from peripheral blood and treated tumors (n=3 mice/group). (B,C) Frequency of the 20 most abundant T- cell clones 
(TOP20 clones) (left) and their cumulative frequency (right) in blood (B) and treated tumor (C). (D,E) Diversity indices were 
calculated to estimate the clonality of blood (D) and treated tumor TCR repertoire. (F) CDR3β matching between blood and 
tumor TOP20 clones. The tumor and blood TOP20 clonotypes are plotted according to their rank in tumor (x axis) and blood (y 
axis) TCR repertoire. Vertical and horizontal dotted lines show the CDR3β detection threshold in tumor and blood, respectively. 
The CDR3β detection threshold was defined as the highest clonotype rank detected in tumor (gray dotted line) or blood (red 
dotted line). Those clonotypes that were not detected in tumor or blood were considered to occupy a rank higher than that 
defined by the threshold and were plotted on the threshold line. The yellow area shows the CDR3β shared by blood and tumor 
that are among the TOP20 in both tissues (TOP20 best shared CDR3). The gray and pink areas show the shared clonotypes that 
are among the TOP20 in tumor or in blood, respectively. One mouse representative of each group is shown. (G,H) Frequency 
of TOP20 best shared CDR3 in blood (G) and tumor (H). Data are represented as median (A,B, right; C, right; D,E). One- way 
analysis of variance and non- parametric (Kruskal- Wallis) test and Dunns post- test to compare all pairs of groups (A,B, right; C, 
right; D,E). Only those comparisons with statistical significance are shown. *P<0.05, **P<0.005, ***P<0.0005. CART, chimeric 
antigen receptor T; CLN, contralateral lymph node; DLN, draining lymph node; STING- L, stimulator of interferon gene ligand.
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control group) in the number of CD45+ cells infiltrating 
the tumors and DLN, which reached statistical signifi-
cance in the treated and non- treated tumors and DLN 
of the combination group, and non- treated tumors and 
DLN of the CART- gp75/saline group (online supple-
mental figure S4A). No significant changes were observed 
in either CLN or blood, although the number of CD45+ 
cells in blood was slightly lower in the groups receiving 
CART- gp75 cells.

Regarding CART cells, CD8+ cells stood out over CD4+ 
cells in all groups and tissues studied (online supple-
mental figure S4B). Interestingly, treatment with CART- 
gp75/STING- L enhanced the number of CD8 and CD4 
CART cells infiltrating treated and non- treated tumors, 
whereas treatment with CART- gp75/saline increased that 
of CART cells but only in non- treated tumors. No signif-
icant changes were observed in tumors from the CART- 
CD19/STING- L group. These results suggested that while 
cognate CART cells can be recruited in small tumors 
(left tumors), local STING- L- derived signals are key for 
cognate CART cells to be recruited into large tumors 
(right tumors). A rise in the number of endo- CD8 cells 
was also observed in treated and non- treated tumors of 
all treated groups, and this increase was more noticeable 
in the combination group. These changes were associ-
ated with control of tumor growth (online supplemental 
figure S4C).

In DLN, only a slight increase in the number of CART 
and endo- CD8 cells was observed in the CART- gp75/
saline group, and in that of endo- CD8 cells in the CART- 
CD19/STING- L group (online supplemental figure S4B). 
Curiously, CART cells seemed to be excluded from CLN 
in all treated groups. In addition, a mild decrease in the 
number of circulating CD8 CART and endo- CD8 cells was 
observed in all treated mice, with this effect being more 
noticeable in the combination group. The lower number 
of CART and endo- CD8 cells in CLN and blood could be 
due to the improved recruitment of these populations in 
tumors and DLN.

We also analyzed the expression of several markers 
associated with effector T- cell trafficking to tumors 
(CXCR3), activation (CD25 and CD137), exhaustion 
(PD- 1), and effector functions (granzyme B (GzB)) in 
tumor- infiltrating CART cells, total and tumor- specific 
endogenous CD8 T cells (endo- CD8 and M8 tetr+ cells, 
respectively) (online supplemental figure 5A,B). The 
expression levels of CXCR3, CD137, PD- 1 and GzB were 
lower in CART cells than in endo- CD8 and Tetr+ cells, and 
the opposite happened with CD25. Importantly, intratu-
moral delivery of STING- L increased the expression of 
CXCR3 in CART cells and endo- CD8 cells. This increase 
was statistically significant in CD8 CART and endo- CD8 
cells and more noticeable in treated tumors.

In addition, CD8 and CD4 CART- gp75 cells had 
higher levels of CD25 and CD137 than CART- CD19 
cells (online supplemental figure S5A,B). In the case 
of CD137, the combination with STING- L further 
enhanced the expression in cognate CART cells. In 

treated tumors, PD1 levels were higher in CD8 CART- 
gp75 cells than in their CART- CD19 counterparts. In 
the case of the untreated tumor, only CD8 CART- gp75 
cells from the combination group exhibited enhanced 
expression of PD- 1. Moreover, GzB levels were also 
markedly augmented in cognate CART cells but only 
in the combination group, with the highest values 
being detected in the CD8 subset. Expression of CD25, 
CD137, PD- 1, and GzB was hardly detectable in CART 
cells of DLN, CLN and blood (data not shown). These 
findings suggested an Ag- driven activation of CART- 
gp75 cells in treated and non- treated tumors. Inter-
estingly, the activation status of cognate CART cells 
was fostered by STING- L- derived signals, as shown by 
the enhanced expression of CD137 and GzB on CART 
cells from the CART- gp75/STING- L group.

Curiously, endo- CD8 cells from groups treated with 
CART- gp75 cells also exhibited augmented expression 
of CD25 (online supplemental figure S5A,B). As for the 
effects of the treatments on the Tetr+ cell phenotype, an 
enhanced expression of CXCR3, CD25, and GzB was also 
observed in this cell subset. Again, the increase was more 
significant in the combination group and in the treated 
tumors. In summary, the CAR- gp75/STING- L combina-
tion enhanced the number of tumor- infiltrating CART 
and endogenous T cells in both STING- L- treated and 
STING- L- non- treated tumors. STING- L and CART cells 
acted synergistically in boosting the activation of CART 
and endogenous T cells.

BATF3 is necessary for the CART/STING-L-driven tumor 
control and epitope spreading
To ascertain whether Batf3- dependent DCs were 
involved in the combination- mediated antitumor 
responses, we used the Batf3- KO strain as recipient 
mice. Notably, the effect of the combination on tumor 
growth was impaired in Batf3- KO mice, particularly 
in non- treated tumors, where only the mild effect of 
CART- gp75 cells was sizeable (figure 5A). Accordingly, 
the enhanced overall survival of mice receiving the 
combination therapy was totally abrogated in Batf3- KO 
mice. In order to examine the effect of CD103+ DC 
deficiency on the endogenous T- cell response, we 
measured the frequency of M8 and OVA tetramer+ 
cells in the blood of treated mice. The combination- 
mediated induction of an endogenous tumor- specific 
response was completely abolished in Batf3- KO mice 
(figure 5B). Overall, these results indicate that the 
local and abscopal antitumor efficacy and the epitope 
spreading effect of the CART/STING- L combination 
relies on host CD103+ DCs.

STING signaling, both in the host and in CART cells, is 
necessary for the CART/STING-L antitumor effect
To determine whether the host STING pathway was required 
for the antitumor activity of the CART/STING- L treatment, 
we compared the therapeutic efficacy of the combination 
in wild type (WT) and STING- KO tumor- bearing mice. As 
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depicted in figure 6A, tumor growth delay due to CART/
STING- L therapy was completely lost in treated and non- 
treated tumors of STING- KO mice, in which only the 
modest effect of CART- gp75 cells was noted. Only WT mice 
treated with the combination showed prolonged survival.

To ascertain whether the efficacy of the treatment was 
also dependent on CART intrinsic STING signaling, we 
generated STING- deficient CART- gp75 cells. As depicted 
in figure 6B, the mild effect of CART- gp75 cells on tumor 
growth was impaired when they were STING deficient. 
The STING- KO CART- driven combination substantially 
controlled the growth of treated and non- treated tumors, 
although less efficiently than when the combination was 
driven by WT cells. Consistently, only the combined treat-
ment groups exhibited enhanced survival, although to a 
lesser extent when STING- KO CART- gp75 cells were used.

We also measured the STING signaling effect on 
the induction of an endogenous tumor- specific T- cell 
response. The enhanced percentage of circulating host 
tumor- specific T cells observed after the WT CART- driven 
combination was completely abolished when STING- KO 
mice were used as recipients (figure 6C). However, STING 
deficiency in CART cells did not impair the combination- 
mediated priming of endogenous tumor- specific T cells. 
Collectively, our data suggest that STING signaling, both 
in the host and in CART cells, is necessary for the local 
and abscopal effect of the CART/STING- L combina-
tion. However, different mechanisms seem to be behind 
these outcomes, such as the abolition of the Ag spreading 
effect when STING signaling is absent in the host, or a 
decreased antitumor efficacy of CART cells, when STING 
signaling is deficient in transferred T cells.

Figure 5 CART/STING- L- mediated local and abscopal therapeutic effect and Ag spreading rely on host Batf3- dependent 
DCs. WT and Batf3- KO mice were injected subcutaneously with 5×105 and 1.5×105 tumor cells in the right and left flanks, 
respectively, and treated with CART cells generated from WT mice as in figure 3. (A) Tumor growth kinetics of STING- L- treated 
and STING- L- non- treated tumors (left and middle panels) and survival rate curves (right panel). For clarity, upper panels show 
CART- CD19/saline (n=7 WT mice, 5 KO mice), CART- gp75/saline (n=7 WT mice, 5 KO mice) and CART- gp75/STING- L (n=7 WT 
mice, 6 KO mice) groups, and lower panels show CART- CD19/saline (again) and CART- CD19/STING- L (n=7 WT mice, 5 KO 
mice) groups. The table summarizes the statistical differences across the eight groups. (B) Percentage of M8 (left) and OVA 
(right) tetramer+ cells within endogenous peripheral blood CD8 T cells on day 14 of tumor implantation. Mice were bled before 
the third STING- L injection. Data are represented as mean±SEM (A, left and middle panels) or median (B). Non- linear regression 
(curve fit) (A, and middle panels). Log- rank (Mantel- Cox) test (A, right panels). One- way analysis of variance and non- parametric 
(Kruskal- Wallis) test and Dunns post- test were used to compare all pairs of groups (B). CART, chimeric antigen receptor T; DC, 
dendritic cell; KO, knockout; ns, not significant; STING- L, stimulator of interferon gene ligand; WT, wild type.
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Perf deficiency in CART cells impairs the epitope spreading 
effect and the antitumor efficacy of the CART/STING-L 
combination
CD8 T- cell cytotoxic activity induces tumor- cell death and 
promotes the priming of tumor- specific T cells,31 32 with 
this effect being partially dependent on CD8 T- cell Perf- 
mediated killing of tumor cells.32 In order to determine 

if Perf in CART cells was required for the antitumor effi-
cacy of the CART/STING- L combination, we generated 
Perf- deficient CART cells and compared them with WT 
CART cells. In vitro, Perf- KO CD8 CART cells were less 
efficient than their WT counterparts in killing tumor cells 
(figure 7A). As was found in previous studies,33 34 CD4 
CART cells were much less efficient at killing target cells 

Figure 6 STING signaling, both in the host and in CART cells, is necessary for the local and abscopal antitumor effect of the 
CART/STING- L combination. (A) Effect of STING signaling in host cells. WT and STING- KO mice bearing bilateral tumors (host) 
were treated with the WT CART- CD19/saline combination or with WT CART- gp75 cells along with either saline or STING- L as 
in figure 3 (n=6 WT host mice/group, and n=7 KO host mice/group). (B) Effect of STING signaling on CART cells. In the same 
experiment as in A; WT mice (n=7 mice/group) bearing bilateral tumors were treated with STING- KO CART- gp75 cells together 
with either saline or STING- L. (A,B) To simplify the experiment, the groups treated with WT CART- CD19/STING- L combination 
and with STING- KO CART- CD19 cells along with either saline or STING- L were not included. WT tumor- bearing mice treated 
with WT CART- CD19/saline and with WT CART- gp75 cells along with either saline or STING- L are repeated (A,B). Tumor 
growth kinetics of STING- L- treated and STING- L- non- treated tumors (A,B; left and middle panels) and survival rate curves 
(A,B; right panels). (C) Percentage of M8 (left) and OVA (right) tetramer+ cells within endogenous peripheral blood CD8 T cells 
on day 14 of tumor implantation as in figure 5. Data are represented as mean±SEM (A,B; left and middle panels) or median 
(C). Non- linear regression (curve fit) (A,B; left and middle panels). Log- rank (Mantel- Cox) test (A and B, right panels). One- way 
analysis of variance and non- parametric (Kruskal- Wallis) test and Dunns post- test to compare all pairs of groups (C). *P<0.05. 
One experiment was representative of two experiments. CART, chimeric antigen receptor T; KO, knockout; ns, not significant; 
STING- L, stimulator of interferon gene ligand; WT, wild type.
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Figure 7 Perf- deficiency in CART cells impaired the Ag spreading and the local and abscopal effects of CART/STING- L 
combination. (A) WT or Perf- KO CD8 or CD4 T cells expressing CART- PSMA or CART- CD19 (mock) were cultured in vitro 
with B16- PSMA tumor cells at a ratio of 1:1 (CART cell:tumor cell) (test wells). As a control, tumor cells were cultured alone 
(medium, ctrl wells). The percentage of dead tumor cells (7AAD+CD45−) in total tumor cells (CD45−) was analyzed 12 hours later 
by flow cytometry. The graph shows the killing activity of T cells as percentage of specific lysis calculated as described in the 
Methods section. Representative flow cytometry dot plots showing percentage of dead tumor cells in the culture conditions 
with WT or Perf- KO CART- PSMA CD8 T cells are also included. (B,C) WT mice (n=10 mice/group) bearing bilateral tumors were 
left NT or received an intravenous dose of WT or Perf- KO CART- gp75 cells along with STING- L as in figure 3. (B) Size of right 
tumor on day 4 of ACT (day 8 of tumor implantation) before STING- L injection. (C) Tumor growth kinetics of STING- L- treated 
and STING- L- non- treated tumors (left and middle panels) and survival rate curves (right). (D) Percentage of M8 (left) and OVA 
(right) tetramer+ cells within endogenous peripheral blood CD8 T cells on day 14 of tumor implantation as in figure 5. (A) One 
experiment was representative of two experiments. (B–D) Two compiled experiments. Data are represented as mean±SD (A) 
and mean±SEM (B,C, left and middle panels; D). Non- parametric Mann- Whitney test, two- tailed (A,B,D). Non- linear regression 
(curve fit) (C, left and middle panels). Log- rank (Mantel- Cox) test (C, right panel). ACT, adoptive T- cell transfer; Ag, antigen; 
CART, chimeric antigen receptor T; KO, knockout; ns, not significant; NT, untreated; PSMA, Perf, perforin; PSMA, prostate- 
specific membrane antigen; STING- L, stimulator of interferon gene ligand; WT, wild type.
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than their CD8 counterparts and were not dependent on 
Perf. When injected into 4- day B16OVA- tumor bearing 
mice, Perf- KO CART- gp75 cells did not delay early tumor 
growth (figure 7B). The combination treatment driven by 
Perf- KO CART cells substantially controlled the growth 
of the treated tumors, although less efficiently than when 
the combination was driven by WT cells (figure 7C). 
Interestingly, the loss of Perf- mediated cytotoxicity by 
CART cells more seriously affected the abscopal effect 
of the CART/STING- L combination. The combined 
treatment improved survival, although to a lesser extent 
when CART- gp75 cells were Perf- deficient. Notably, the 
percentage of circulating host tetramer+ T cells was signifi-
cantly lower in mice that received the combination with 
Perf- KO CART cells (figure 7D). In summary, the failure 
of Perf- mediated cytotoxicity by CART cells impaired the 
Ag spreading and the local and abscopal effects of the 
CART/STING- L combination.

Both CART cells and the STING-L-induced immune response 
are necessary for long-term control of distal tumor growth 
and reducing physical deterioration (PD)-associated diseases
We also analyzed the death cause of tumor- bearing 
mice treated with CART/STING- L therapy through all 
the experiments done. PD is common in subcutaneous 
B16 tumor models, and mice with this symptom must 
be euthanized before reaching oncological experiment 
endpoints. This is mainly due to cachexia, which in turn 
is mediated by tumor growth- driven inflammation and 
muscle wasting.35 Interestingly, when WT tumor- bearing 
mice were treated with WT CART cells, the CART- gp75/
STING- L combination not only did slow down tumor 
growth (figure 3B) but also markedly reduced the eutha-
nasia cases due to PD (online supplemental figure S6), 
with both effects contributing to increase survival. In WT 
mice treated with CART- CD19/STING- L or CART- gp75/
saline, the proportion of PD- associated deaths decreased 
but to a lesser extent, indicating that CART- gp75 cells 
and STING- L acted synergistically, controlling PD- associ-
ated disease. Regarding tumor growth- associated deaths, 
the deceased by the left tumor outgrowth predominated 
over those by right tumor outgrowth in mice treated with 
CART- CD19/STING- L, while the opposite occurred in 
the CART- gp75/saline group. The deceased proportion 
due to right and left tumor outgrowth was equal in mice 
treated with the combination. These results indicated 
that while STING- L treatment favored the long- term 
control of right tumor growth, CART- gp75 cells did so in 
left tumors, probably because they were smaller.

When the CART/STING- L approach was carried 
out in Batf3- KO mice, the effects of STING- L were lost. 
Interestingly, the proportion of deaths due to left tumor 
outgrowth increased in BATF3- KO mice treated with 
CART- gp75/Saline, as compared with WT mice treated 
similarly. Importantly, a similar effect was observed in 
STING- KO tumor- bearing mice treated with WT CART- 
gp75 plus saline. These results suggested that a part of 
the enhanced control of distal tumor by the CART- gp75/

saline therapy was due to the STING- L- induced, Batf3 
DC- mediated host immune response.

When CART cells were STING- L- deficient, the death 
proportion due to distal tumor outgrowth increased, reaf-
firming the impaired antitumor efficacy of STING- KO 
CART cells and the key role of CART- gp75 cells in the 
long- term control of small tumors. Finally, we noted an 
increase in the number of PD- associated deaths when 
the CART/STING- L treatment was performed with 
STING- KO and Perf- KO CART- gp75 cells, as compared 
with those observed when the combination was run with 
WT CART- gp75. However, this increase did not reach 
the levels of PD- associated deaths in control mice (WT 
tumor- bearing mice treated with WT CART- CD19 cells 
plus saline). This highlighted the synergistic action of 
CART- gp75 cells and STING- L- mediated response on 
controlling PD- associated disease.

DISCUSSION
Loss or diminished expression of the target Ag is an 
adaptive resistance mechanism affecting the efficacy of 
CART- cell therapy. Our preclinical models recapitulate 
this phenomenon as shown by the diminished target 
Ag expression levels in tumors treated with cognate 
CART cells. The aim of this study was to counteract 
target Ag escape by combining CART- cell therapy with 
an immunomodulatory agent able to evoke an endoge-
nous antitumor immune response. We have shown that 
the combination of CART cells with the intratumoral 
delivery of 2′3′-cGAMP fostered a T- cell response against 
non- CAR- targeted Ags. This manifested as an increased 
percentage of tumor- specific endogenous T cells, identi-
fied by tetramer staining. The oligoclonal expansion of 
host T cells, as revealed by in- depth analysis of the TCRβ 
repertoire, confirmed this finding.

The combination therapy restrained tumor progres-
sion of STING- L- treated and STING- L- non- treated 
tumors. Of the two CAR- target Ag models used, the gp75 
model is characterized by having a low surface Ag density. 
Therefore, the results observed in this model highlight 
the translational relevance of this strategy. Importantly, 
the epitope spreading correlated with the efficacy of 
the combined treatment and both phenomena fully 
depended on host STING signaling and Batf3- dependent 
DCs (online supplemental figure S7). The effectiveness 
of the treatment also partially depended on the release of 
Perf by CART cells. Interestingly, Perf deficiency in CART 
cells also significantly diminished the epitope spreading 
effect of the CART/STING- L combination. These data 
reveal the dual role of the cytotoxic activity of CART cells 
in the context of CART/STING- L therapy: on one hand, 
its implication in the direct destruction of tumor cells 
and, on the other hand, in the release of Ags necessary 
for the epitope spreading effect. The fact that Perf defi-
ciency did not eliminate completely the cytotoxic activity 
of CART cells (as shown in the in vitro assays) and the 
epitope spreading suggests that other T cell- mediated 
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tumor- cell death pathways may be involved.36 Further-
more, we cannot rule out a direct effect of STING- L on 
the killing of tumor cells,37 which may also have favored 
the release of tumor Ags.

Similarly to treatment with STING- L alone, cognate 
CART cells in monotherapy also increased the percentage 
of tumor- specific endogenous T cells in the treated 
and contralateral tumor, although less noticeably than 
the combined treatment. Our data confirmed previous 
evidence that CART- cell therapy also induces epitope 
spreading.10 11 It has been reported that CD8 T- cell cyto-
toxic activity induced immunogeneic tumor- cell death 
(ITCD),31 32 with this phenomenon being partially depen-
dent on Perf- dependent killing.32 This CART- mediated 
ITCD may explain the enhanced tumor- specific endoge-
nous T- cell response observed with CART cell monother-
apies. However, the Ag spreading derived directly from 
the action of STING- L or cognate CART cells alone did 
not achieve a meaningful level for therapeutic efficacy. 
Importantly, only in the combination group did the acti-
vation of endogenous T cells translate into a systemic 
response detectable in blood. The presence of circulating 
tumor- specific T cells explain the efficient control of 
distal tumors in the CART/STING- L group. Our findings 
suggest that the joint action of CART cells, destroying 
tumor cells and releasing secondary Ags, together with 
the immune- stimulatory action of STING- L, is critical 
to induce a tumor- specific endogenous T- cell response 
strong enough to control local and distal tumors. Other 
studies have also shown the importance of combining 
adjuvants, such as IL- 12, 41BB agonist or pathogen- based 
vaccines, with an ACT regimen to enhance the epitope 
spreading14 15 and the local and abscopal15 effects medi-
ated by transferred cells.

The enhanced tumor control of the combined treat-
ment was also associated with an increase in the number 
of CART cells and endogenous T cells into the treated 
and distal tumors. Interestingly, STING- L treatment also 
upregulated the expression of the IFN- inducible chemo-
kine receptor CXCR3 in CART and endo- CD8 cells from 
treated and distal tumors. Our results confirm recent 
findings by Xu et al, who demonstrated the efficacy of 
the CART/STING- L combination in a unilateral model 
of locally advanced breast cancer.38 These authors have 
shown that the subcutaneous injection of STING- L at a 
site remote from the tumor leads to an enhanced expres-
sion of CXCL9/10 within the TME and CXCR3 on tumor- 
infiltrating T cells.39 CXCL9/10 chemokines recruit 
CXCR3- expressing effector T cells39 and the CXCL- 9–10/
CXCR3 axis prompted by STING- L- derived signals may 
explain the increased numbers of CART and endogenous 
T cells within the tumors. The enhanced expression of 
CXCR3 and CXCL9/10 at a distant site from that of injec-
tion may be due to a small leakage of STING- L or to the 
STING- mediated induction of a systemic IFN- I- response.

However, the increase in the number of CART cells was 
always greater when STING- L was combined with cognate 
CART cells than with unrelated CART cells. This suggests 

that other biological processes, such as the activation and 
proliferation of CART cells on Ag recognition, may have 
contributed to augment the number of these cells in the 
tumors. In this context, cognate CART cells exhibited clear 
signs of activation, as was evident by upregulation of CD25, 
CD137, PD- 1, and GzB. Interestingly, the number and CD25 
expression levels of total endogenous T cells infiltrating the 
tumors were also higher when STING- L was combined with 
cognate CART cells than with CART- CD19 cells, indicating 
that the antitumor effect of CART- gp75 cells also favors 
the activation of endogenous T lymphocytes. The boosting 
effect of STING- L and cognate CART cells was more 
pronounced on endogenous tumor- specific T cells, as indi-
cated by the increased number of tumor- infiltrating Tetr+ 
cells and their enhanced expression of CXCR3, CD25, and 
GzB in the combination group. More importantly, these 
effects on endogenous T cells were observed in both the 
STING- L- treated and STING- L- non- treated tumor. There-
fore, the induction of a systemic response and the enhanced 
recruitment and activation of endogenous T cells in distal 
tumors may account for the abscopal effect of the CART/
STING- L combination.

Interestingly, our results indicate that the local and 
abscopal antitumor effects of the CART/STING- L combi-
nation also depend on STING signaling in CART cells. 
The importance of the direct effects of pharmacological 
STING activation on the antitumor properties of T cells 
has been demonstrated by Imanishi et al.28 Moreover, 
we have observed that STING- KO CART cells in mono-
therapy also exhibited an impaired antitumor response. 
This confirmed recent findings by Li et al demonstrating 
that in the absence of pharmacological activation, STING- 
proficient CD8 T cells were more effective in ACT sched-
ules than their STING- deficient counterparts.40 Further 
studies are necessary to decipher the role of intrinsic 
STING signaling on the antitumor activity of transferred 
T cells.

2′3′-cGAMP properties may not be extrapolated to 
other pharmacological STING- Ls. Indeed, although 2′3′-
cGAMP (poorly membrane permeable) inhibited T- cell 
proliferation, it did not cause apoptosis.28 In contrast, 
STING activation with cell- permeable small molecules, 
such as dimethylxanthone acetic acid (DMXAA) and 
10- carboxymethyl- 9- acridanone, promoted T- cell apop-
tosis.29 30 41 Similar results were observed in T cells with 
constitutively active STING mutations.30 Interestingly, 
patients carrying constitutive active STING mutations 
showed reduced numbers of memory T cells.30 In summary, 
depending on the degree and duration of STING acti-
vation in T cells, the outcome can be very different. 
Therefore, the choice of the appropriate STING- L is very 
important so that the immune- stimulatory functions of 
STING on the innate immune system can be exploited 
while preserving T- cell functions.

As already mentioned, we cannot exclude that a small 
leakage and systemic distribution of STING- L on intratu-
moral injection had effects on the distal tumor. However, 
when administered intravenously, 2′3′-cGAMP was reported 
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to exert only a poor antitumor effect.42 Furthermore, 
several clinical trials investigating intravenous administra-
tion of DMXAA have also shown disappointing anticancer 
activity.43 Even so, the effects of the systemic application of 
STING- Ls in combination with CART cell therapy deserve 
to be investigated. One of the problems with intravenous 
administration of STING- Ls is their short half- life (espe-
cially in the case of 2′3′-cGAMP) due to their sensitivity to 
degradation by ENPP1.44 Packaging of 2′3′-cGAMP into 
liposomal nanoparticles improves its half- life, tumor pene-
tration, and cellular uptake on intravenous injection, as 
compared with soluble cGAMP.42 On the other hand, new 
STING- Ls with enhanced cell permeability and resistance 
to hydrolysis by ENPP1 are being developed.45 It would be 
interesting to test these new STING- L formulations intrave-
nously in combination with CART cells.

Our data indicate that the STING agonist 2′3′-cGAMP is 
a suitable adjuvant to combine with CART- cell therapy and 
promote epitope spreading. Recently, another study has 
used Flt3L- secreting CART cells to expand and differen-
tiate CD103+ DC and, thus, extend the immune response 
to secondary Ags.46 However, in this study, the combina-
tion of CART cells with other adjuvants, such as poly(I:C) 
plus anti- 4- 1BB mAb, was required to activate CD103+ DCs 
and elicit the full benefit of the Flt3L- secreting T cells.

Overall, our observations could help in the development 
of new therapeutic strategies to combine with CART cells, 
based on the intratumoral delivery of immunomodulatory 
agents capable of fostering epitope spreading. An important 
limitation of our study is the use of tumor cell lines, such 
as B16- PSMA and B16OVA, whose inherent antigenicity 
favors the induction of an endogenous immune response. 
The existence of strong tumor Ags may also help spread 
the immune response to other weak Ags. In this sense, the 
strong antigenicity of hPSMA in mice would explain why 
only in the B16- PSMA model the CART/STING- L treat-
ment induced vitiligo (indicative of epitope spreading to 
melanocyte Ags) and yielded survivors resistant to B16- F10 
rechallenge. Therefore, the efficacy of the CART/STING- L 
combination in less antigenic tumors remains to be demon-
strated. In this context, the combination with approaches 
favoring the expression of new, and therefore potent, Ag in 
tumor cells, such as the inhibition of the nonsense- mediated 
messenger RNA breakdown machinery, may be useful.47 
Finally, although the first challenges for CART cells in solid 
tumors are to improve their tumor recruitment, survival 
and action in the hostile TME, the Ag- loss variant escape 
resulting from the on- target activity of CART cells will likely 
be the next barrier to overcome. Therefore, for the success 
of CART- cell therapy in solid tumors, approaches that 
overwhelm these first obstacles and that allow boosting a 
secondary antitumor immune response will be necessary.
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SUPPLEMENTAL METHODS 

Mouse strains 

7-week-old C57BL/6 mice were obtained from Harlan Laboratories. CD45.1 (B6.SJL-

PtprcaPep3b/BoyJ), Rag1-KO (B6.129S7-Rag1tm1Mom/J) and STING-KO (C57BL/6J-

Tmem173gt/J) mice were from the Jackson Laboratory. Batf3-KO (B6.129S(C)-Batf3tm1Kmm/J) mice 

were kindly provided by Dr. K.M. Murphy. All these strains were bred in our animal facility (CIMA, 

Spain) under specific pathogen-free conditions. Perforin (Perf)-deficient (C57BL/6-Prf1tm1Sdz/J) mice 

were kindly provided by Dr. H. Hengartner (University Hospital Zurich) and maintained at the Center 

for Biomedical Research of Aragon (CIBA).  

Cell lines and culture medium 

Platinum-E (Plat-E) (Cell Biolabs, Inc.) were cultured in Plat-E medium [DMEM-Glutamax (Gibco), 

FCS 10% (Sigma), sodium pyruvate 1%, essential amino acids 1%, HEPES, 100U/mL penicillin (P), 

100 μg/mL streptomycin (S), all from Gibco] supplemented with Puromycin (1μg/ml) and Blasticidin 

(10 μg/ml). The mouse melanoma B16F10 cell line and B16F10 cells expressing OVA (B16OVA) 

were verified by Idexx Radil. The B16-PSMA tumor cell line was generously gifted by Dr. F. Pastor 

(CIMA, Spain). These cell lines were generated by transduction of B16-F10 with amphotropic 

retrovirus coding a mutated human PSMA version.1 PSMA is known to undergo constitutive 

endocytosis via clathrin. The mutated version lacks the MXXXL motif located at the N-terminus of 

the protein responsible for PSMA internalization2 and, therefore, exhibits enhanced surface expression. 

B16-derived cells present the H-2Kb-restricted CD8 T-cell epitope derived from the p15E envelope 

glycoprotein of murine leukemia virus (MuLV p15E604-611, henceforth M8). B16OVA cells also 

present the H-2Kb-restricted CD8 T-cell epitope derived from ovalbumin (OVA257-264). These two 

epitopes were used to evaluate the epitope spreading effect. Tumor cell lines were cultured in complete 

medium [RPMI-1640-glutamax, 10% fetal bovine serum, 100 U/mL P, 100 μg/mL S, 10 mg/mL 

gentamicin, 1 mM HEPES, 50 mM 2-mercaptoetanhol], in an incubator humidifier with 9% CO2 at 

37ºC and were certified as being Mycoplasma-free by using the MycoAlert Mycoplasma Detection Kit 

(Lonza). 

Retrovirus production 

Retroviral particles were generated using Plat-E cell-mediated transfection. Plat-E cells (7105 

cells/well) were seeded 24h before transfection in 6-well plates in 2 mL/well of infection medium 

(Plat-E medium without P/S). 20-24h later, once the cells had reached 70% confluence, 500μL/well of 
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a mix containing plasmids and Lipofectamine 2000 (Thermo Fisher Scientific) were added. The 

mixtures contained 3 μg/well of transgene carrying plasmid, 2 μg/well of pCL-Eco (helper plasmid) 

and 10 μL/well of Lipofectamine 2000, and were prepared in OPTIMEM medium according to the 

manufacturer´s protocol. pCL-Eco was a gift from Inder Verma3 (Addgene plasmid #12371). Plat-E 

medium was changed 24h post-transfection. The supernatant containing the retroviruses was collected 

48h and 72h post-transfection. Debris was removed by centrifugation at 2000rpm for 1 minute. 

Supernatants were kept at 4ºC until T-cell transduction. 

Retroviral transduction of mouse T cells 

Isolated CD4 and CD8 T cells (106/well) were separately activated in 24-well plates (Cellstar) coated 

with anti-CD3 (145-2C11) (2 μg/ml) and soluble anti-CD28 (37.51) (1 μg/ml) (both mAb from 

Biolegend) in complete medium containing human IL-2 (50 U/ml) (Proleukin) at 106/mL density. After 

48h of activation, cells were resuspended in retrovirus containing supernatant supplemented with 

protamine sulfate (10 μg/mL, SIGMA) and human IL-2 (50 IU/mL) and ‘spin-inoculated’ at 2000g for 

90 min at 32 ºC. This last process was repeated with fresh retrovirus supernatant the next day. 

Transduction efficiency was evaluated 2 days after the first injection by measuring reporter protein 

(EGFP) expression by flow cytometry. 

CAR surface staining  

Four to five days after retroviral transduction, T cells were first incubated (45’, room temperature) 

with a biotinylated goat F(ab')2 fragment polyclonal antibody specific for mouse IgG (H+L) (Jackson 

Immunoresearch). This Ab recognizes the murine scFV of CAR-gp75 and CAR-PSMA, but not that 

of CAR-CD19. As a control, cells were incubated with biotinylated goat F(ab')2 fragment polyclonal 

antibody specific for rat IgG (H+L) (Jackson Immunoresearch). Then, cells were stained with 

Streptavidin-APC (allophycocyanin) (BD Biosciences) (15’, 4ºC) and analyzed by flow cytometry 

Tissue and blood processing 

Tumor-bearing mice were sacrificed and excised tumors were incubated in a dissociation solution 

(RPMI-1640-glutamax supplemented with 400U/mL D collagenase (Roche) and 50 μg/mL of DNase 

I (Roche) for 30 minutes at 37ºC. Tumors were mechanically disaggregated, filtered through a 70µm 

nylon cell strainer (FALCON) and centrifuged at 2000rpm for 8 minutes. After erythrocyte lysis with 

ACK buffer (NH4Cl 0.15M, KHCO3, 0.01M and Na2EDTA 0.1mM), cells were resuspended in 

appropriate medium and counted. DLN and CLN were homogenized by mechanical dissociation 

through a 70μm nylon cell strainer and treated with ACK buffer to remove erythrocytes.  Blood (100 
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μl) was collected in tubes containing 5 μl of Sodium Heparin 5% (Hospira) and lysed with Red Blood 

Cell (RBC) buffer (Biolegend). 

Recognition of cognate tumor cells by CARTs 

The cytotoxic activity of CAR-PSMA T cells against B16-PSMA cells was measured using real-time 

killing assays and the 7-aminoactinomycin D (7-AAD) cell-mediated cytotoxicity assay. Real-time 

killing assays were performed by measuring electric impedance over time in an xCELLigence Real 

Time Cell Analysis Instrument (ACEA). Briefly, B16-PSMA or B16OVA (negative control) cells 

(5×104 cells/well) were grown on xCELLigence E-plates (Agilent). At 24h, medium or WT CAR CD8 

T cells [CAR-CD19 or CAR-PSMA] (1×105 cells/well) were added. Electric impedance was measured 

every 5 min for 24h. Then, the supernatant from E-plates was recovered and IFNɣ levels were 

measured by ELISA [Mouse IFNɣ BD OptEIA Set (BD Bioscience)] according to the manufacturer’s 

instruction. For the 7AAD cell-mediated cytotoxicity assays, WT or Perf-KO (CD8 or CD4) T cells 

expressing CAR-PSMA or CAR-CD19 (1×105 cells/well) were co-cultured (12h) with B16-PSMA or 

B16OVA tumor cells (5×104 cells/well) (test wells) in 96-well culture plates. As a control, tumor cells 

were cultured alone (control wells). Then, cells were stained with anti-CD45 (30F11, Biolegend) mAb 

and 7AAD. The percentage of dead tumor cells (7AAD+CD45-) from total tumor cells (CD45-) was 

analyzed by flow cytometry. The percentage of specific lysis was calculated as: ([%7AAD+ target test 

well]-[mean %7AAD+ targets control well])/(100-[mean %7AAD+ target control well]) * 100. 

To assess the ability of CAR-gp75 T cells to recognize the gp75 Ag, CD8 CARTs were co-cultured 

with a cell suspension obtained from implanted B16OVA or MC38 (negative control) tumors. Briefly, 

one week after tumor inoculation, mice were sacrificed and excised tumors were processed as 

described above. Cells were resuspended in complete medium and counted. Different quantities of 

tumor cells ranging from 0 to 2×105 cells were co-cultured with 1×105 CARTs for 24h. IFNɣ levels 

were measured in the supernatants by ELISA. 

PSMA and gp75 staining in tumor cells 

For PSMA surface staining of in vivo growing tumor cells, tumor-bearing mice were sacrificed and 

their tumors homogenized to single-cell suspension as described above. Tumor-cell suspensions were 

stained with Zombie NIR (ZN) Fixable dye (Biolegend) and then with a mix containing fluorochrome-

labeled anti-hPSMA (LNI-17) and -CD45 (30F11) mAbs and purified anti-CD16/32 (93, Fc Block) 

mAb. As a control, cells were stained in the same way but with the isotype control corresponding to 

anti-PSMA (mIgG1) mAb. For gp75 surface staining, tumor-cell suspensions were stained with anti-

gp75 (TA99, IgG2a) mAb or purified mIgG2 (control isotype) together with fluorochrome-labeled 
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anti-CD45 (30F11) and Fc Block. Then, cells were stained with a fluorochrome-labeled anti-mouse 

IgG2a (RMG2a-62). Surface expression of hPSMA or gp75 was determined by flow cytometry in 

tumor cells (CD45-FSChiSSChi). For gp75 total (surface plus intracellular) staining, cells were first 

stained with ZN and anti-CD45 mAb, then permeabilized and fixed (Cytofix/cytoperm, BD 

Biosciences), stained with purified anti-gp75 mAb or control isotype and finally stained with 

fluorochrome-labeled anti-mouse IgG2a. 

For PSMA and gp75 surface staining of in vitro cultured tumor cells, cells were stained as described 

for the ex vivo characterization of in vivo growing tumor cells but without anti-CD45 mAb. In some 

experiments, tumor cells were cultured in vitro with or without mouse IFNγ (100 UI/ml) (Inmunotool) 

for 48h and then they were surface stained for gp75 detection. All mAb were from Biolegend except 

for anti-gp75 (TA99) (bioXcell). Cells were acquired in a FACSCanto-II (BD Biosciences) or a 

CytoFlex (Beckman Coulter) flow cytometer. Data were analyzed with FlowJo software (Tree Star). 

Cell staining for ex vivo characterization of CART and endogenous T cells 

Tissue-cell suspensions and blood cells were incubated with ZN Fixable dye (Biolegend). 

Subsequently, cells were stained with phycoerythrin-labeled H-2Kb/OVA257-264-tetramer 

(Tetramer-shop) and APC-labeled H-2Kb/M8 (MuLV p15E604-611)-tetramer (MBL) and, after 

washing, with fluorochrome-conjugated mAbs against mouse CD8 (KT15), CD4 (RM4-5), CXCR3 

(Cxcr3-173), CD25 (PC61-5), CD137 (17B51H1), PD-1 (29F-1A12), CD45 (30F11) and CD45.1 

(A20) in the presence of Fc-Block [anti-CD16/32 (93)]. Then, cells were fixed and permeabilized with 

Cytofix/CytoPerm (BD Biosciences) and intracellular stained with a fluorochrome-conjugated anti-

human/mouse Granzyme B (QA16A02) mAb in the presence of Fc-Block. All mAb were from 

Biolegend except for anti-CD8 (KT15) (Thermofisher). Cells were acquired in a FACSCanto-II (BD 

Biosciences) or a CytoFlex (Beckman Coulter) flow cytometer. The absolute numbers of cells was 

determined by flow cytometry using a volumetric cytometer (Cytoflex). Data were analyzed with 

FlowJo software (Tree Star) 

In-depth analysis of the TCR repertoire  

Approximately 100 l of blood were collected in tubes containing 10 ul of 50 mM EDTA. Erythrocytes 

were lysed with 500 l of RBC (Biolegend). Tumors were homogenized to single-cell suspensions as 

described above. After washing in PBS, blood cells and tumor-cell suspensions were pelleted and 

frozen at -80ºC. Genomic DNA (gDNA) was isolated using the NucleoSpin Tissue Kit (Macherey-

Nagel) reaching a DNA Integrity Number score >8. Five-hundred ng (unless otherwise indicated; 

supplemental Table 1) or 1500 ng of gDNA  from blood cells or tumor-cell suspensions, respectively, 
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were used for TCR sequencing with the Oncomine™ mouse TCR Beta-SR DNA Assay (Thermo 

Fisher Scientific) according to the manufacturer's instructions. Library construction and sequencing 

(IonTorrent S5) was performed in the Genomics Facility at CIMA Lab Diagnostics (Spain, Pamplona). 

Individual clonotypes were identified and bioinformatics analysis of the data was performed with the 

help of the IonReporter software. Using CDR3 counts, the measures of diversity indices for each 

sample were calculated using the PAST (version 4.03) (PAlaeontological STatistics) data analysis 

package.4 The Gini coefficient was calculated using the Gini coefficient calculator developed by Dr. 

B. Shlegeris (https://shlegeris.com/gini.html). 

Statistical analysis 

Statistical tests were performed using GraphPad Prism (v.8.4.0). Tumor growth curves were compared 

using nonlinear regression (curve fit). Differential survival was assessed using the Log-rank (Mantel-

Cox) test. For simple comparisons, unpaired (non-parametric Mann-Whitney test, two-tailed) and 

paired (Wilcoxon matched-pairs signed rank tests) two-tailed Student’s t tests were used. Multiple 

comparisons were performed using One-way ANOVA and the nonparametric Kruskal-Wallis test 

followed by Dunns post-test. Significance was set at p < 0.05. 
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cells and tumor growth was followed. (B) Illustration of the retroviral plasmid bearing the Car-psma gene. This synthetic 
gene is flanked by two LTR sequences (Long Terminal Repeat) necessary for the integration into the host genome. The 
gene is under the constitutive expression of the ubiquitin (UBI) promoter, along with EGFP used to determine transduction 
efficiency. The P2A sequence works as a spacer between EGFP and CAR-PSMA and is cleaved automatically when 
translated into peptide. The PSMA binding region contains the VH (Variable Heavy) y VL (Variable Light) of J591 mouse 
hybridoma joined by a linker. This extracellular domain is followed by the extracellular (EC) and transmembrane domains 
(TM) of CD8α, and by an intracellular region containing the signaling domains of 4-1BB and CD3ζ. (C) Detection of CAR 
surface expression on murine T cells transduced with CAR-PSMA retroviral vector. ScFv was detected using an antibody 
against mouse IgG. An anti-rat IgG antibody was used as a negative control. (D) In vitro recognition of B16-hPSMA by 
CAR-PSMA T cells. B16-hPSMA, B16F10, or MC38 cells (the last two used as control) were cultured (24h) with CART-
PSMA or CART-CD19 CD8 cells (in triplicate) at different CART cell:tumor cell ratios. IFNγ levels were measured in the 
culture supernatant by ELISA. (E) Tumor growth kinetics in individual mice from the experiment shown in figure 2B. (F) 
7-day B16-PSMA s.c. tumor-bearing B6 mice received an i.v. dose (3×106) of CART-PSMA or CART-CD19 cells. 
2’3’cGAMP (5 μg) or saline was injected intratumorally (i.t.) on days 11 and 17 of tumor implantation. Data represent 
mean tumor size progression. (E and F) Ratio of survivors/total mice is shown. (G) Pictures of three mice treated with the 
CART-PSMA/STING-L combination (fig. 2B) showing areas affected by vitiligo. (H) Histograms showings the Median 
Fluorescence Intensity of hPSMA or control isotype in tumor cells from representative mice from the experiment shown 
in figure 2D. Data are represented as mean±SEM (A and F) and mean±SD (D). One experiment representative of 2 (A, F, 
G and H) or at least 3 (C and D) experiments. 
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Figure S3. Analysis of the endogenous TCR repertoire upon CART +/- STING-L treatment. (A) Directly proportional 
relationship between the cumulative frequency of the TOP20 clones and the percentage of Tetramer+ cells in blood and 
treated tumors. Mice were treated as in Figure 4. The percentage of M8 and OVA Tetramer+ cells within endogenous CD3 
T cell subsets in blood and saline/STING-L treated tumor was determined by flow cytometry. gDNA were isolated from 
peripheral blood cells of 3 mice representative of each group and used for bulk CDR3 TCRβ sequencing. The cumulative 
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frequency of the TOP20 clones was plotted against the percentage of M8 (left) and OVA (middle) tetramer+ cells and the 
sum of the percentages of each of these tetramer+ populations (M8+OVA) (right). Each point represents a mouse. Linear 
regression test. Since the percentages of OVA tetramer+ cells were very low in the blood of unresponsive groups, the 
correlation with OVA tetramer+ cells was not studied. (B) CDR3β matching between blood and tumor TOP20 clones. The 
tumor and blood TOP20 clonotypes are plotted according to their rank in the tumor (x axis) and blood (y axis) TCR 
repertoire.  Vertical and horizontal dotted lines show the CDR3β detection threshold in tumor and blood, respectively. The 
CDR3β detection threshold was defined as the highest clonotype rank detected in tumor (gray dotted line) or blood (red 
dotted line). Those clonotypes that were not detected in tumor or blood were considered to occupy a rank higher than that 
defined by the threshold and were plotted in the threshold line. The yellow area shows those CDR3β shared by blood and 
tumor that are among the TOP20 in both tissues. The gray and pink areas show the shared clonotypes that are among the 
TOP20 in tumor or in blood, respectively. 
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Figure S4. CART/STING-L combination enhances the infiltration of CART and endogenous T cells in STING-L-

treated and -non-treated tumors. B16OVA-tumor bearing C57BL6 (CD45.2+) mice were treated with STING-L and 
CART cells as in figure 4. CART cells were generated in CD45.1 mice. On day 17 they were bled and sacrificed. Cell 
suspensions obtained from STING-L-treated and –non-treated tumors, lymph nodes (LN) [both, DLN and CLN (relative 
to the STING-L-treated tumor)] and blood were stained and analyzed by flow-cytometry. CD8 and CD4 CART cells were 
identified as GFP+CD45.1+CD8+ and GFP+CD45.1+CD8- cells, respectively. Endo-CD8 cells were identified as GFP-

CD45.1-CD8+ cells. (A and B) Number (#) of CD45+ cells [including both endogenous (CD45.2+) and CART cells 
(CD45.1+)] (A) and that of CD8 CART, CD4 CART and endo-CD8 cells (B) expressed as cell number/per grame (gr) of 
tumor (in tumors), total cell counts per LN (in DLN and CLN) and cells/ml of blood (in Blood). The absolute cell numbers 
were determined by flow cytometry using a volumetric cytometer (Cytoflex). (C) Weight of tumors collected after sacrifice. 
(A-C) Each point represents a mouse and medians are plotted. One-way ANOVA and post-test to compare all pairs of 
groups. Only comparisons with statistical significance are given. ***p < 0.0005, **p < 0.005, *p < 0.05. One experiment 
representative of two is shown. 
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Figure S5. CART/STING-L combination enhances the activation of CART and endogenous T cells in STING-L-

treated and -non-treated tumors. (A and B) B16OVA-tumor bearing C57BL6 (CD45.2+) mice were treated with STING-
L and CART cells as in figure 4. CART cells were generated in CD45.1 mice. On day 17 they were bled and sacrificed. 
Cell suspensions obtained from STING-L-treated (A) and –non-treated tumors (B) were stained and analyzed by flow-
cytometry. CD8 and CD4 CART cells were identified as GFP+CD45.1+CD8+ and GFP+CD45.1+CD8- cells, respectively. 
Endo-CD8 cells were identified as GFP-CD45.1-CD8+ cells. M8 Tetr cells were identified as GFP-CD45.1-CD8+M8Tetr+ 
cells. Each point represents a mouse and the median is given. One-way ANOVA and post-test to compare all pairs of 
groups. Only comparisons with statistical significance are indicated. ****p < 0.0001, ***p < 0.0005, **p < 0.005, *p < 
0.05. One experiment representative of two is shown. 
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Figure S6. Tumor-growth death cause. The death cause of B16OVA tumor-bearing mice treated with CART/STING-L 
therapy was analyzed through all the experiments done. Death was considered to be due to outgrowth of the right tumor or 
outgrowth of the left tumor if the mean diameter of the right or left tumor, respectively, reached 20 mm. Death was 
considered to be due to physical impairment if the mouse had to be euthanized by applying one or more of the following 
criteria: impaired mobility, signs of lethargy and lack of physical activity, weight loss and/or ulcerated/necrotic tumor from 
more than 72 hours. The graph shows the data of (from left to right): (i) CART/STING-L therapy in tumor-bearing WT 
mice treated with CART cells derived from WT mice (WT CART) (mean of 8 experiments). (ii) CART/STING-L therapy 
in tumor-bearing Batf3-KO mice treated with WT CART cells (mean of 2 experiments). (iii) CART/STING-L therapy in 
tumor-bearing STING-KO mice treated with WT CART cells (mean of 2 experiments) [the CART-CD19/STING-L 
treatment was non tested (NT) in this setting].  (iv) CART+/-STING-L therapy in tumor-bearing WT mice treated with 
STING-ko CART cells (mean of 2 experiments); (v) CART+STING-L therapy in tumor-bearing WT mice treated with 
Perf-ko CART cells (mean of 2 experiments). Only those groups that were tested are exhibited (iv and v).  
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Figure S7. Graphical summary 

• CART cells drive the selection of tumor cells expressing low target antigen levels. 

• CART cells and intratumoral administration of 2'3'cGAMP enhance antitumor activity and 

exert abscopal effects in distal non-STING-L-treated tumors. 

• CART/STING-L combination fosters a local and systemic endogenous T-cell response 

against non-CAR-targeted tumor antigens. 

• CART/STING-L combination enhances the infiltration and activation of CART and 

endogenous T cells in STING-L-treated and -non-treated tumors. 

• The synergistic effect of the combination relies on host STING signaling and Batf3-

dependent DCs, and partially depends on perforin release by CART cells. 
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Supplementary Table 1. Definition and range of values of the indices used to measure diversity in the TCRβ repertoire 

 

                        Range and meaning 

Diversity Index 0 1 High value 
The Gini Coefficient measures the inequality among values of a frequency distribution.  diversity clonality /// 

Dominance (D) measures the degree to which a CDR3 clonotype is more numerous than its competitors in a TCR 
repertoire. diversity clonality /// 

The Berger-Parker index measures the numerical importance of the most abundant species.  diversity clonality /// 

The Simpson (1-D) measures 'evenness' of the TCR repertoire. It ranges between 0 (frequency dominated by one 
clone, repertoire clonality) and 1 (all clones are equally frequent – repertoire diversity).  clonality diversity /// 

The Shannon index (H) takes into account the number of individuals (counts) as well as number of taxa (CDR3). It is 
more sensitive to differences in sample size (counts) than the Simpson index. clonality   diversity 

Evenness quantifies how equal the TCR repertoire is numerically.  clonality diversity /// 

Equitability (J) is the Shannon diversity divided by the logarithm of the number of CDR3 clonotypes.  clonality diversity /// 
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Supplementary Table 2. Diversity analysis of the TCRβ repertoire in blood 

 

 
 

(§) Kruskal-Wallis Test. P value. 

(&) Taxa (S) is defined as the number of productive unique TCRβ CDR3 (identified by the CDR3 nucleotide sequence). Individuals represent the 

total counts. Diversity indices were calculated as described in the Methods.  The meaning of each Diversity index is defined in supplementary 

Table 1. 

(#) 500 ng of blood cell DNA were used for TCR sequencing, except for samples S-3, S-6, S-8 and S-11 where it was not possible to reach this 

amount and all the gDNA obtained was used for sequencing. 

 

 

 

 

 

 

 

 

group

sample

PARAMETER (&)

Taxa_S (# CDR3) 1,28E+04 1,29E+04 7,67E+03 9,59E+03 1,21E+04 8,11E+03 1,16E+04 4,88E+03 1,07E+04 1,22E+04 3,42E+03 9,46E+03

Individuals (counts) 1,45E+06 2,22E+06 1,53E+06 8,49E+05 9,64E+05 1,51E+06 1,17E+06 1,64E+06 1,25E+06 1,24E+06 1,80E+06 1,27E+06

Gini coefficient 0.506 0.521 0.491 0.513 0.459 0.514 0.497 0.531 0.55 0.509 0.54 0.535 0.3685

Dominance_D 0.0001807 0.0001732 0.0002689 0.0003061 0.0001962 0.000262 0.0002132 0.0004184 0.0002278 0.000345 0.0007194 0.0003941 0.118

Berger-Parker 0.003264 0.003114 0.003244 0.005344 0.005589 0.002765 0.004273 0.002027 0.002602 0.01017 0.00867 0.01105 0.0572

Simpson_1-D 0.9998 0.9998 0.9997 0.9997 0.9998 0.9997 0.9998 0.9996 0.9998 0.9997 0.9993 0.9996 0.2097

Shannon_H 9.005 8.995 8.522 8.573 9.021 8.543 8.915 8.008 8.75 8.903 7.619 8.617 0.7641

Evenness_e^H/S 0.6362 0.6246 0.6552 0.5516 0.6825 0.6326 0.6431 0.6152 0.5915 0.601 0.5952 0.5837 0.3395

Equitability_J 0.9522 0.9503 0.9527 0.9351 0.9594 0.9491 0.9528 0.9428 0.9434 0.9459 0.9362 0.9412 0.3466

ng gDNA (#) 500 500 210 500 500 206 500 136 500 500 81 500

(3)                              

CART-gp75 / Saline

(4)                              

CART-gp75 / STING-L

S-12S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8 S-9 S-10 S-11

ANOVA      

(§)

(1)                              

CART-CD19 / Saline

(2)                              

CART-CD19 / STING-L
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Supplementary Table 3. Diversity analysis of the TCRβ repertoire in treated tumor 

 

 
(§) Kruskal-Wallis Test. P value. 

(#) Dunn's Multiple comparison tests. The column shows the groups that had significant differences. 

(&) Taxa (S) is defined as the number of productive unique TCRβ CDR3 (identified by the CDR3 nucleotide sequence). Individuals represent the 

total counts. Diversity indices were calculated as described in the Methods. Diversity indices are defined in supplementary Table 1. 

 

 

group

sample

PARAMETER (&)

Taxa_S (# CDR3) 5,59E+03 1,92E+03 2,88E+03 3,78E+03 4,60E+03 4,14E+03 1,47E+03 5,49E+03 4,30E+03 3,41E+03 4,34E+03 4,08E+03

Individuals (counts) 1,72E+06 1,74E+06 2,10E+06 1,72E+06 1,14E+06 1,91E+06 1,63E+06 1,61E+06 1,19E+06 1,43E+06 2,21E+06 1,23E+06

Gini coefficient 0.612 0.629 0.666 0.665 0.723 0.699 0.687 0.666 0.688 0.964 0.858 0.869 0.0367 (* 1 vs 4)

Dominance_D 0.0007221 0.002816 0.002438 0.003211 0.006497 0.01146 0.01219 0.004066 0.01289 0.3188 0.0885 0.1014 0.0216 (* 1 vs 4)

Berger-Parker 0.007112 0.03523 0.02546 0.02609 0.04931 0.08443 0.07913 0.03853 0.09477 0.5219 0.2458 0.2858 0.0307 (* 1 vs 4)

Simpson_1-D 0.9993 0.9972 0.9976 0.9968 0.9935 0.9885 0.9878 0.9959 0.9871 0.6812 0.9115 0.8986 0.0216 (* 1 vs 4)

Shannon_H 7.898 6.771 7.015 7.148 6.898 6.821 6.01 7.397 6.835 2.269 4.752 4.397 0.0922

Evenness_e^H/S 0.4813 0.4533 0.3863 0.3368 0.2152 0.2214 0.2768 0.297 0.2163 0.002837 0.0267 0.01993 0.0249 (* 1 vs 4)

Equitability_J 0.9153 0.8954 0.8806 0.8679 0.8179 0.819 0.8239 0.859 0.817 0.279 0.5674 0.529 0.0249 (* 1 vs 4)

ng gDNA 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500

ANOVA      

(§)

Significant 

comparison 

(#)

(1)                              

CART-CD19 / Saline

(2)                              

CART-CD19 / STING-L

(3)                              

CART-gp75 / Saline

(4)                              

CART-gp75 / STING-L

S-12S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8 S-9 S-10 S-11
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