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Chimeric antigen receptor (CAR) T cells have shown limited efficacy against solid tumors because of poor tissue
penetration, constrained activity, and early exhaustion due to the immunosuppressive tumor microenvironment
(TME). Although stimulatory cytokines can counteract immune suppression, their systemic administration entails
risk of toxicities and counter-regulatory responses. Here, we leveraged a population of tumor-associated TIE2-
expressing macrophages (TEMs) to release interferon-a (IFN-o) and/or orthogonal interleukin-2 (olL2) at the tu-
mor site. Targeted cytokine delivery rescued CART cell functionality against the clinically relevant tumor antigen
B7-homolog 3 (B7-H3) in an orthotopic, CAR T cell-refractory, immunocompetent mouse model of glioblastoma
(GBM) named mGB2 that recapitulates pathological features of the human disease. Immunophenotypic and tran-
scriptomic analyses revealed that inhibition of premature terminal exhaustion and induction of effector and
memory states featuring activation of signaling pathways and transcriptional networks putatively boosted CART
cell antitumor activity. Furthermore, IFN-o, especially when combined with private olL2 signaling to CART cells,
elicited potent endogenous T cell responses against multiple tumor-associated antigens, leading to delayed GBM
growth and prolonged mouse survival even with tumors expressing B7-H3 in only a fraction of cells. These data
suggest that the combination of TEM-based cytokine delivery and CAR T cells may have synergistic effects and

support the further study of this approach for the treatment of patients with GBM.

INTRODUCTION

Chimeric antigen receptor (CAR) T cells represent a pillar of im-
mune therapy for hematological malignancies, but their therapeutic
activity has been limited in solid tumors (I). Major roadblocks hin-
dering CAR T cell activity in the tumor microenvironment (TME)
include (i) limited homing and trafficking, (ii) limited persistence
and proliferation, and (iii) induced dysfunction and exhaustion (I).
In addition, CAR T cell-dependent toxicities and tumor escape
mechanisms including immune evasion represent further challeng-
es to successful clinical application (1).

A promising approach to potentiate CAR T cell function is to pro-
vide immune stimulatory cytokines to counteract some of the sup-
pressive features of the TME (2). However, systemic or unregulated
cytokine administration entails a high risk of toxicity and counter-
regulatory mechanisms because of immune hyperactivation (2).
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To safely deliver cytokines at the tumor site, we established a clinical-
grade platform leveraging a population of tumor-associated TIE2-
expressing monocytes/macrophages (TEMs) as vehicles (3, 4). This
myeloid subset is consistently found at low and variable frequency in
most tumor types and has been associated with tumor angiogene-
sis, therapy resistance, and metastasis, thus representing a broadly
applicable candidate for drug delivery to a progressing tumor (4). We
engineered hematopoietic stem cells (HSCs) with lentiviral vectors
(LVs) expressing the cytokine of interest under the Tie2 gene tran-
scriptional regulation. MicroRNA target sequences (miRTs) were
also added to prevent transgene expression from TIE2-expressing
HSCs, thus limiting cytokine expression in the bone marrow (BM)
and enabling selective expression in their TEM progeny (3-6). This
strategy allowed cytokine-dependent antitumor responses in differ-
ent tumor models (6-8) and is currently under clinical testing in a
phase 1/2a trial in patients with glioblastoma (GBM) (Temferon
NCT03866109, clinicaltrials.gov, Genenta Science).

GBM is a paradigmatic example of an “immune desert” tumor
because of minimal infiltration and persistence of activated T cells,
which generally acquire dysfunctional states including anergy, tol-
erance, senescence, and exhaustion (9). In contrast, myeloid cells
mainly with protumoral and immunosuppressive features heavily
infiltrate the tumor (10). This hostile TME strongly contributes to
GBM’s poor prognosis and likely represents the main cause for in-
adequate efficacy of immunotherapeutic strategies including im-
mune checkpoint blockers and CAR T cells (11). In a murine
syngeneic GBM model recapitulating the histopathological fea-
tures of human disease (12), we showed that targeted delivery of
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interferon-o (IFN-a) by TEMs counteracted tumor growth with
concomitant changes in the immune microenvironment, includ-
ing the loss of a population of tumor-associated macrophages
(TAMs) whose gene signature is associated with protumoral func-
tions and predicts poor prognosis of patients with GBM (7).

Because the immunosuppressive TME is a key hurdle for effec-
tive CAR T cell therapy, changes in the TME mediated by IFN-a
gene therapy could generate a more favorable milieu for their func-
tion. Moreover, the possibility to support CAR T cells with a para-
crine, localized, and private release of other cytokines may constitute
a powerful tool to potentiate adoptive T cells, reducing the risks of
toxicity associated with exogenous cytokine administration and ar-
mored T cell products (2).

Here, we leveraged TME-targeted cytokine delivery to overcome
the lack of efficacy of CAR T cells in solid tumors using a second-
generation murine CAR carrying a B7-homolog 3 (B7-H3) antigen
binding domain already deployed in clinical trials for solid tumors,
including GBM, and showing high homology with the mouse coun-
terpart (13, 14).

RESULTS

Optimized manufacturing of murine CART cells allows
efficient targeting of the clinically relevant B7-H3 antigen in
a GBM model

We first established an optimized process for generation of murine
CART cells. Murine T cells were transduced with a bidirectional LV
(BALV) encoding for the murine CAR and a truncated form of the
low-affinity nerve growth factor receptor (ANGFR) as a marker of
transduction (fig. S1A and table S1). The optimized process included
T cell stimulation with «CD3 and aCD28 (a, anti-) monoclonal
antibodies coated onto plates (fig. S1, B to D), followed by transduc-
tion with 20 LV transducing units (TU)/cell per ml 24 hours post-
stimulation (fig. S1, E and F) in the presence of LentiBoost (15)
(fig. S1G) and cyclosporin H (CsH), a nonimmunosuppressive cy-
closporine that mitigates LV innate cellular sensing (16) (fig. S1, H
and I). Overall, we obtained an average of 60% transduced murine T
cells, without affecting the phenotypic composition or the prolifera-
tive capacity of cultured T cells (fig. S1, ] to M).

Next, we identified surface mouse GBM antigens that are also
expressed by human GBM and can be targeted by mouse CAR con-
structs sharing the same single-chain variable fragment (scFv) as
human CARs already in clinical trials. To this aim, we used the
mGB2 murine syngeneic GBM model, which closely resembles the
human pathology (12) and which harbors TEMs within its TME
accounting for up to 3% of the total cells (7). Transcriptomic and
immunophenotypic analysis of mGB2 cells revealed high and ho-
mogeneous expression of B7-H3 (CD276) (fig. S2, A to F), which is
currently being investigated as a CAR target in several GBM clinical
trials (17).

We generated murine B7-H3 CAR (CARg73) incorporating the
376.96 scFv clone, which is known to recognize both murine and
human B7-H3, albeit with higher affinity for the latter (13), into the
BdLV backbone also encoding for the ANGFR (Fig. 1A). Coexpres-
sion of CAR and ANGFR after transduction was confirmed by flow
cytometry (Fig. 1B). As a control, we generated a BALV driving ex-
pression of a murine CAR comprising an scFv targeting the human
CD19 (CARycp19) (Fig. 1A), a B cell antigen not expressed by GBM
cells. CARgyys T cells specifically up-regulated the expression of
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both the activation marker CD69 and ANGFR when cultured with
B7-H3-positive cells, whereas control CARpcpio T cells did not
(fig. S3, A to D). Similarly, coculture with B7-H3-positive cells in-
duced IFN-y release, tumor cell elimination, and proliferation of
CARB7H3 T cells (ﬁg S3,E to G)

IFN-a gene therapy improves activation and mitigates
exhaustion of CARg7.43 T cells, enhancing antitumor activity
Once we validated both expression and functionality of CARg7m3
in vitro, we tested it in mice transplanted with HSCs previously
transduced with Tie2-Ifnal-miRT LV (hereafter referred to as IFN
mice) or a control LV lacking the expression cassette (hereafter re-
ferred to as Empty mice) and orthotopically challenged with mGB2
cells (Fig. 1C). We performed multiple independent experiments
with a total of 34 to 54 mice per experimental condition. Adoptive
transfer of CARgypy3 T cells, through systemic [upon lymphodeplet-
ing conditioning by cyclophosphamide (CPA)] and/or intratumoral
injection, led to only minor reduction in tumor burden as assessed
by magnetic resonance imaging (MRI) and lack of survival advan-
tage over control CARycpr9 T cells in Empty mice. The control
CARpcpig T cells, in turn, did not provide any survival advantage or
tumor inhibition compared to untransduced T cells (fig. S3, H to K).
In contrast, IFN-a gene therapy, coupled with control CARpcpie T
cells, displayed therapeutic benefit in terms of both tumor growth
reduction and prolonged mouse survival (Fig. 1, D and E). When
CARgyp3 T cell treatment was combined with IFN-a gene therapy, a
superior effect was achieved in both reduction of tumor burden and
prolonged survival, lowering the risk of death by 85% [hazard ratio
(HR) =0.15; Fig. 1, D and E] and indicating robust antitumor effects
from the adoptively transferred CAR T cells.

Among the fraction of longest surviving mice, one mouse treated
with IFN-a gene therapy and CARgzp3 T cells that cleared the tumor
also rejected a tumor rechallenge with a B7-H3 knockout mGB2
line (B7-H3™) able to form tumors in naive wild-type (wt) mice
(fig. S4, A and B). This suggested the potential for establishment of a
broader protective immunity extended to tumor antigens beyond
the CAR target.

One week after injection, systemically administered CARpzps T
cells circulated at lower concentration in the peripheral blood and
displayed a more activated phenotype according to the early up-
regulation of immune checkpoint receptors [ICRs: programmed cell
death protein (PD-1), lymphocyte-activation gene 3 (LAG-3), and
cytotoxic T-lymphocyte associated protein 4 (CTLA-4)] and inter-
leukin 2 receptor alpha (IL2Ra or CD25), compared with CARpcp1o
T cells, without major differences between Empty and IFN mice
(Fig. 1, F and G). Three weeks after systemic adoptive cell transfer,
the tumor immune infiltrate of Empty and IFN mice, despite having
no quantitative differences in lineage composition (fig. S4C), was
enriched in CARgzp3 T cells compared with CARpcpo T cells, sug-
gesting a target antigen—driven trafficking or local expansion, pos-
sibly explaining their reduction in the periphery (Fig. 1H). CARg7n3
T cells belonged almost completely to the CD8" subset, whereas
CARpcpiy T cells also comprised 10 to 20% CD4* cells (fig. S4D).
IFN-a gene therapy enhanced the expression of effector and activa-
tion markers [granzyme B (GZMB), CD69, and CD44] and reduced
the expression of ICRs on CARg7ns T cells (Fig. 1I and fig. S4E),
significantly mitigating the development of exhausted cells highly
coexpressing ICRs (P = 0.0258, Fig. 1]). No target antigen escape
was detected in tumor cells (fig. S4F).
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Therapeutic efficacy was also observed with the combination of
CARg7p3 T cells and the inducible version of the TEM-IFN-« plat-
form that we previously described (7), in which induction of IFN-a
expression was performed after tumor establishment, thus better
modeling a therapeutic strategy (Fig. 1, K and L).

To investigate whether similar therapeutic efficacy could be
achieved by engineering IFN-a release from CAR T cells them-
selves, thus bypassing the need for HSC manipulation, we generated
IFN-a—armored CAR T cells by means of BALV coexpressing IFN-«
and CAR. We produced IFN-a-armored CARpcp1o and CARp7p3 T
cells to compare their therapeutic potential with that of their unar-
mored counterparts (fig. S5, A and B). Phenotypic characterization
before infusion highlighted a modest skewing toward effector fea-
tures induced by constitutive IFN-a armoring, without significant
differences in the expression of ICRs (fig. S5, C and D). Intratumor-
al delivery of IFN-a—armored CARp7p3 T cells in GBM-challenged
wt mice did not elicit detectable toxicity but failed to achieve thera-
peutic efficacy that remained comparable to controls in terms of
both tumor growth and mouse survival (fig. S5, E to G). Overall,
these data showed that targeted IFN-a delivery by TEMs, but not by
CAR T cells, could lead to robust CARg7p3 T cell activity associated
with increased expression of effector markers and decreased expres-
sion of ICRs.

Targeted delivery of orthogonal IL-2 safely improves CAR

T cell function establishing a private cross-talk within the TME
We hypothesized that this platform could also deliver other cytokine
payloads that may further boost CAR T cell proliferation and activ-
ity, such as interleukin-2 (IL-2). IL-2 can provide proliferative, sur-
vival, and activation support to effector T cells but can also favor T
regulatory differentiation, which is detrimental for antitumor re-
sponses. To overcome this hurdle, IL-2 muteins able to preferential-
ly bind a cognate IL-2Rp mutein rather than the wt form, and thus
target an engineered subset of T cells, have been recently described
(18). These orthogonally acting pairs [ortho-IL-2 (0oIL2) and ortho-
IL2RP (oR)] effectively potentiated oR-bearing adoptive T cells in
both syngeneic and xenogeneic tumor models by systemic adminis-
tration of oIL2 (18-20). Although this strategy limits exposure of
endogenous T cells to IL-2, thus mitigating counter-regulatory
mechanisms and toxicities expected with the wt cytokine, systemic
delivery of oIL2 was associated with weight loss and other adverse
effects leading to death at the highest doses (18-20). Therefore, we
reasoned that tumor-targeted TEM-mediated delivery could intro-
duce a further level of control to this system and safely potentiate
CAR T cell function against GBM.

We generated BALV encoding for either CARgp3 or control
CARycp19 coupled with oR (0CARg713 or oCARpcp19) (Flg 2A).
0CARg7y3 T cells were activated, released IFN-y, and proliferated
when cultured with target cells expressinﬁ B7-H3 in the presence
of oIL2 variants, more robustly with oIL2"%'* and more selectively
with oIL2**!%, consistent with their published properties (18)
(fig. S6, A to D).

We then generated Tie2-0IL2-miRT LV for TEM-mediated deliv-
ery of olL2'“"? in the tumor (Fig. 2, A and B). HSCs transduced
with either Empty or oIL2 LV similarly engrafted in lethally irradi-
ated recipient mice (fig. S7, A and B). Multilineage hemopoietic re-
constitution was not affected by oIL2 gene therapy (fig. S7, C to ),
although the cytokine was detected in the plasma at concentrations
slightly higher than previously observed for IFN-a in our platform
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(3, 6-8), possibly because of limited peripheral uptake by endoge-
nous IL-2Rs (fig. S7K). Integrated LV was detectable in circulating
nucleated cells at a median of 1.9 copies per genome (fig. S7L). In
addition to the lack of signs of hemopoietic toxicities, there were no
differences in body weights of 0IL2 mice compared to those of Empty
mice (fig. STM).

After orthotopic tumor challenge, intratumoral injection of
CARg7u3 T cells with or without oR (0CARg7y3 and CARgyy3, re-
spectively) was performed (Fig. 2B). Although no differences in tu-
mor burden were detected at an early assessment (29 days after
GBM injection), oIL2 mice that received oCARgzy3 T cells had al-
most stable lesions at later evaluation (44 days after GBM injection)
(fig. S8A) and showed inhibition of tumor growth compared with
Empty mice, with a trend toward maintaining a lower median tu-
mor burden compared with oIL2 mice receiving CARp7usT cells
without the oR, although this did not achieve significance (Fig. 2C).
oIL2 plus 0CARp7p3 mice achieved a prolonged survival compared
with all other groups (Fig. 2D). A slight reduction in tumor burden
and trend toward improvement in survival, although not significant,
were observed in oIL2 plus CARp7py3 mice, in line with residual ac-
tivity of oIL2 on the endogenous receptor.

In another set of experiments, Empty and oIL2 mice received
either oCARp7n3 or 0CARycpr9 T cells intratumorally (Fig. 2E).
Significant reduction in tumor burden was observed only in oIL2-
plus-0oCARg7p3-treated mice (fig. S8B, P = 0.0035), without any ap-
parent sign of toxicity such as significant weight loss (Fig. 2F).
Higher abundance of oR-bearing adoptive T cells was observed in
the tumor immune infiltrate of 0IL2 mice compared with Empty
mice (Fig. 2G and fig. S8, C to E), mainly of the CD8" subset
(fig. S8C). GZMB had higher expression in CD8" and CD4* 0oCAR
T cells of oIL2 mice compared with those of Empty mice (Fig. 2, H
and [, fig. S8, F and G). However, only oCARp713 CD8" T cells in-
creased the PD-1T"LAG-3" fraction in oIL2 mice (Fig. 2J), possibly
because a more effective target-dependent activation under oIL2
stimulation may eventually drive exhaustion. Supporting the prefer-
ential binding of oIL2 to the oR, endogenous T cells were not affected
in terms of abundance (Fig. 2K), CD4"/CD8* composition (fig. S8D),
and T regulatory differentiation (Fig. 2L) in any treatment group.
Also in this setting, no B7-H3 antigen escape was detected (Fig. 2M).

Despite enhancing CAR-T activity, implementation of the oIL2-oR
axis by TEM-based gene delivery provided an inferior therapeutic
benefit than observed with IFN-a delivery. In a side-by-side com-
parison of the two platforms in combination with 0CARg7y3 T cells,
tumor growth was similarly delayed by the two treatments, but sur-
vival was more prolonged with IFN-a (HR = 0.26 and HR = 0.40
versus Empty mice, respectively) (Fig. 2, N to P). Because oIL2 and
IFN-« are likely to act on different molecular pathways to enhance
CAR T cell activity, we next assessed the efficacy and phenotypic
impact on CARgyp3 T cells of both cytokines and their combination.

Codelivery of IFN-a and olL-2 potentiates CART cell rescue
by promoting effector function and recruiting endogenous
T cells against GBM antigens

We generated a Tie2-Ifnal-P2A-oIL2-miRT LV by inserting a self-
cleaving P2A peptide coding sequence between the IFN-a and oIL2
ones (fig. S9, A to M). This construct enabled secretion of both cy-
tokines by TIE2-expressing cells as observed in vitro and upon
transplantation of engineered HSCs, even at lower extents compared
with the respective monocistronic constructs at matched vector

40f16

G20z ‘80 AINC Uo pIoIxO Jo A1sBAIUN T 610°30us 105" MAMM//SdNY Wo) pepeojumoq



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Fig. 2. The private cross-talk by the
orthogonal IL-2/receptor pair via
TEMs potentiates CAR T cells with-
out perturbing endogenous T cells.
(A) Schematic representation of oR-
CARB7H3 BdLV, OR’CARhCDw BdLV, and
Tie2-olL2-miRT LV. (B) Experimental
outline for treatment efficacy evalua-
tion: HSCs from donor mice were
transduced with an empty (Empty) or
Tie2-olL2-mirT LV vector (olL2) and
transplanted into lethally irradiated
C57BL/6 mice. After hematopoietic
reconstitution, mGB2 cells were in-
jected in the brain striatum. Mice re-
ceived CARg7n3 T cells either expressing
olL2RB or not intratumorally. Tumor
growth was monitored by MRI and
survival analysis performed (n = 7
Empty plus CARgz3, n = 8 Empty plus
0oCARg7H3, N = 9 olL2 plus CARg7Hs,
and n =9 olL2 plus oCARgz43). (C) Tu-
mor burden evaluated by MRI 29 and
44 days after GBM injection in Empty
and olL2 mice (LME model, see Mate-
rials and Methods). (D) Kaplan-Meier
survival curves of the four experimental
groups of mice (log-rank Mantel-Cox
test with Bonferroni’s correction).
(E) Experimental outline for tumor
infiltrate analyses: HSC transduction
and transplant and mGB2 injection
were performed as in (B). Mice re-
ceived olL2Rp-expressing CARg7n3 or
CARnhcp19 T cells intratumorally. Tumor
growth was monitored by MRI, and
immunophenotype characterization
of tumor infiltrate was performed
(n = 8 Empty plus oCARncp1o, N = 8
Empty plus oCARgzn3, n = 5 olL2 plus
0CARhpcp1o, and n = 6 olL2 plus
0CARg7h3). (F) Mouse weight changes
(% of baseline) measured 40 days after
tumor challenge. (G to L) Tumor infil-
trate analyses performed 14 days after
intratumor T cell injection. (G) Counts
of adoptive T cells normalized on tu-
mor weights. [(H) and (I)] Percentage
of GZMB-expressing CD8" (H) and CD4*
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copy numbers (Fig. 3A and fig. S9, B to D). Alternatively, cytokine
codelivery by TEMs was achieved by transplanting mice with a mix
of HSCs transduced with either Tie2-Ifnal-miRT or Tie2-oIL2-
miRT LVs. Engraftment of engineered HSCs, hematopoietic recon-
stitution, and cytokine output in the peripheral blood were similar
for the two codelivery strategies (fig. S9, E to K). IFN-a concentra-
tions were higher in the tumor tissues of IFN and IFN plus oIL2
mice compared with the respective contralateral hemisphere (HB,
healthy brain) and with tumors of Empty and oIL2 mice (fig. S9L),
supporting tumor-specific cytokine release by engineered TEMs.
We could not specifically measure the release of orthogonal IL-2
given the abundance of wt IL-2 released by recently injected CAR T
cells that would have overwhelmed the former in an IL-2 detection
assay. When combined with double route-administered oCARg713
T cells, both oIL2 and IFN-a, either alone or in combination, sig-
nificantly inhibited tumor growth as compared with Empty mice
(Fig. 3B, all P < 0.05). Codelivery of IFN-a and oIL2 by TEMs
achieved a prolonged median overall survival (76 days) compared
with either single treatment (oIL2: 59 days; IFN: 65 days) and Emp-
ty mice (56 days), corresponding to a substantial reduction in the
risk of death by 91% (HR = 0.09) (Fig. 3C).

We next investigated T cell dynamics across the organism in
these mice. We profiled tumor lesions; tumor-draining deep cervical
lymph nodes (tdLNs); superficial cervical lymph nodes [non-tumor
draining LNs (ntdLNs)]; and spleen, BM, and peripheral blood sam-
ples by a high-dimensional flow cytometry panel encompassing
markers of T cell memory and effector differentiation, activation,
exhaustion, and regulatory T cell (T cell) markers (table S1).
CD45-mismatched adoptively transferred and endogenous CD3*
cells were separately analyzed by PhenoGraph (21), an algorithm
capable of clustering single cells according to their relative expres-
sion of antigens. We identified 11 adoptive and 14 endogenous T cell
PhenoGraph clusters, which showed a distinct tissue-specific distri-
bution (Fig. 3, D and E, and fig. S10, A and B). Tumor-infiltrating
adoptive T cells were characterized by high expression of the prolif-
eration marker Ki-67, the activation/exhaustion marker PD-1, and
the activation/tissue residency marker CD69 (Fig. 4A), whereas
only a fraction of them expressed transcription factor 7 (TCF-7),a T
cell memory marker related to tumor egression, which was instead
more expressed in peripheral blood and LNs. These cells were main-
ly composed of CD8" clusters, among which cluster 4 was highly
enriched by IFN-a and oIL2 and further by their codelivery
(Figs. 3D and 4, A and B, and fig. S10C). These enriched cells ex-
pressed eomesodermin (EOMES) and T-box expressed in T cells
(T-bet), known transcription factors (TFs) required by T cells to dif-
ferentiate into effector phenotype; the activation marker CD25; and
highly PD-1, likely representing CAR T cells robustly activated
within the TME (Fig. 4A). Consistently, a CAR T cell subset charac-
terized by high PD-1 expression was shown in previous studies to
display superior cytotoxic function and persistence in the tumor site
(22). Conversely, cluster 6, which was also found in tdLNs, was de-
pleted upon cytokine delivery, especially in the combination group
(Fig. 4B and fig. S10C). These cells expressed low amounts of activa-
tion markers (CD39, PD-1, and Ki-67) and high expression of TCF-7,
representing a more stem-like population, possibly of nontrans-
duced adoptive T cells (Fig. 4A). Altogether, these changes in cluster
composition suggest a tumor-specific enrichment of activated CAR
T cells by both cytokines without detectable off-target activation in
the other tissues analyzed.

Rossari et al., Sci. Transl. Med. 17, eado9511 (2025) 2 July 2025

Endogenous tumor-infiltrating T cells were instead composed
of a majority of CD4" cells (Fig. 3E). Cluster 5, the only CD4"
GBM cluster highly expressing CD39, a marker associated with
tumor reactivity (23) and effector markers (T-bet and CD44), was
significantly increased in IFN and IFN plus oIL2 mice (both
P =0.0024, Fig. 4, C and D, and fig. S10D). Cluster 12, which was
the only CD8" cluster identified in the tumor tissue, was similarly
enriched in IFN and IFN plus oIL2 mice and showed expression
markers of effector T cells (Fig. 4, C and D). In contrast, the more
stem-like cluster 4, characterized by the absence of CD39 and high-
er expression of TCF-7, was underrepresented in tumors of IFN and
IFN plus oIL2 mice and likely represented bystander cells (Fig. 4, C
and D). CD39" putative tumor-reactive endogenous CD8" cells
could also be identified in the peripheral blood, BM, and spleen
[cluster 10 of more naive and cluster 14 of short-lived effector killer
cell lectin-like receptor G1 (KLRG-17) cells] and were significantly
increased by IFN and IFN plus oIL2 (all P < 0.0144, Fig. 4, Cand D,
and fig. S10D). Last, the central-memory cluster 7, coexpressing
EOMES and TCF-7, was increased in the peripheral blood and LNs
of IFN and IFN plus oIL2 mice. Altogether, these changes in endog-
enous T cell clusters suggested the engagement of a systemic antitu-
mor response specifically triggered in the presence of IFN-o.
Conversely, the lack of major phenotypic changes in the endogenous
compartment of oIL2 mice supported the private cross-talk estab-
lished between TEMs and oCARgyys T cells selectively in the
GBM TME.

To functionally validate the findings of boosted effector function
of oCARg7y3 T cells and endogenous T cells by cytokine treatments,
we performed IFN-y ELISPOT with peripheral blood mononu-
clear cells (PBMCs) and tumor-infiltrating lymphocytes (TILs) on
B7-H3-positive or —negative mGB2 cells (Fig. 4, E and F). T cells in
peripheral blood reacting to mGB2 by targeting B7-H3 increased
with IFN-a gene therapy and further by the codelivery of the two
cytokines, despite the frequency of adoptively transferred cells being
similar across all conditions (fig. SOM). Functional analysis of TILs
highlighted similarly increased proportions of B7-H3-reactive cells
in IFN and IFN plus oIL2 mice compared with oIL2 and Empty
mice. The lack of a significant effect of 0IL2 alone on the proportion
of B7-H3-reactive T cells in this functional assay may suggest dys-
functional activation of CAR T cells in the absence of concurrent
IFN-a stimulation. T cells reacting against B7-H3™ mGB2 cells also
increased with IFN-a and further with its combination with oIL2,
both in peripheral blood and in tumor infiltrates, suggesting a piv-
otal role of IFN-« in triggering antigenic spreading and priming of
endogenous T cells, which could be further promoted by concomi-
tant orthogonal stimulation of 0CAR T cells by oIL2. In line with
this contention, IFN plus oIL2 mice receiving oCARgzys T cells
showed similar survival if challenged with tumor cells expressing
B7-H3 in all or only a fraction (50%) of them and significantly lon-
ger than oCARgyy3 T cell-treated Empty mice (P = 0.0045 and
P = 0.0011, respectively), supporting the engagement of endoge-
nous T cells in mediating, at least in part, the improved antitumor
activity of the combination strategy (Fig. 4, G and H).

CART cells maintain transcriptional features of functional
effector cells upon cytokine delivery into the TME

To investigate the impact of the different cytokine deliveries on CAR
T cell fate in the TME at the transcriptional level, we performed a
single-cell RNA sequencing (scRNA-seq) analysis of sorted adoptive
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Fig. 3. Codelivery of tumor-
targeted IFN-a and olL2
potentiates CART cells and
improves therapeutic effi-
cacy. (A) Experimental outline:
HSC transplantation, GBM in-
jection, and ACT were per-
formed as in Fig. 2N with the
addition of a group of mice
engineered to codeliver IFN
and olL2 at the tumor site.
Survival analysis, immuno-
phenotypic characterization,
and single-cell RNA sequenc-
ing (scRNA-seq) were per-
formed as depicted and
described in Supplementary
Materials and Methods. Tu-
mor growth was monitored
by MRI performed 42 to 48 days
after GBM injection in survival
studies or 34 days after GBM
injection in experiments in-
volving tissue analysis. (B) Tu-
mor burden assessment by
MRI 42 to 48 days after GBM
injection (n = 3 independent
experiments; n = 23, 22, 20,
and 23 mice in Empty plus
OCARB7H3, IFN plus OCARB7H3,
olL2 plus oCARgz13, and IFN
plus olL2 and oCARg;H3 groups,
respectively; LME with ran-
dom effects on experiment
ID, see Materials and Meth-
ods). (C) Kaplan-Meier sur-
vival curves of mGB2-bearing
mice from different treatment
groups [n = 3 independent
experiments, as in (B); sur-
vival model with random ef-
fects on experiment ID, see
Materials and Methods]. (D and
E) Left: uniform manifold ap-
proximation and projection
(UMAP) analysis of concate-
nated live CD3" adoptively
transferred (D) and endoge-
nous (E) PhenoGraph clusters
from tumor lesions (n = 5,
orange); tdLNs (n = 2, red);
ntdLNs (n = 5, purple); and
PB (n =5, green), BM (n =5,
blue), and spleen (n = 5,
brown) samples. Both global
dataset and tissue distribu-
tion are reported. CD4/CD8

A LV transduction Systemic immune response
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Fig. 4. Rewiring of adoptive and endoge-
nous T cells upon targeted cytokine deliv- c
ery promotes antitumor effector function. %|§
(A) Balloon plots showing the expression (fre-
quency, Freq) and the MFI of specific markers
(columns) in discrete PhenoGraph clusters
(rows) of adoptively transferred T cells from
multiple tissues as indicated in Fig. 3 (A and D).
Unbiased hierarchical meta clustering grouped
markers with similar immune phenotypes.
(B) PhenoGraph cluster frequencies (%) of
adoptive T cells across treatments in specified
tissues. Each dot represents a mouse (n = 4
Empty, n = 5 IFN, n = 5 olL2, and n = 5
IFN plus olL2). (C) Balloon plots showing the
expression (frequency, Freq) and the MFI of
specific markers (columns) in discrete Pheno-
Graph clusters (rows) of endogenous T cells
from multiple tissues as indicated in Fig. 3 (A
and E). Unbiased hierarchical meta clustering 1
grouped markers with similar immune pheno-

types. (D) PhenoGraph cluster frequencies (%) I
of endogenous T cells across treatments in

specified tissues. Each dot represents a mouse
(n=4Empty,n=5IFN,n=50IL2,andn=5
IFN plus olL2). (E and F) IFN-y spot forming unit
(SFU) per million of CD3* PBMCs (E) fromn =5
Empty, n = 7 IFN, n = 5 olL2, and n = 4
IFN plus olL2 mice and CD3* TILs (F) from an-
other cohort of n = 6 Empty,n =6 IFN,n =6
olL2, and n = 6 IFN plus olL2 mice cultured on
either wt or B7-H3™ mGB2 cells as feeders. The
assays were performed after 14 and 3 days
from intravenous and intratumor adoptive T
cell transfer, respectively [Kruskal-Wallis test with
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and endogenous CD45" tumor-infiltrating cells admixed at a 1:1 ra-
tio (Figs. 3A and 5A and fig. S11A). After unsupervised clustering
(table S2), we mapped the woodchuck hepatitis virus posttranscrip-
tional regulatory element (WPRE) sequence downstream of the
CAR transcript to identify transduced cells and then focused the
analysis on the Cd8-expressing CAR T cells (Fig. 5A and fig. S11B).
Concerning the myeloid cell populations of the TME, we identified
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13 unsupervised clusters, which were annotated according to lin-
eage markers. Among them, we identified three TAM clusters char-
acterized by the well-described marker genes C-X-C motif chemokine
9 (Cxcl9) (24), interleukin 1 beta (I11b) (25), and secreted phospho-
protein 1 (Sppl1) (24) and four dendritic cell (DC) clusters, compris-
ing conventional DC1s (¢cDCls), cDC2s, plasmacytoid DCs (pDCs),
and DCs enriched in immunoregulatory molecules (mregDCs)
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Fig. 5. scRNA-seq analyses of immune infiltrating cells highlight differential communication patterns between CART cells and myeloid cells in response to tar-
geted cytokine delivery. Mice were treated as depicted in Fig. 3A and euthanized 38 days after tumor injection, and then GBMs were isolated and dissociated (n = 3 per
group). Endogenous and adoptive immune cells were separately sorted on the basis of CD45 mismatch, and scRNA-seq was performed using Chromium Controller (10X
Genomics) by mixing 1:1 adoptive and endogenous cells from each mouse. (A) Middle: UMAP plot representing GBM-infiltrating immune cells of the entire dataset col-
ored by cell type (n = 73,812) obtained by merging all of the samples and applying fastMNN batch correction. Clusters were obtained with Louvain unsupervised cluster-
ing at a resolution of 0.6. Left: UMAP of myeloid cells colored by clusters (n = 20,478). Right: UMAP of T cells colored by cluster (n = 48,914) and in silico sorted Cds* and
WPRE™ T cells (n = 28,234). (B) Chord diagram visualization of the top 75 prioritized interactions between TAMs/DCs and CART cells using MultiNicheNet (see Supplemen-
tary Materials and Methods). Arrows indicate the directions from sender to receiver cell type. Colors indicate the sender cell type expressing the ligand. Each interaction
is assigned to the treatment group that up-regulates it most when compared with control.
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(Fig. 5A and table S2). We then performed an analysis of the inter-
cellular communications that may bridge innate and CAR T cell im-
mune responses using multiNicheNet (26), a method that predicts
ligand-target links between interacting cells by combining their ex-
pression data with prior knowledge of signaling and gene regulatory
networks (Fig. 5B). Specifically, we analyzed cell-to-cell communi-
cation between TAMs and conventional DCs toward Cd8-expressing
CAR T cells, comparing each treatment group against Empty
controls. The 75 top-ranked up-regulated ligand/receptor pairs
(table S3) were univocally assigned to the treatment that displayed the
strongest expression in the sender cells and whose predicted target
genes were enriched in receiver cells compared with the other treat-
ments. Whereas IFN treatment induced broad cross-talk between
different myeloid cell types and CAR T cells over control, highlight-
ing substantial reshaping of the TME by this pleiotropic cytokine,
oIL2 showed limited changes, consistent with the private features of
the established orthogonal circuit. Top predicted IFN-a-specific
ligands included cDCl1-sourced II12b, potentially able to generate
effector IL12RB* CAR T cell progeny (27), as well as TAM-sourced
ligands for a variety of integrins (Itga2, Itgbl, Itgb2, and Itgav),
some of which have been associated with cytotoxic T cells (28).
When comparing TAM-CAR T cell cross-talk between IFN alone
and combined with oIL2, we noted a skewing from immunosup-
pressive Spp1™ TAMs to inflammatory Cxcl9" TAMs on the sender
side, suggesting an interaction more tuned to T cell activation.
However, Tgfb-Tgfbrl interaction emerged between SppI™ TAMs
and CAR T cells in the combination group, possibly representing a
negative feedback loop toward the treatment-dependent enrichment
of activated T cells in the TME. Nevertheless, CD28-costimulatory
domain-bearing second-generation CAR T cells have been de-
scribed to be, at least partially, resistant to TGF-pf-mediated repres-
sion of T cell proliferation (29). Moreover, in IFN plus oIL2 mice,
the analysis highlighted a cDC1-CAR T cell 1118-Il1raplI interac-
tion, which may expand effectors without eroding the memory
pool in the TME (30). Conversely, the strongest oIL2-specific inter-
actions between myeloid and CAR T cells involved several major
histocompatibility complex (MHC) and KLRG molecules, reveal-
ing the occurrence of possible CAR T cell dysfunction on the basis
of T cell-to-NK cell transition related to continued exposure to
antigen stimulation (31).

Overall, these analyses suggested that IFN-a signaling, especially
when combined with oIL2, induces a multifaceted intercellular net-
work in the TME that sustains a more activated CAR T cell state. To
deepen the analysis on this state, we next projected the CAR T cell
scRNA-seq data into a reference atlas of mouse TILs using Projec-
TILs (32), which showed that almost half of CAR T cells in Empty
mice mapped to a CD8" exhausted T cell subtype (Tex) (Fig. 6A),
characterized by high expression of granzymes, multiple ICRs [pro-
grammed cell death protein 1 (Pdcdl), Ctla4, lymphocyte activation
gene 3 (Lag3), and T cell immunoreceptor with Ig and ITIM domains
(Tigit)], and thymocyte selection—associated high mobility group box
(Tox) genes. This Tex fraction was markedly reduced upon cytokine
delivery, in particular in IFN plus oIL2 mice, where they accounted
for <25% of Cd8-expressing CAR T cells. Conversely, naive-like
cells increased upon all treatments, with oIL2 and IFN also showing
a trend for increasing the early activated and effector/memory sub-
type, respectively, and their combination showing an additive effect
(Fig. 6A). The same analyses were performed with Cd8-expressing
CAR-negative cells, which may comprise both endogenous T cells as
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well as untransduced adoptively transferred cells. ProjectTILs re-
vealed a substantial increase in the proportion of effector/memory
cells upon cytokine delivery, which reached up to 60% with their
combination, whereas individual cytokine treatments also showed
an increase in the Tex fraction (Fig. 6A). Overall, these analyses sug-
gested that targeted cytokine delivery reduced terminal exhaustion
of CAR T cells in the TME and sustained an effector memory pool,
with IFN-a providing the major contribution. We also observed a
skewing toward an effector gene signature of Cd4* WPRE" cells in
the presence of IFN, despite the low number of these CAR T cells
among all conditions (fig. S12). Furthermore, these changes were
accompanied by activation of CAR-negative TILs, conceivably
against tumor antigens, that acquire the most functional, effector/
memory transcriptional state upon combined delivery of oIL2
and IFN-o.

We further identified master transcriptional regulators that un-
derlie CAR T cell transcriptional changes upon cytokine treatments
by applying SCENIC (single-cell regulatory network inference and
clustering), a computational pipeline able to predict TF activity
(regulon activity) by the analysis of TF motifs that are enriched at
the promoters of expressed genes in scRNA-seq data (33) (Fig. 6B
and table S4). Among the top-ranking activated regulons in CAR T
cells from IFN plus oIL2 mice, several were associated with effector
memory states [Fos, Fosb, Jun, nuclear factor kappa B subunit 1
(Nfkb1), and signal transducer and activator of transcription 5a
(Stat5a)] (34, 35) or interferon activation (Stat1/Stat2, Irf-family
members). Of note, one of the latter, Irf7, was associated with superior
tumoricidal capacity of CD28-based CAR T cells (36). Among the
regulons more specifically activated upon IFN-a delivery were fork-
head box protein OI, Foxol, a TF known to preserve memory phe-
notype and enhance antitumor function and metabolic fitness in
CAR T cells during chronic antigen stimulation (37); and Foxpl,
associated with stem-like features (38). Conversely, oIL2 increased
regulon activity of negative elongation factor complex member E
(Nelfe), a subunit of Nelf, an RNA polymerase II pausing factor that
is critical for T cell proliferation, persistence, and memory genera-
tion during antitumor response (39); as well as zinc finger protein of
the cerebellum 1 (Zicl), Thanatos-associated protein 11 (Thapll),
zinc finger protein 454 (Zfp454), and zinc finger and SCAN domain
containing 29 (Zscan29), whose functions in T cell biology remain
poorly characterized. Conversely, Empty mice were characterized
by signs of dysfunction such as higher Zfp143 regulon activity, as-
sociated with terminal exhaustion (40), and basic leucine zipper
ATF-like TF 3 (Batf3), related to dysfunctional hyperproliferation of
CART cells (41). These findings further support a major cytokine-
dependent reshaping of the CAR T cell population in the TME to-
ward better preservation of functional states driven by the integrated
activation of subtype-specific transcriptional regulatory networks.

Overall, the signaling axes and transcription activation networks
enhanced by IFN-a, oIL2, or their combination in the TME provide
mechanistic insight into the observed rescue of CAR T cell func-
tionality, consistent with some previously reported molecular tar-
gets and uncovering some potentially actionable targets as well.

DISCUSSION

Here, we show that CAR T cells against the clinically relevant
antigen B7-H3 are rescued in the hostile GBM TME by tumor-
targeted cytokine delivery and can achieve therapeutic efficacy in
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an immunocompetent GBM model that did not respond to CAR T
cells alone. Locally released IFN-a prevented precocious terminal
exhaustion of exogenously administered CAR T cells and enhanced
the frequency and activation of their effector/effector memory phe-
notype, which is mainly responsible for tumor cell killing. More-
over, the combination of TEM-based IFN-« delivery and CAR T
cells effectively engaged the endogenous T cell compartment to-
ward broader tumor-specific reactivity beyond the CAR target, as
shown by transcriptional profile, surface phenotype, functional as-
says, and the resistance to rechallenge with B7-H3-negative GBM
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cells by a mouse that cleared the primary tumor. Antigenic spread-
ing is a highly sought-after and powerful means to establish durable
antitumor protective immunity, and its induction here could be as-
cribed to the bridging functions between innate and adaptive im-
munity by IFN-a. Upon tumor cell killing induced by CAR T cells,
macrophages, DCs, and other antigen-presenting cells, such as in-
flammatory monocytes (42), may uptake tumor-associated antigens
and more effectively present them to endogenous T cells under
IFN-a exposure, which allows up-regulation of MHC-I, MHC-I],
and costimulatory molecules (43-45). As a result, the combination
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approach provided tumor control and survival advantage not only
over CAR T cells but also over IFN-a monotherapy. The same sur-
vival advantage was also observed with inducible TEM-based IFN-a
delivery (7), actioned once tumors are already established, provid-
ing a more stringent validation of its translational potential.

Some reports have shown that T cell exposure to type I IFN can
exert a detrimental impact and trigger an exhaustion program
(46, 47). These findings could be due to high and/or fluctuating sys-
temic concentrations of type I IFN, whereas the gene therapy strat-
egy described here accounts for low, stable, and sustained release of
the cytokine preferentially at the tumor site. We have already dem-
onstrated that systemic treatment with recombinant IFN-a failed to
prolong GBM-bearing mouse survival, whereas gene therapy sub-
stantially extended it (7).

The implementation of the orthogonal IL-2/IL2Rp axis by TEMs
and CAR T cells allowed the establishment of a private cross-talk be-
tween the two engineered cell types specifically in the TME (18-20).
TEM-mediated release of oIL2 in the tumor led to an increase in the
intratumor abundance of oR-bearing CAR T cells and specifically
promoted the early activation of oCARgyy3 T cells. However, unlike
IFN-a gene therapy, this effector phenotype evolved in a dysfunc-
tional state associated with a gene expression program linked to a T
cell-to-NK cell-like transition (3I). Recent evidence suggests that
immunosuppressive molecules in the TME such as prostaglandin E2
impair IL-2 sensing of CD8" TILs by down-regulating the TL-2Ry
chain, resulting in the defective assembly of IL2ZRB-IL2Ry and T cell
dysfunction (48, 49). Such impairment, if similarly occurring in mu-
rine T cells, may also affect our oIL2R reconstitution strategy, be-
cause we only delivered the IL2Rp mutein and it can, conceivably, be
overcome by the concurrent establishment of IFN-a signaling. On
the other hand, oIL2 did not affect endogenous T cells, highlighting
(i) the specificity and privateness of the cross-talk with TEMs, ac-
counting for the safety of the approach, and (ii) the likely absence of
immune response toward CAR-unrelated tumor-associated antigens
without IFN-a delivery. Decreased tumor growth and improved
survival were achieved with the orthogonal platform, but to a lower
extent compared with IFN-a delivery. The dysfunctional transcrip-
tional profile of CAR T cells supplied with exogenous oIL2 signaling
was closer to that of control mice as compared with other treatments,
further highlighting the need for a pleiotropic stimulatory cytokine,
such as IFN-a, to overcome the immunosuppressive GBM TME. On
the safety aspect, we exploited a more potent but less specific form of
oIL2 (1G12) that improved the antitumor activity of CAR T cells
without causing overt toxicity, which was previously observed upon
systemic oIL2 administration in a dose-dependent fashion (18-20).
In future studies, our platform could be endowed with other orthog-
onally acting cytokines, to selectively enhance tumor homing of CAR
T cells from the periphery.

Codelivery of IFN-a and oIL2 by TEMs achieved further poten-
tiation of 0CARp7y3 T cells by preserving more effector and memo-
ry phenotypes and better preventing terminal exhaustion. Moreover,
it effectively engaged the endogenous T cell compartment more ex-
tensively than delivery of IFN-a alone to establish a systemic im-
mune response against tumor-associated antigens other than the
CAR target, reflected in preserved survival advantage also in the
case of the heterogeneous expression of the CAR target antigen by
the tumor. The relevance of cytokine-promoted engagement of en-
dogenous immunity and antigenic spreading to achieve sustained
CART cell efficacy is in agreement with recent studies (50).
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Codelivery of IFN-a and oIL2 induced a transcriptional skewing
of CAR-negative TILs toward an effector memory state, which was
not established in the presence of single cytokines. This could be due
to the requirement for recognition of neo-epitopes in the presence of
costimulatory signals, putatively achieved by oIL2-boosted tumor cell
killing by CAR T cells in the presence of IFN-a. Despite the simulta-
neous presence of such immunostimulant cytokines, their spatial
constraint in the tumor site avoided the onset of any overt toxicity that
could have hampered clinical transability of the approach.

By using independent technologies to characterize CAR T cells
under the different experimental conditions, we showed that IFN-«
and oIL2 induce both specific and shared changes in CAR T cell cel-
lular composition. A contraction of the terminally exhausted frac-
tions and a concomitant enrichment of the stem-like fractions were
observed with both treatments, whereas IFN-a specifically induced
an effector memory state and oIL2 induced an early activated state.
Their codelivery resulted in a bridging state between the two that
was phenotypically reflected by a more robustly activated profile.

Among the limitations of the current study is the reliance on a
single GBM experimental model, which includes the use of a specific
CAR target, B7-H3, and a single costimulatory domain, CD28. How-
ever, available evidence indicates poor efficacy of 4-1BB-costimulated
murine CAR T cells compared with the well-established functional-
ity of their human counterparts (51-53). Nevertheless, we leveraged
a hard-to-treat immunocompetent GBM model that better recapitu-
lates several features of the human disease (12), including TEM re-
cruitment, and abrogated the therapeutic efficacy of CAR T cells, as
observed in clinical trials (11, 54), making the efficacy improvements
described here of translational relevance. Despite treatment delaying
tumor growth and extending overall survival, residual tumor re-
mained in most cases. Whether this reflects the rapid growth of or-
thotopic tumor models that outpace deployment of fully protective
immune response or intrinsic challenges of this tumor type remains
unknown. However, the continued progress in CAR molecular de-
sign promises enhanced functionality and could achieve greater
therapeutic efficacy when implemented with our combination strat-
egy. To this aim, the optimized manufacturing protocol for murine
CAR T cells presented here could facilitate future testing of next-
generation murine CAR T cells in syngeneic settings.

Another limitation of our study comes from the temporal win-
dow of phenotypic and transcriptomic characterization of CAR T
cells after sequential systemic and loco-regional administration,
which, although mimicking the latest clinical approach (55-57),
fails to ascribe specific effects to either route. Whereas the closer
time of analysis to the intratumor injection allowed capturing the
evolving heterogeneity of CAR T cells within the TME, systemic
characterization may have been limited to the few cells that persist-
ed longer than short-lived effectors.

Different targeted cytokine delivery approaches have been tested
in GBM models, including T cell armoring (2, 58) and antibody-
cytokine conjugates (59). Although these strategies offer selectivity
compared with systemic cytokine administration, they introduce ad-
ditional challenges, including the potential augmentation of CAR-
related toxicities and the inability to rescue poorly functional CAR
products. T cells may have limited persistence in the TME or, con-
versely, undergo unpredictable expansion and contraction phases,
because of CAR tonic signaling and on- and off-tumor activation,
hindering precise dosing of cytokine output. This can contribute to
severe toxicity, as shown by IL-12-armored TILs and CAR T cells
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inducing life-threatening hemophagocytic lymphohistiocytosis/
macrophage activation-like syndrome in patients with metastatic
melanoma (60) and ovarian cancer (61). Antibody conjugates may
cause higher systemic exposure to the cytokine, a fluctuating kinetic
and poor biodistribution within the tumor tissue. Compared with
these strategies, the TEM platform provides a T cell-independent,
sustained, and localized release of cytokines in the GBM TME, which
is remodeled to promote a more activated and less suppressive milieu
before adoptive T cell transfer. On the other hand, the TEM platform
relies on autologous HSC engineering and transplantation, introduc-
ing further therapeutic complexity for fragile patients. Other ap-
proaches to local cytokine delivery independent from the T cells
could include genetically engineered myeloid cells (62) and DCs (63).

In this study, IFN-a release by CAR T cells was not able to rescue
therapeutic activity. This difference in efficacy from engineered
TEMs may not be ascribed to different times of cytokine delivery in
the tumor because we demonstrated comparable survival by induc-
ing IFN-« release by TEMs when tumors were already established.
Rather, exposure to IFN-a already during manufacturing and, con-
ceivably, to higher in vivo concentrations than achieved by the TEM
strategy may lead to dysfunctional T cell activation. Although more
sophisticated engineering strategies, such as inducible release upon
target recognition, may overcome this hurdle, the limitations im-
posed by T cell-based delivery mentioned above may remain un-
addressed.

From a translational perspective, we have explored a combina-
tion strategy between two gene and cell therapies already undergo-
ing clinical evaluation for patients with GBM (Temferon and
multiple CAR T cell therapies, including B7-H3-targeting CARs
sharing the same scFv as used in our mouse experiments). Interim
data from the Temferon clinical trial (NCT03866109, Genenta Sci-
ence) demonstrated the safety and tolerability of the approach with
absence of dose-limiting toxicities and evidence of reprogramming
of the TME (64). On the one hand, recent trials of CAR T cell thera-
pies for GBM have highlighted the potential of these therapies to
achieve prompt and robust responses in a fraction of patients, but,
on the other hand, none have yet shown a sustained long-term ben-
efit, and multiple resistance mechanisms exist that still need to be
fully uncovered and overcome (56, 65, 66). It is conceivable that the
combination approach explored here in the preclinical context may
improve therapeutic benefits in patients. Furthermore, the broad
expression of B7-H3 and the presence of TEMs in several tumor
types suggest expansion of this combination strategy across multiple
clinical indications.

MATERIALS AND METHODS

Study design

In the present study, we aimed to (i) demonstrate the rescue of CAR
T cell efficacy in a hard-to-treat solid tumor model by tumor-
targeted delivery of immune stimulating cytokines; (ii) establish a
private cross-talk between TEMs and CAR T cells by implementing
an orthogonal cytokine and receptor pair in the platform; and (iii)
gather mechanistic characterization of the transcriptional and phe-
notypic changes accounting for therapeutic efficacy.

In vitro experiments were performed with at least five biological
replicates of primary cells and/or cell lines to perform nonparamet-
ric statistical analyses (as specified in figure legends). In vivo ex-
periments were performed with previously estimated numbers of
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mice by statistical analyses powered to highlight differences in effi-
cacy and accounting for variability observed in previous experi-
ments performed with the same GBM model. When analyzing
multiple experiments with the same setting, linear mixed-effect
(LME) and survival models accounted for experiment ID and, when
specified, CAR T cell administration route as random effects. Some
observations identified as outliers by the statistical models were ex-
cluded in an unsupervised manner (see the “Statistical analyses”
section). All of the treatment groups included at least five experi-
mental mice to perform nonparametric statistical analyses (as spec-
ified in figure legends). All continuous variables are graphically
represented as median and individual data points.

When mice of the same treatment group received either CARgyp3
T cells or CARpcpi9 T cells, randomization was performed to match
vector copy number on nucleated peripheral blood cells and plasma
cytokine concentration at the time of hematopoietic reconstitution
in the two subgroups. Efficacy outcomes of different cytokine deliv-
ery were collected from n > 3 experiments. Specific procedures like
scRNA-seq and multiparametric flow cytometry analyses were con-
ducted only once and with n > 3 experimental mice because of the
technical complexity.

Tumor burden measurement by MRI was performed by two in-
dependent unblinded operators. Graphical representation of ex-
perimental outlines and data was performed with Prism8, Adobe
Hlustrator, R-Studio, and Biorender (licensed for publication to
Ospedale San Raffacle—SR-Tiget).

Mice

C57BL/6 mice, CD45.2 or CD45.1, were purchased from Charles
River Laboratory. CD45.1/CD45.2 mice were obtained by the cross-
breeding of CD45.1 and CD45.2 C57BL/6 mice in the San Raffaele
Scientific Institute animal research facility. All mice were maintained
in a specific pathogen—free animal facility with a 12-hour dark/12-hour
light cycle and standardized temperature (22° + 2°C) and humidity
(55 = 5%). All experiments and procedures were performed accord-
ing to protocols approved by the Institutional Animal Care and Use
Committee (IACUC) at San Raffaele Hospital animal facilities IACUC
number: 979, 1136, 1291, 1403) and authorized by the Italian Ministry
of Health and local authorities according to the Italian law.

Statistical analyses

LME models were estimated to evaluate treatment and time (if pres-
ent) effects, entered as main fixed effects and in interaction, on the
outcome variable, specifying random-effect terms on experimental
unit or experiment ID to address dependency issues arising from
the experimental design and properly model heterogeneity in the
data. Random-effect terms (e.g., on experimental session and ad-
ministration route) were also specified to account for even more
complex forms of dependence structure among observations. Non-
linear mixed-effects models have been applied to examine the dy-
namics of biological parameters in dose-response studies specifying
random-effect terms on experiment ID.

To fulfill underlying model assumptions, transformations of the
outcome variable (for example, logarithmic transformation of tu-
mor volume) were considered whenever necessary. After the esti-
mation of LME models, post hoc analysis was conducted, allowing
for pairwise comparison of treatment groups eventually at a fixed
time point when needed. To account for multiplicity issues, P values
were adjusted using Bonferroni’s approach.
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To account for dependency among observations deriving from
the same experiment, mixed-effects Cox models were estimated to
model survival outcome while accounting for both fixed (treatment)
and random (experiment ID or administration route) effects. Once
more, the analysis was followed by post hoc pairwise comparison of
treatment groups and P values were adjusted for multiplicity using
Bonferroni’s approach. LMEs and mixed-effects Cox models were
estimated using R software (version 4.3.1). In all of the analyses, the
significance threshold was set at 0.05. When specified in the figure
legends, Mann-Whitney or Kruskal-Wallis tests with Dunn’s correc-
tion were performed when comparing two or more experimental
groups, respectively, with at least n = 5 replicates. The chi-square
test was performed in fig. S10 to compare cell distribution among
clusters in different treatment groups.
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