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INTRODUCTION: Treatment of central nervous
system (CNS) disorders such as brain tumors,
neuroinflammation, and neurodegeneration
remains challenging because it is difficult to
effectively deliver molecular therapeutics to
the brain. Moreover, it is difficult to restrict the
action of these therapeutics to the brain to avoid
peripheral or systemic toxicities.

RATIONALE: Immune cells have evolved to in-
filtrate diverse tissues, integrate information
about their surroundings, and reshape tissue
ecosystems. T cells, for example, can cross the
blood–brain barrier under healthy and patho-
genic conditions. These properties make them

ideal delivery vehicles for the CNS. In princi-
ple, if we program cells to selectively and auto-
nomously deliver therapeutic payloads to the
brain, then we could reduce systemic off-target
toxicity and increase efficacy.We hypothesized
that it might be possible to engineer immune
cells to act only in a tissue-specific manner. One
way to harness T cells to deliver payloads se-
lectively to the brainwould be to engineer them
to recognize normal (nondisease) CNS-specific
antigens and to use this anatomical cue to lo-
cally induce the production of a therapeutic
agent. This cell-based CNS-specific delivery
system could serve as a general platform for
treating diverse CNS diseases.

RESULTS: We created a set of brain-sensing
T cells programmed to locally deliver ther-
apeutic payloads customized for cancer or
neuroinflammation. First, we identified a set of
CNS-specific extracellular ligands using publicly
available expression data to establish potential
brain “GPS”markers.We identifiedproteins such
as brevican (BCAN), which are components of
the brain’s highly unique extracellular matrix
and might be exploited for tissue-specific recog-
nition. We screened for antibodies against these
CNS-specific antigens and used them to build
CNS-activated synthetic Notch (synNotch) re-
ceptors, engineered receptors that sense an
extracellular antigen and respond by inducing
a transcriptional response.
To demonstrate the therapeutic potential of

this approach, we used this platform to locally
induce a set of genetically encoded payloads
directed toward different CNS diseases. Brain-
sensing T cells that induced CAR expression
were able to treat primary and secondary brain
cancers, including mouse models of glioblas-
toma and breast cancer metastases, without
off-target attack of tissues outside of the brain.
Conversely, CNS-induced expression of the
immunosuppressive cytokine interleukin-10
(IL-10) ameliorated neuroinflammation in ex-
perimental autoimmune encephalomyelitis, a
mouse model of multiple sclerosis.

CONCLUSION: This tissue-targeted cell induc-
tion strategy provides two levels of specificity.
First, the cell shows anatomically restricted spe-
cificity, as cells are only induced in the CNS, and
second, the payload (e.g., CAR, cytokine, anti-
body) has its own intrinsicmolecular targeting
specificity. This nested, multiscale targeting
strategy mimics the principles of natural bi-
ological specificity, avoiding potential unwanted
systemic cross-reactions of the molecular pay-
load while focusing its actionsmore effectively
on the target tissue. These results suggest that
brain-sensing cells could be used as a general
platform to treat a broader set of CNS diseases,
including brain tumors, brainmetastases, neuro-
inflammation, andneurodegeneration. Although
we focused here on targeting the CNS, this con-
cept could be applied to a broader set of tissues.
Tissue-targeted therapeutic cells provide an
approach to integrating endogenous and dis-
ease signals to generate therapies that are more
specific and effective.▪
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Programming tissue-sensing T cells to deliver therapeutics to the brain. (A) We designed T cells that can
recognize normal endogenous CNS-specific antigens using a synNotch receptor to induce the production of
therapeutic payloads specifically in the brain. For example, induction of a chimeric antigen receptor (CAR) could
be used to target brain tumors, or induction of an anti-inflammatory cytokine such as IL-10 could be used to
suppress neuroinflammation. This CNS-specific delivery system could be a general platform for treating diverse
CNS diseases without the risk of systemic toxicity. (B) When injected in a mouse, CNS-sensing T cells specifically
expressed the synNotch-induced payload in the brain, but not in the periphery (spleen). (C) In a glioblastoma
mouse model, CNS-sensing T cells equipped to express an anti–ephrin type A receptor 2/IL-13 receptor a2
(EphA2/IL13Ra2) CAR efficiently and durably cleared the brain tumors. (D) In a two-tumor model, the CNS-
sensing T cells only cleared the brain-implanted tumor (solid red line), but not a flank-implanted tumor expressing
the identical CAR target antigens (dotted pink line). Therefore, the T cells are selectively primed only in the brain.
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To engineer cells that can specifically target the central nervous system (CNS), we identified extracellular
CNS-specific antigens, including components of the CNS extracellular matrix and surface molecules
expressed on neurons or glial cells. Synthetic Notch receptors engineered to detect these antigens were
used to program T cells to induce the expression of diverse payloads only in the brain. CNS-targeted
T cells that induced chimeric antigen receptor expression efficiently cleared primary and secondary brain
tumors without harming cross-reactive cells outside of the brain. Conversely, CNS-targeted cells that
locally delivered the immunosuppressive cytokine interleukin-10 ameliorated symptoms in a mouse model
of neuroinflammation. Tissue-sensing cells represent a strategy for addressing diverse disorders in an
anatomically targeted manner.

M
ost drugs act systemically, and even if
they have strong specificity for their
molecular target, they can show toxici-
ties because most targets are expressed
in both diseased and normal tissues.

Ideally, we would like to restrict the activity of
these drugs only to specific, disease-relevant
tissues. Targeting central nervous system (CNS)
disorders such as brain tumors, neuroinflam-
mation, and neurodegeneration is a particularly
challenging example (1). Achieving efficacy and
minimizing toxicity is very difficult because of
the barriers to delivering molecular therapeu-
tics to the brain and because drug targets can
often also be expressed in tissues outside of the
brain (2).
Cell therapies potentially provide a solution

to this conundrum because it may be possible
to engineer a cell to act only in a tissue-specific
manner. For example, using a cell to selectively

and autonomously deliver therapeutic payloads
to the brain could reduce systemic off-target tox-
icity and also increase efficacy. Immune cells
have evolved to infiltrate diverse tissues, re-
spond to injury or infection, and reshape tissue
ecosystems, all properties that may make them
suitable to act as local therapeutic delivery ve-
hicles. T cells can cross the blood–brain barrier
(BBB) under both healthy and pathogenic con-
ditions (3). One way to harness T cells to deliver
payloads selectively to the brain would be to
engineer them to recognize normal (nondisease)
CNS-specific antigens and then use these to trig-
ger the production of a therapeutic agent. Such
a cell-based, CNS-specific delivery system could
serve as a common platform to treat diverse
types of CNS diseases.
We created a set of programmable brain-

sensing T cells engineered to locally deliver
therapeutic payloads customized for cancer or
neuroinflammation. We identified a set of CNS-
specific extracellular ligands, screened for anti-
bodies against these, and used them to generate
CNS-activated synthetic Notch (synNotch) re-
ceptors (engineered receptors that sense an
extracellular antigen and respond by inducing
a transcriptional response) (4). As a proof-of-
principle, we harnessed this platform to locally
produce a set of genetically encoded payloads
directed toward different CNS diseases. CNS-
triggered expression of chimeric antigen re-
ceptors (CARs) was used to treat primary and
secondary brain cancers, includingmousemod-
els of glioblastoma and breast cancer meta-
stases. Conversely, CNS-induced expression of
the immunosuppressive cytokine interleukin-10
(IL-10) ameliorated neuroinflammation in ex-
perimental autoimmune encephalomyelitis

(EAE), a mouse model of multiple sclerosis
(MS). This tissue-targeted cell strategy pro-
vides dual-level targeting specificity: Produc-
tion of the therapeutic payload is anatomically
restricted only to the tissue of interest (here,
the CNS), and the payload itself also has its
own intrinsic molecular targeting specificity
within the target tissue. Such a local delivery
strategy thereby avoids potential toxic sys-
temic cross-reactions of the molecular pay-
load in other nondisease tissues.

Bioinformatic screening for CNS-specific
recognition antigens

Myelin oligodendrocyte glycoprotein (MOG), a
surface molecule on myelinating oligodendro-
cytes, can be used to help target brain cancers
(5). In diseases involving demyelination and
neuroinflammation, however, molecules such
as MOG are likely to be disrupted. Therefore,
we wanted to systematically identify and eval-
uate a broader range of candidate brain-specific
antigens. We performed a comprehensive bio-
informatic search for brain-specific surface or
extracellular molecular features that might be
used for specific delivery to the brain (Fig. 1A).
Ideal target antigens should be expressed only
within the CNS and not in other tissues. Such
an antigen should also be expressed through-
out the brain in large amounts. To identify anti-
gens that fit these criteria, we used a pipeline
of bioinformatic filters (fig. S1A). We used the
publicly available Genotype Tissue Expression
project (GTEx) RNA-sequencing (RNA-seq)
data from healthy tissues to establish a list of
the top 500 brain-specific extracellular anti-
gens using a weighted clustering-based score
that selected for maximum separation of RNA
abundance in the brain relative to that in other
tissues (6). We further narrowed our list down
to 59 candidate extracellular antigens using
the Human Protein Atlas (HPA) to confirm pro-
tein expression (versus RNA) and expression
throughout the brain (fig. S1B). This analysis
identified candidate extracellular molecules
that are expressed both specifically and in
large amounts throughout the brain. A gene
ontology (GO) term analysis for cellular com-
ponents of the 59 candidates further con-
firmed their CNS and anatomical location
enrichment (fig. S1C).

CNS extracellular matrix proteins and
surface proteins on neurons and glial cells
are highly brain specific

The top two candidate genes to emerge from
this analysis, chondroitin sulfate proteoglycan 5
(CSPG5) and brevican (BCAN), are part of the
CNS extracellular matrix (ECM). The brain
has a distinct ECM composition that includes
perineural net structures that stabilize syn-
apses and surround neural cell bodies (7). These
structures are composed of tenascin R and
hyaluronan, which are associated with a family
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of chondroitin sulfate proteoglycans, including
CSPG5, BCAN, versican (VCAN), and neurocan
(NCAN) (Fig. 1, A and B). Many of these pro-
teoglycans are secreted by glial cells such as
astrocytes and neuronal cells. This ECM is
estimated to account for 20% of the adult
brain by volume (8), thus potentially provid-
ing an ample ligand source for synNotch

priming that might be exploited for tissue-
specific recognition.
Overall, the 59 putative CNS-specific markers

identified in our bioinformatic analysis fell in
three broad categories (Fig. 1A): (i) proteins of
the CNS-specific ECM, such as BCAN and CSPG5;
(ii) proteins on the myelin sheath produced by
oligodendrocytes that surround the axons, such

as MOG; and (iii) proteins found on neuron sur-
faces such as CDH10 (brain-specific cadherin)
(see fig. S1B for a complete antigen list).

Engineering synNotch sensors for CNS-specific
extracellular molecules

To construct brain-sensing cells, we designed
and tested synNotch receptors that recognized

Fig. 1. Identification of CNS-specific extra-
cellular antigens that can be recognized
by synNotch receptors. (A) Conceptual
rationale for the design of therapeutic T cells
that can recognize CNS-specific antigens
to trigger a therapeutic response locally.
Specific extracellular molecular features of
the CNS that could be used for recognition
are highlighted. (B) Box plots showing
tissue-specific expression of candidate CNS-
specific genes BCAN, CSPG5, PTPRZ1,
NrCAM, CDH10, GRM3, and MOG across a
subset of tissue samples in GTEx v7. Units
shown are normalized RNA-seq counts
(transcripts per million) taken from GTEx
portal v7. Brain expression is shown in red.
See fig. S1 for the pipeline used to identify
CNS-specific targets. (C) Validation of synNotch
receptors that recognize CNS antigens.
Receptors (see fig. S2 for more on the gen-
eration of receptors) were expressed in primary
human CD4+ T cells with a GFP synNotch
activation reporter. These cells were cocultured
with mouse primary neurons and glia to test
activation. Flow cytometry histograms show
induction of the GFP reporter only in the
presence of primary neuronal and glial cultures.
(D) Time-lapse images (for full movie, see
movie S1) showing primary human CD8+ T cells
sensing BCAN expressed by primary astro-
cytes (red). Primary human CD8+ T cells
expressing BCAN-sensing synNotch are shown
in blue. The cells turn green when they are
activated and induce the GFP reporter. Scale
bar, 20 mm. (E) The a-BCAN synNotch receptor
recognizes extracellular matrix-bound
recombinant BCAN. The a-BCAN synNotch
receptor was expressed in primary human
CD4+ T cells with a GFP synNotch activation
reporter. These cells were cultured with
mouse or human recombinant BCAN presented
on hyaluronic acid–coated plates to test
activation. Flow cytometry histograms show
the induction of GFP reporters only in the
presence of recombinant BCAN.
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our candidate antigens. These synNotch sen-
sors were then used to conditionally induce
the transcription of the desired genetically en-
coded therapeutic payloads. Briefly, synNotch
receptors consist of a variable extracellular
recognition domain (e.g., a single-chain anti-
body), a cleavable Notch-based transmembrane
domain, and a transcriptional intracellular
domain (4). Upon antigen binding, the intra-
membrane receptor is cleaved, releasing the
transcriptional domain that can enter the
nucleus to activate the expression of a trans-
gene of choice from the synNotch-responsive
promoter. Therapeutic payloads can be cho-
sen depending on the nature of the target
disease.
We selected seven antigens for use in build-

ing cognate synNotch receptors (figs. S1D and
S2) including: three CNS ECM proteins, CSPG5,
BCAN, and PTPRZ1; three neural surface pro-
teins, CDH10 (cadherin 10), NrCAM (neural cell
adhesionmolecule), and GRM3 [ametabotropic
glutamate receptor (mGluR)]; and one oligoden-
drocyte surface protein, MOG. We screened a
phage antibody library for binding to the hu-
man versions of these proteins, and identified
one to 10 antibody recognition domains that
bound each specific target. MOG binder se-
quences were identified from the literature.
Based on the binding properties of these anti-
bodies, we narrowed down the list to design
and build a total of 40 new synNotch receptors
using single-chain fragment variables (scFvs)
designed from the antibody sequences (40 re-
ceptors including the different antigen targets,
antibodies, and heavy- and light-chain scFv
orientations). We screened these receptors for
surface expression and then again for antigen-
inducible synNotch activity with low basal back-
ground. Because we wanted to evaluate the
in vivo targeting function of these receptors
in mice, we screened for synNotch receptors
that were also cross-reactive against the hu-
man and mouse cognate antigen. To function-
ally test synNotch receptor cross-reactivity, we
expressed the receptors in CD4+ T cells with
an inducible green fluorescent protein (GFP)
reporter. The engineered T cells were cocul-
tured with either primary mouse brain cell
cultures or K562 cells (an immortalized chronic
myelogenous leukemia cell line) expressing
the cognate mouse antigen (fig. S2). Constructs
showing antigen-specific induction of GFP
without background expression in the absence
of antigenwere selected for further study. This
process resulted in a set of synNotch receptors
that could be used to sense six candidate CNS-
specific antigens (Fig. 1C).
We were intrigued by the synNotch recep-

tors targeting the ECM because the ECM is
abundant and distributed throughout the
brain (8). BCAN, in particular, is one of the
most highly prevalent molecules in the brain
ECM. Astrocytes synthesize large amounts

of BCAN. Therefore, to test the activity of the
a-BCAN synNotch receptor, we cultured pri-
mary T cells expressing this receptor with
primary mouse astrocytes in vitro. The T cells
(blue) contacted the surface of astrocytes
(red), and subsequently turned green from
activation of the synNotch reporter (Fig. 1D
and movie S1). Thus, cultured primary mouse
astrocytes produce enough BCAN to drive ac-
tivation of this synNotch receptor. Recon-
stituted BCAN-containing hydrogels can also
activate cells with the a-BCAN synNotch
receptor (Fig. 1E), indicating that this in-
duction can occur in a cell-free manner. Over-
all, these findings highlight that cells can be
engineered to sense specific noncellular mi-
croenvironmental features (e.g., the ECM) as
a means of recognizing a particular tissue
such as the brain.

Using BCAN sensor to anatomically target
primary brain tumors in vivo

We explored whether CNS-sensing synNotch
receptors could be used to direct CAR T cell
killing of brain tumors such as glioblastoma
(GBM). As with most solid tumors, there is no
perfect single antigen to target on GBM that is
both absolutely tumor specific and homoge-
neously expressed on tumor cells. Nonetheless,
there are several glioma-associated antigens,
including ephrin type A receptor 2 (EphA2)
and the IL-13 receptor a2 (IL13Ra2), that are
homogeneously expressed on the surface of
most of GBM cells in large amounts (9–11).
However, these antigens are also expressed
in normal tissues and are only specific to GBM
within the confines of the brain (neither EphA2
nor IL13Ra2 is expressed in nondisease brain
cells). Therefore, if T cells could be engineered
to only induce the expression of an anti-EphA2
and anti-IL13Ra2 CARwhen in the brain, then
we could potentially achieve effective GBM
killing but also prevent CAR killing of cross-
reactive tissues outside of the brain (12–15).
RNA-seq data from the Cancer Genome Atlas
Program (TCGA) (16) indicated that BCAN is
themost strongly expressed of our brain-specific
antigens within GBM tumor samples. We thus
evaluated T cells engineered with a synNotch
circuit in which a-BCAN synNotch promoted
the expression of a single CAR receptor recog-
nizing either EphA2 or IL13Ra2 (a tandem
CAR that kills cells expressing either antigen)
(Fig. 2A).
We then tested whether CD8+ T cells engi-

neered with this BCAN-induced CAR circuit
could kill the GBM patient-derived xenograft
(PDX) tumor cell line GBM6 in vitro. We ob-
served killing of GBM6 cells in vitro, which
was further enhanced in the presence of K562
cells engineered to express BCAN (only low
levels of GBM6 killing were observed when
cocultured with K562 cells not engineered to
express BCAN; Fig. 2B). Thus, although GBM6

cells do express some BCAN, the amount is not
sufficient for strong synNotch activation. How-
ever, synNotch priming by neighboring BCAN+

K562 cells strongly induced CAR expression and
the subsequent killing of GBM6 cells (Fig. 2B
and fig. S3A) without causing toxicity to the
BCAN+ K562 cells (fig. S3B).
We tested this circuit in vivo, in mice bearing

GBM xenografts. GBM6 cells were inoculated in
the brains of immunodeficientNCGmice,which
were then infused intravenously with either
T cells bearing thea-BCANsynNotch→a-EphA2-
IL13Ra2 CAR circuit or untransduced control
T cells (Fig. 2C). All of the mice receiving the
untransduced T cells (n = 5) died of tumor
progression by day 51 after tumor cell inocu-
lation. All mice treated with the synNotch-CAR
T cells showed complete control and long-term
remission of the GBM6 tumors (P = 0.018,
mixed-effects analysis), as reflected in their
significantly increased survival [P = 0.003,
log-rank (Mantel-Cox) test]. Additional repeats
highlighted the robustness of this circuit (fig.
S3C). The BCAN-primed T cells were more ef-
fective than similar MOG-primed T cells (5),
because they cleared GBM6 tumors more rap-
idly and with near-perfect consistency, sug-
gesting that this brain ECM target is a more
prevalent and effective brain-priming antigen.
To determine where these BCAN-primed

T cells were active with higher resolution, we
performed confocal imaging on mouse brain
samples at 10 days after T cell infusion (Fig.
2D and fig. S4). We observed synNotch-primed
T cells throughout the brain slices (induced
expression of CAR-GFP), but only observed kill-
ing or apoptosis (as shown by active caspase 3
staining) within the tumor. Adjacent neurons
(stained for NeuN) did not show apoptosis.
Thus, these T cells did not kill the normal brain
cells but only specifically killed the EphA2/
IL13Ra2–expressing tumor cells.
To further investigatewhetherBCANsynNotch

induction was restricted to the brain, we per-
formed flow cytometric analysis of a-BCAN
synNotch→a-EphA2-IL13Ra2 CAR T cells iso-
lated from the blood, spleen, and brain of GBM6
tumor-bearing mice at day 6 after T cell in-
jection. Induced CAR expressionwas higher in
T cells harvested from the brain, consistent
with brain-restricted synNotch activation (Fig.
2E and fig. S5A). The T cells isolated from the
brain also showed induced expression of CD69
and CD103, markers of T cell activation and
retention, respectively (fig. S5A). Altogether,
these data are consistent with a brain-restricted
antitumor response. The brain-only localiza-
tion of synNotch-activated T cells is consistent
with prior studies showing that that synNotch-
induced CAR expression decays with a half-
life of a few hours upon removal of the priming
antigen (5).
We observed that a-BCAN synNotch→a-EphA2-

IL13Ra2 CAR T cells persisted in the brains for
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Fig. 2. SynNotch recognition of the
CNS-specific ECM molecule BCAN
directs CAR antitumor activity specif-
ically and potently to the intracerebral
GBM PDX. (A) Design of a brain-targeted
CAR T cell. The a-BCAN synNotch
receptor was used to drive the expres-
sion of antitumor CAR only in the brain.
This tissue-specific priming circuit was
designed to restrict the expression of CAR
only to the CNS, preventing damage to
normal, non-CNS tissues that express the
CAR target antigens EphA2 and IL13Ra2.
This circuit should selectively identify
GBM cells, which are the only cells
expressing EphA2 or IL13Ra2 in the CNS.
(B) Killing of GBM6 PDX tumors in vitro.
Primary CD8+ T cells transduced with the
a-BCAN synNotch→a-EphA2/IL13Ra2
CAR circuit (or with the constitutively
expressed a-EphA2/IL13Ra2 CAR) were
cocultured with GBM6 target cells and
K562 priming cells either expressing or
not expressing BCAN. Relative cell
survival of target GBM6 cells is shown at
72 hours (relative to untransduced T cell
controls, n = 3, error bars indicate
SEM). See fig. S3, A and B, for further
details and controls. (C) In vivo clearance
of GBM6 tumors. GBM6 tumors
expressing mCherry and luciferase were
orthotopically inoculated in the brains
of NCG mice. Ten days after tumor
inoculation, mice were infused intravenously
with 2 million each of CD4+ and CD8+

T cells expressing the a-BCAN synNotch→a-
EphA2/IL13Ra2 CAR circuit (n = 5) or no
construct (negative control) (n = 5).
Tumor size and survival were monitored
over time by bioluminescence imaging.
Thick line shows mean tumor size;
thin lines show individual mice. Dotted
line shows background bioluminescence.
P = 0.018, mixed-effects analysis.
Survival was analyzed over 80 days by
log-rank (Mantel-Cox) test (P = 0.003).
See additional repeats in fig. S3C.
BCAN KO GBM6 tumors (fig. S7C) were
also cleared with similar efficiency.
(D) GBM6 tumor–bearing mice were
euthanized 10 days after a-BCAN
SynNotch→CAR T cell infusion (3 million
each of CD4+ and CD8+). Representative confocal fluorescent microscopy of brain sections shows synNotch activation (green) and reveals that T cell–mediated killing
(cleaved caspase 3 staining, red stain) is restricted to the tumor (adjacent neurons are not apoptotic, gray NeuN stain). Scale bars, 1 mm (left) and 200 mm
(right, enlargement of outlined region). See fig. S4 for further analysis of brain-localized T cells in nontumor regions. (E) Flow cytometry of a-BCAN synNotch→a-
EphA2/IL13Ra2 CAR T cells isolated from blood, spleen, and brain of a GBM6-bearing mouse at day 6 after T cell injection demonstrating the higher presence
of GFP+ primed T cells in the brain compared with the blood or the spleen. See fig. S5 for further analysis of brain-localized T cells. (F) Brain-flank dual GBM6
tumor model. GBM6 tumor cells were inoculated in the brains of NCG mice, whereas BCAN KO GBM6 cells were inoculated in the flanks of the identical mice
(fig. S7, A and B). Both tumors expressed the CAR-target antigens EphA2 and IL13Ra2, but BCAN was only expressed in the brain. Ten days after tumor inoculation,
mice were infused intravenously with 2 million each of CD4+ and CD8+ T cells expressing no construct (control) (n = 4) or a-BCAN synNotch→a-EphA2/IL13Ra2
CAR circuit (n = 5). Tumor size in the brain and in the flank were monitored over time by bioluminescence imaging. Only the tumor inoculated in the brain was
reduced over time; the flank tumor grew at the same rate as in the mice treated with nontransduced T cells. Data are representative of two independent experiments.
Thick line indicates the mean and shaded area the SEM (see fig. S8 for studies showing efficient in vivo killing of brain-inoculated GBM39 tumors in the PDX
line lacking BCAN expression).
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weeks to months after tumor regression, con-
sistent with the durable antitumor response
(fig. S5B). Flow cytometric analysis of these
brain-resident a-BCAN synNotch→a-EphA2-
IL13Ra2 CAR T cells isolated from the brain
showed increased levels of the homing recep-
tors CXCR3 andCD49d (fig. S5B). To determine
whether these persisting a-BCAN synNotch→a-
EphA2-IL13Ra2 CART cells were still functional
in vivo, we rechallenged long-term tumor-
cleared mice with GBM6 cells inoculated in
the contralateral hemisphere (opposite site
of the previously cleared initial tumor). This re-
challenge was done 86 days after the first tumor
cell inoculation. Three of four mice showed re-
sistance to tumor rechallenge: They did not
showdetectable tumor growth and survived at
least 300 days after initial tumor inoculation
(with the one other rechallengedmouse show-
ing slower progression than the control cohort;
fig. S5C).
To further examine the underlying mecha-

nismsbywhich thea-BCANsynNotch→a-EphA2-
IL13Ra2 CAR T cells home to and infiltrate
the brain tumor, we stained them for adhesion
molecules and chemokine receptors (fig. S6).
a-BCAN synNotch→a-EphA2-IL13Ra2 CAR
T cells expressed the adhesion molecules
CD18, CD29, and CD49d, which are required
for T cell trafficking to the CNS (17), as well as
the chemokine receptors CCR2, CCR4, CCR5,
CCR6, CCR7, CXCR3, and CXCR4, which have
ligands that are up-regulated in patients with
GBM (18).
To confirm that endogenous brain BCAN

is sufficient to induce CAR activity, we used
CRISPR-Cas9 to knock out the BCAN gene in
the GBM6 tumor cells, which still expressed
the CAR target antigens EphA2 and IL13Ra2.
We confirmed in vitro that the GBM6 BCAN
knockout (KO) cells could only be killed by
a-BCAN synNotch→CAR T cells when cultured
together with BCAN-expressing K562s cells
(but not with parental K562 cells) (fig. S7, A
and B). Next, we inoculated the GBM6 BCAN
KO cells intracranially in mice, treated them
with a-BCAN synNotch→CAR circuit T cells,
and monitored tumor size. Even without BCAN
expression by the GBM6 cells, the a-BCAN
synNotch→CAR circuit T cells could control
the tumors in the brain, presumably because
of priming by the endogenous brain BCAN
(fig. S7C). Because BCAN was not required
on the tumor cells, we tested whether other
GBM PDX cells lacking BCAN might also be
efficiently cleared, making this approachmore
generalizable. We identified a different GBM
PDX line, GBM39, that did not express BCAN,
and confirmed that GBM39 cells were not
killed by BCAN synNotch→CAR circuit T cells
in vitro (fig. S8, A to C). However, the a-BCAN
synNotch→CAR circuit T cells efficiently cleared
GBM39 tumors inoculated in the mouse brain
(fig. S8D). Thus, BCAN in normal brain tissue

is sufficient to prime the killing of neighboring
tumor cells lacking BCAN expression.
To confirm that induced tumor-killing CAR

activity was restricted to the brain, we inocu-
lated GBM6 tumor cells in both the brain and
in the flank of the same animal. To eliminate
possible priming from BCAN expressed in the
GBM6 flank tumors, we used the GBM6 tumor
cells lacking BCAN (GBM6 BCAN KO) de-
scribed above, which cleared when inoculated
in the brain (fig. S7C). Thus, the flank-inoculated
tumor lacked both intrinsic and environmental
BCAN expression but still expressed the tar-
get CAR antigens EphA2 and IL13Ra2. We
then treated the mice with intravenously infused
T cells expressing the a-BCAN synNotch→CAR
circuit and monitored the size of both tumors.
Only the brain-inoculated tumor was cleared,
whereas the flank tumor grew and failed to
regress (Fig. 2F). Thus, CAR killing activity was
not observed outside of the brain, even for po-
tential target cells expressing the CAR antigens.
Antigen-expressing cells outside of the brain
were not harmed even while the T cells actively
killed the tumors within the brain. This high
degree of specific anatomical targeting is con-
sistent with the induced expression of T cell re-
tention molecules (CD69 and CD103), as well as
previous measurements showing that synNotch-
induced CAR expression rapidly decays with
a half-life of hours after the loss of synNotch
stimulation (5).

Using BCAN synNotch sensor to
anatomically target secondary
brain tumors

Equipped with a reliable in vivo CNS-sensing
synNotch platform, we wanted to test its versa-
tility by expanding its use to other brain tumors
such as secondary, metastatic brain tumors.
Breast cancer is themost common cancer world-
wide (19), and a major unmet need is the treat-
ment of the associated secondary lethal brain
metastases (extracerebral disease can be con-
trolled in 50% of HER2+ breast cancer patients)
(20). ForHER2+ breast cancers, ana-HER2CAR
is predicted to exhibit toxicity to nontumor cells
because HER2 is expressed in several healthy
tissues (15).However, becauseHER2 expression
is minimal in the normal brain (fig. S9A), we
tested whether restricting the killing action of
a HER2 CAR to the CNS might allow for effec-
tive and safe clearance of breast cancer brain
metastases (Fig. 3A). In vitro, CD8+ T cells en-
gineered with the a-BCAN synNotch→a-HER2
CAR circuit effectively killed BT-474 tumor cells,
a HER2+ breast cancer model cell line (21), but
only in the presence of BCAN+ K562 cells to in-
duce priming (BT-474 cells do not to express
BCAN) (Fig. 3B).
We inoculated BT-474 HER2+ breast cancer

tumors in the brains of NSG mice to emulate
metastases (22, 23) and infused the mice with
T cells bearing the a-BCAN synNotch→a-HER2

CAR circuit. The BCAN-primed T cells efficiently
controlled the BT-474–inoculated brain tumors
and increased survival compared with mice
treated with untransduced T cells (Fig. 3C).
Using a similar strategy, we examined triple-

negative breast cancer (TNBC,meaning the cells
do not express estrogen, progesterone, or HER2
receptors), which is associated with an even
lowerpatient survival rate comparedwithHER2+

tumors (24–26). The surface antigen trophoblast
cell surface antigen 2 (TROP2) is overexpressed
in TNBCs and can be effectively targeted with
an antibody-drug conjugate therapy (27–30).
TROP2 is also expressed in other nondisease
tissues, but its presence in the normal brain is
minimal (fig. S9B). Thus, TROP2 could be a
good CAR target for brain metastases when
combined with brain-restricted induction. CD8+

T cells engineered with the a-BCAN synNotch→
a-TROP2 CAR circuit effectively killed BT-20
tumor cells, a TNBCTROP2+ cell line (31), in vitro,
but only in the presence of BCAN+ K562s to
induce priming (BT-20 cells do not express
BCAN) (fig. S9C).We inoculated BT-20 tumors
in the brains of immunodeficient NSGmice to
emulate breast cancer brain metastases and
treated them a week later with T cells bearing
the a-BCAN synNotch→a-TROP2 CAR circuit.
The BCAN-primed T cells efficiently cleared the
BT-20 tumors and increased mouse survival
relative to control mice treated with untrans-
duced T cells (Fig. 3C).
In summary, the a-BCAN–sensing synNotch

circuit induced clearance of breast cancer tu-
mors inoculated within the brain and thus offers
a potential strategy to target both HER2+ and
TNBC metastases to the brain, which are of-
ten far more resistant to standard therapies
than the primary tumor. Such a brainmetastasis–
targeting strategy, however, would need to be
used in conjunction with a systemic therapeutic
(most of which are less effective against brain
metastases).

Engineering brain-targeted immune
suppressor cells

Neuroinflammatory diseases such asMS present
another difficult therapeutic challenge. We in-
vestigated whether it is possible to effectively
suppress inflammation in the CNS without
causing systemic immune suppression (32).
Currently approved MS therapies act primar-
ily within the peripheral immune system and
are effective for relapsing-remitting MS but not
for progressive MS (33–35). This is thought to
be due to compartmentalized inflammation in
the form of chronic active lesions that histolog-
ically are composed primarily of T cells and
activated microglia or macrophages (36). There-
fore, a major goal in MS is to identify and ad-
vance therapeutics that can penetrate the BBB
and may promote CNS immune modulation
and prevent neurodegeneration, the hallmark
feature of progressive MS.
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Fig. 3. CNS-specific priming of synNotch-CAR T cells is a generalizable tool
for effective killing of brain metastases such as HER2+ and TNBC brain
metastases. (A) Treatment for CNS metastases is a major unmet need,
particularly for breast cancer. A CNS-specific priming circuit could be used as a
general platform to target such metastases. Restricting CAR expression only
to the brain could prevent damage to normal, nonbrain tissues that express target-
killing antigens. Tumor-specific antigens are particularly hard to find for TNBC.
Our strategy could be applied to target brain metastases for HER2+ breast
cancer or TROP2+ TNBC (fig. S9). (B) Real-time in vitro killing of BT-474 breast
cancer cells, a model of HER2+ breast cancer. BT-474 cells express HER2 but are
negative for BCAN. Therefore, to mimic brain priming, we cocultured BT-474

cells with K562 cells expressing the priming antigen BCAN. Killing of BT-474 cells
was only observed in the presence of BCAN+ K562 cells (n = 3, error bars
indicate SEM). See fig. S9C for in vitro killing studies of BT-20 breast cancer
cells, a model of TNBC. (C) In vivo tumor experiments with BT-474 (HER2+

breast cancer) and BT-20 (TNBC) tumors. BT-474 or BT-20 tumors expressing
GFP and luciferase were orthotopically inoculated in the brains of NSG mice.
Seven days after tumor inoculation, mice were infused intravenously with 3
million each of CD4+ and CD8+ T cells expressing no construct (control) (n = 5)
or a-BCAN synNotch→CAR T cells (for BT-474: a-HER2 CAR; for BT-20:
a-TROP2 CAR) (n = 5). Tumor size and survival were monitored over time by
bioluminescence imaging. Thick line shows mean ± SEM (shaded area).
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IL-10, a potent anti-inflammatory cytokine,
has been considered an attractivemolecule for
treatment in both relapsing-remitting and pro-
gressive MS. However, intravenous infusion
of IL-10 in mouse models and in human
clinical trials did not show efficacy (37, 38),
likely because of its short half-life (∼3 hours in
both humans andmice) and its inability to cross
the BBB (39–41). IL-10 might be effective at
ameliorating neuroinflammation if it could be
effectively delivered to the CNS. Indeed, admin-
istration of IL-10 directly in the brain through
adenovirus injection successfully ameliorated
disease in mouse models of neuroinflammation
(42). This irreversible viral approach, however,
is unlikely to be practical for treatment of MS.
Here, we tested whether brain-sensing T cells

could be used as a vehicle to produce IL-10 se-
lectively in the CNS (Fig. 4A). We engineered
CD4+ T cells with an a-BCAN synNotch→IL-10
circuit and demonstrated that these cells could
effectively produce IL-10 in vitro, but only in
the presence of BCAN+ K562 cells (Fig. 4B). To
evaluate their anti-inflammatory potential, we
tested their ability to inhibit the inflammatory
activation of both CNS-autoreactive T cells
and microglia cells in vitro. We tested CNS-
autoreactive T cells from genetically engineered
a-MOG–specific, TCR (2D2) transgenic mice
(43) (Fig. 4C), and found that their activation [as
determined by CD25 staining and interferon-g
(IFN-g) secretion] was inhibited by a-BCAN
synNotch→IL-10 CD4+ T cells in the presence of
BCAN+ K562 cells (Fig. 4C). Analogously, we ex-
aminedmousemicroglia cells activatedwith lipo-
polysaccharides (LPS) and IFN-g, as previously
described (44) (Fig. 4C). In thepresence of BCAN+

K562 inducer cells, the a-BCAN synNotch→IL-10
CD4+ T cells reduced secretion of the proinflam-
matory cytokines IL-6 and TNF-a by activated
microglia cells (Fig. 4C). Thus, the a-BCAN
synNotch→IL-10 CD4+ T cells can exert im-
munosuppressive activity against T cells and
microglia in vitro.

Brain-targeted suppressor cells
ameliorate disease in a mouse model
of neuroinflammation

To determine which brain-priming antigens
might be best to direct cell therapies against
neuroinflammation, we examined published
RNA-seq analyses of chronically active MS le-
sions compared with healthy CNS tissue of
patients (45). Expression of both BCAN and
CDH10wasmaintained inMS lesions, butMOG
expression was decreased, likely due to de-
myelination and oligodendrocyte loss in pro-
gressive MS (fig. S10). Thus, both BCAN and
CDH10 are good candidates for priming brain-
targeted responses in neuroinflammatory dis-
eases such as MS. To test the efficacy of these
brain-targeted suppressor cells in vivo, we used
an established adoptive transfer diseasemodel
of EAE (46) (Fig. 5A), in which pathogenic poly-

clonal MOG-autoreactive T helper 17 (TH17) CD4
+

T cells were harvested after direct immuniza-
tion with MOG peptide into a mouse. These
pathogenic cells were adoptively transferred
into a recipient immunocompromised RAG-1−/−

mouse, inducing severe and usually fatal neuro-
logical disease. Using this model, we could test
whether infusion of engineered T cells reduced
disease severity. Neurological disease sever-
ity and progression was tracked with the EAE

clinical scoring system, which scores increas-
ing levels of paralysis and neurological dys-
function (47–49) (Fig. 5A). Adoptive transfer of
a-MOG–autoreactive T cells resulted in severe
EAE disease in the recipient RAG-1−/− mice,
yielding clinical scores close to the maximum
of 5 (full paralysis and death). To test our sup-
pressor cells, the mice were injected intra-
venously every 4 days with the therapeutic
synNotch suppressor T cells or control T cells
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Fig. 4. CNS-specific synNotch circuits can be programmed to produce the anti-inflammatory cytokine
IL-10. (A) CNS-specific synNotch cells could in principle be used to modulate neuroinflammation. For example,
CNS priming could be used to trigger the expression of IL-10, a potent anti-inflammatory cytokine. For more
analysis of optimal CNS antigens to target in neuroinflammation, see fig. S10. (B) Primary human T cells
were engineered with the a-BCAN synNotch→IL-10 circuit and cocultured with K562 cells engineered to
express BCAN. Supernatants were collected after 48 hours, and IL-10 was quantified by enzyme-linked
immunosorbent assay (ELISA). Quantification shows the specific secretion of IL-10 only when the engineered
T cells are cultured with BCAN+ K562 cells (n = 3). (C) In vitro inhibition assays of microglia and T cell
activation. BV2 mouse microglia were cultured with control or therapeutic T cells (a-BCAN synNotch→IL-10)
in the presence of BCAN+ K562 cells to induce payload expression. Two hours later, IFN-g and LPS were
added to induce activation of the microglia. Cells were cultured for 24 hours, and the supernatant was
collected to assess inflammation by assaying for secretion of IL-6 and TNF-a by ELISA (n = 3, mean ± SD).
Conventional CD25– TCR+ CD4+ T cells were sorted from MOG-specific TCR (2D2)–transgenic mice and
cocultured with antigen-presenting cells presenting MOG peptide to induce their activation. To assay the
inhibition of activation, MOG-specific TCR 2D2 CD4 T cells were cocultured at a 1:1 ratio with control transduced or
engineered with a-BCAN synNotch→IL-10 T cells for 4 days in the presence of BCAN+ K562 cells to stimulate
IL-10 induction. Activation of the MOG-specific TCR 2D2 CD4 T cells was analyzed by flow cytometry using
the activation marker CD25 or by ELISA to measure IFN-g secretion (n = 3, mean ± SD).
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expressing blue fluorescent protein (BFP) start-
ing 7 days after the adoptive transfer of the
disease-causing a-MOG–autoreactive T cells.
The a-BCAN synNotch→IL-10 CD4+ T cells sig-
nificantly improved disease outcome. We ob-
served less severe EAE scores (P = 0.003, mixed
analysis), lowering of cumulative EAE scores,
and increased mouse survival relative to mice
treated with control T cells (Fig. 5B). Amelio-

ration of EAE disease by the therapeutic cells
was supported by the overall increased mobility
in the mice treated with a-BCAN synNotch→
IL-10 CD4+ T cells (control-treated mice had
more severe paralysis; fig. S11). Similarly, treat-
ment with the a-CDH10 synNotch→IL-10 CD4+

T cells also resulted in significantly lower EAE
severity scores and improved survival (Fig. 5C).
Different dosing regimens of therapeutic T cells

provided similar protection (figs. S12 and S13A).
Similar to the a-BCAN synNotch→CAR T cells,
a-BCAN synNotch→IL-10 CD4+T cells ex-
pressedmolecules important for trafficking, in-
cluding the adhesion molecules CD18, CD29,
and CD49d and the chemokine receptors
CCR2, CCR4, CCR5, CCR6, CCR7, CXCR3,
and CXCR4 (fig. S6). Thus, IL-10 produced
by brain-sensing T cells (using either BCANor

Fig. 5. CNS-targeted anti-
inflammatory circuit ameliorates
EAE model. (A) Schematic of
the adoptive transfer EAE model.
RAG-1–/– mice received an adop-
tive transfer of TH17–polarized
CD4 T cells [20 × 106 in (B) and
25 × 106 in (C)] from P35-55
MOG–immunized C57BL/6J mice.
At the indicated days after adop-
tive transfer (arrows), mice
received primary human CD4
T cells transduced with either control
(no circuit, n = 5) or a-BCAN
synNotch→IL-10 circuit (n = 5) at
the indicated times (10 × 106).
The EAE neurological disease
scoring scale is shown. (B) Treat-
ment with a-BCAN synNotch→IL-10
T cells yields improved EAE
scores and increased survival.
Ten million T cells were injected
on each day, as indicated by a
black arrow. P < 0.05, two-way
ANOVA. EAE severity was assessed
by the area under the curve of
each animal starting from the day
of first treatment, day 7 until day 25
(n = 5, mean ± SE). P < 0.05,
unpaired t test. Survival curves show
improved protection by the a-BCAN
synNotch→IL-10 T cell treatment
as analyzed by log-rank (Mantel-Cox)
test. The effects of the two treat-
ments on mouse mobility are shown
in fig. S11. Additional repeats of this
experiment are shown in figs. S12
and S13. (C) Treatment with
a-CDH10 synNotch→IL-10 T cells
yielded improved EAE scores and
increased survival. Ten million
T cells were injected on each day,
indicated by a black arrow. EAE
scores showed significant improve-
ments with CNS-targeted a-CDH10
synNotch→IL-10 T cells. P < 0.05,
two-way ANOVA. EAE severity was
assessed by the area under the
curve of each animal starting from the day of first treatment, day 7, until day 25 (n = 7, mean ± SE). P < 0.05, unpaired t test. Survival curves show improved protection
by the a-CDH10 synNotch→IL-10 T cell treatment as analyzed by log-rank (Mantel-Cox) test. (D) Brain-sensing cells could be used as a general platform to treat a broad set of
CNS diseases such as primary and secondary brain tumors, neuroinflammation, or even neurodegeneration. This customizable platform can be used to locally deliver any
genetically encodable molecular therapy that is appropriate for a specific CNS disease, thereby improving on-target action and alleviating off-target toxicity.
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CDH10 as a priming antigen) was able to im-
prove symptoms in this EAE model.
To evaluate the importance of brain-primed

IL-10 production, we treated EAE mice with
analogous suppressor T cells that constitutive-
ly express IL-10 (or control T cells constitu-
tively expressing BFP). T cells were injected
intravenously every 4 days starting 7 days after
adoptive transfer of the disease-causing a-MOG–
autoreactive T cells (fig. S13A). Treatment with
T cells constitutively expressing IL-10 failed to
protect the animals from EAE, consistent with
prior reported failure of systemic IL-10 deliv-
ery to improve EAE or MS (37, 38). Thus, lo-
calized delivery of IL-10 by brain-primed T cells
is more effective than constitutive IL-10 produc-
tion by T cells.
To evaluatewhether thea-BCAN synNotch→

IL-10 T cells led to any systemic accumulation
of IL-10 in the periphery (i.e., outside of the
CNS), we measured IL-10 levels in the serum
on day 12, after two rounds of therapeutic
T cell injections (see fig. S13A). No differences
in IL-10 levels were detected compared with
negative controls (fig. S13B). However, we ob-
served increased levels of IL-10 in the CNS of
mice treated with the a-BCAN synNotch→IL-10
T cells. We also evaluated any signs of systemic
IL-10 activity. One of the immunosuppressive
mechanisms of IL-10 is to disable antigen
presentation and T cell activation through the
inhibition of CD80 (B7-1) and CD86 (B7-2)
expression onmyeloid cells, thereby blocking
costimulation (50, 51). Neither group of mice
showed a difference in CD80 and CD86 ac-
tivation markers or PD-1 inhibitory marker
expression on themyeloid cells of the spleen,
an organ where T cells can accumulate (fig.
S13C). Prior studies showed that administra-
tion of recombinant IL-10 to healthy patients
could result in lower platelet counts in their
blood (39, 52), but we observed no differ-
ences between the groups (fig. S13D). Thus,
IL-10 produced by brain-sensing T cells does
not lead to measurable systemic immune sup-
pression or off-target toxicity. These findings
validate that brain-sensing cells can serve
as a vehicle to deliver anti-inflammatory pay-
loads to the brain with a higher overall ther-
apeutic index.

Discussion

We developed a general cell platform for deliver-
ing diverse therapeutic payloads to the brain.
We identified several classes of CNS-specific
antigens that can be used for CNS targeting of
therapeutic cell activity (Fig. 1). These target
antigens include components of the specific
brain ECM, which offers an abundant and
widely distributed targetable substrate be-
cause it has a highly distinct molecular com-
position (8). SynNotch receptors that detected
the brain ECM component BCAN effectively
sensed the native CNS in an in vivo context.

Our engineered cells effectively delivered var-
ious model payloads directed locally against
two distinct types of CNS diseases: cancer and
autoimmunity. These observations highlight
the broad spectrum of CNS diseases that could
potentially be targeted with this approach.
In the case of brain cancer, and cancer in

general, it is almost impossible to find a target
antigen for CAR T cell therapy that is both
homogeneously expressed on all the cancer
cells and not expressed in any healthy tissues
(53–55). This explains why the field has had to
focus on intracranial T cell injection in the
past, with the assumption that the T cells would
remain primarily in the brain. As shown here,
this conundrum can in some cases be resolved
by restricting killing action to a specific anatom-
ical compartment such as the brain. This new
strategy is compatible with intravenous deliv-
ery of CART cells, because the risk of off-target
toxicity is limited. In the clinical context, cou-
pling the intravenous route with lymphodeple-
tionwill be important to providemore favorable
niches for postinfusion expansion, longer-term
T cell survival, and potentially a more durable
response, as shown for blood cancer CAR T cell
treatments. In the intraventricular injection
context, CAR T cells have to survive in the cere-
brospinal fluid, where the glucose concentra-
tion is approximately two-thirds that of the
bloodand theprotein concentration is 100 times
lower (56). Therefore, this work opens a broad
new alternative approach for potentially attack-
ing brain cancers in a safer and more effective
way by targeting antigens that are absent in
the brain even if they are expressed on healthy
tissues elsewhere.
Therapeutic cells that can deliver immuno-

modulatory cytokines or other biologics to a
target tissue such as the CNS can not only
make delivery more effective but also reduce
the risk of systemic toxicity. Many of these
biologics have pleiotropic effects onmultiple
tissues, which can lead to major toxicities out-
side of the target tissue. For example, in the
case of chronic inflammation, such as MS, sys-
temic treatmentwith anti-inflammatory drugs
can result in an increased risk of infections
and other pathologies.
We tested a model anti-inflammatory mol-

ecule, IL-10, and validated that its delivery by
a brain-sensing T cell improved outcomes in an
animal model of neuroinflammation without
measurable systemic immune suppression or
off-target toxicity. Further, T cells that produced
IL-10 in a CNS-induced manner showed greater
efficacy than analogous T cells that constitu-
tively produced IL-10. It is noteworthy that
persistent inflammation in MS, which is char-
acterized by chronic lesions, ectopic menin-
geal follicles, and glial activated states, occurs
despite current B cell depletion treatments
and is amajor driver of progressive disability
accumulation and atrophy (57, 58). Therefore,

localized delivery of IL-10, which can blockmul-
tiple inflamed cell types (including T cells and
microglia) could provide an important addi-
tional line of treatment in combination with
B cell–depleting therapies. This proof-of-principle
study opens the door to a broader examination
and screening of diverse cell-delivered anti-
inflammatory payloads. It may be possible to
developmore effective combinatorial payloads
(59) or to use further optimized versions of key
biologics to further improve therapeutic out-
comes (60, 61). The use of allogeneic T cells
could help lower the costs of repeated dosing if
necessary. Further improving pharmacody-
namic and specificity features of the payload
cytokine will undoubtedly also lead to more
optimized therapies (39–41).
Nonetheless, future questions remain as to

when and how cell-mediated cytokine delivery
would ultimately be best deployed for neuro-
logical diseases compared with, for example,
viral or nonviral vectorswith tissue tropism (62).
Future developments in cell manufacturing and
increased cell durability will be critical. Ulti-
mately, however, living cells offer the promise
of more sophisticated and controlled cytokine
release programs using circuits that spatially
and temporally integrate complex environ-
mental cues to achieve more balanced homeo-
static control.
Many additional ways could be explored in

the future to improve the specificity and effi-
ciency of brain or CNS targeting by therapeu-
tic cells. This could include ways to improve
cell trafficking and residence in the brain, as
well as to improve cell migration through the
BBB. Other important issues to address will be
ways to amplify and tune the level of payload
production and to increase the durability and
survival of the introduced cells.
Overall, our current results suggest that

brain-sensing cells could be used as a general
platform to treat a broad set of CNS diseases,
including brain tumors, brain metastases, neu-
roinflammation, or even neurodegeneration
(Fig. 5D).
The targeting capabilities of engineered im-

mune cells likely exceed the biophysical targeting
properties of isolated molecular therapeutics.
This approach is inspired by biological speci-
ficity, in which many important regulatory mol-
ecules are reused throughout the body, but their
specific outcomes are restricted by the anatom-
ical locations of the cells that produce them (63).
In this case, the molecular-scale specificity of
the therapeutic payload is layered on top of the
anatomical-scale specificity of the cell, yield-
ing much higher combinatorial therapeutic
specificity compared with systemic payload ad-
ministration. Although we focused here on ap-
plying this cellular targeting strategy to the
brain, this concept could in principle also be
applied to target diseases that occur within a
broader set of specific tissues. Tissue-targeted
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cell delivery provides a general strategy to make
therapies more specific and effective and to
reduce systemic toxicity.

Materials and methods
Construct design

SynNotch receptors were built by fusing the var-
ious scFv sequences (Sidhu lab or patents) to
mouse Notch1 (NM_008714) minimal regula-
tory region (residues 1427 to 1752) and Gal4
DBD VP64. All synNotch receptors contain
N-terminal CD8a signal peptide (MALPVTAL-
LLPLALLLHAARP) for membrane targeting
anda-myc-tag (EQKLISEEDL) for detecting sur-
face expression with a-myc A647 (Cell Signaling
Technology, catalog no. 2233). See Morsut et al.
(4) for the synNotch sequence. Receptors were
cloned into a modified pHR’SIN:CSW vector
containing a PGK or SFFV promoter. The
pHR’SIN:CSW vector was also used to make re-
sponse element plasmids with five copies of
the Gal4 DNA-binding domain target sequence
(GGAGCACTGTCCTCCGAACG) upstream from
a minimal CMV promoter. Response element
plasmids also contain a PGK promoter that
constitutively drives BFP expression to easily
identify transduced T cells. CARs were built by
fusing IL-13Mutein [E13K,K105R]-G4Sx4-EphA2
scFv (5), a-Her2 (4D5) (21), or a-TROP2 (hRS7)
(64) to the hinge region of the human CD8a
chain and transmembrane and cytoplasmic re-
gions of the human 4-1BB, and CD3z signaling
domains. Inducible CAR constructs or cytokines
were cloned into a site 3' to the Gal4 response
elements and minimal CMV promoter. CARs
were tagged c-terminally with GFP or red fluo-
rescent protein (RFP), or N-terminally with myc
tag or flag tag to verify surface expression.

Primary human T cell isolation and culture

Primary CD4+ and CD8+ T cells were isolated
from donor blood after apheresis by negative
selection (STEMCELL Technologies). Blood
was obtained from StemExpress or Allcells, as
approved by the University of California San
Francisco (UCSF) institutional review board.
T cells were cryopreserved either in Cellbanker
1 or in RPMI-1640 with 20% human AB serum
(Valley Biomedical) and 10%dimethyl sulfoxide.
After thawing, T cells were cultured in human
T cell medium consisting of X-VIVO 15 (Lonza),
5%humanABserum, 55 µM b-mercaptoethanol,
and 10mMneutralizedN-acetyl-L-cysteine sup-
plemented with 30 units/ml IL-2.

Lentiviral transduction of human T cells

Pantropic vesicular stomatitis virus G (VSV-G)
pseudotyped lentivirus was produced through
transfection of Lenti-X 293T cells (Takara Bio,
catalog no. 632180)with a pHR SIN:CSW trans-
gene expression vector and the viral packaging
plasmids pCMV and pMD2.G using Fugene
HD (Promega) or TransIT-VirusGen (Mirus
Bio). Primary T cells were thawed the same

day and, after 24 hours in culture, were stim-
ulated with 25 µl of anti-CD3/CD28 coated
beads [Dynabeads Human T-Activator CD3/
CD28 (Gibco)] per 1 ×106 T cells. In some in-
stances, freshly isolated T cells were used. At
48 hours, viral supernatant was harvested.
Primary T cells were exposed to the lentivirus
for 24 hours or spinoculated on retronectin-
coated plates. At day 5 after T cell stimulation,
Dynabeads were removed and T cells were
sorted with a BD Biosciences FACSARIA Fu-
sion or Sony SH800S Cell Sorter. T cells exhib-
iting basal CAR expression were gated out
during sorting. T cells were expanded until
rested and could be used in assays.

Human T cell staining

T cell expression of adhesion and chemokine
receptors were assessed using the following
antibodies: APC anti-CD18 (BioLegend, catalog
no. 373405), APC anti-CD29 (BioLegend, cata-
log no. 303007), APC anti-CD49d (BioLegend,
catalog no. 304307), APC anti-CD69 (BioLegend,
catalog no. 310910), APC anti-CD103e (Invitro-
gen, catalog no. 2549693), APC anti-LFA-1
(BioLegend, catalog no. 141009), APC anti-
CCR1 (BioLegend, catalog no. 362907), APC
anti-CCR2 (BioLegend, catalog no. 357207),
AF647 anti-CCR3 (BioLegend, catalog no.
310709), AF647 anti-CCR4 (BioLegend, catalog
no. 335401), APC anti-CCR5 (BioLegend, catalog
no. 359121), APC anti-CCR6 (BioLegend, cata-
log no. 353415), APC anti-CCR7 (BioLegend,
catalog no. 353213), APC anti-CXCR1 (BioL-
egend, catalog no. 320612), AF647 anti-CXCR2
(BioLegend, catalog no. 320714), APC anti-
CXCR3 (BioLegend, catalog no. 353707), APC
anti-CXCR4 (BD Biosciences, catalog no.
560936), APC anti-CXCR6 (BioLegend, cata-
log no. 356005), and corresponding isotype
controls. Briefly, post-transfected T cells were
sorted, expanded, and rested for ~10 days
and then analyzed by flow cytometry. We
used a 1:50 antibody dilution. A total vol-
ume of 30 µl per staining reaction was used
in staining buffer (PBS with 2% fetal bovine
serum and 2 mM EDTA). Samples were in-
cubated at 4 °C for 15 min and washed with
staining buffer. T cells were analyzed by flow
cytometry.

Cell lines

Cell lines used were K562 myelogenous leu-
kemia cells (ATCC catalog no. CCL-243), GBM6,
GBM39PDXcells (gift of Frank Furnari, Ludwig
Institute and UCSD), BT-474 (ATCC catalog no.
HTB-20) and BT-20 (ATCC catalog no. HTB-19).
Cells were lentivirally transduced to stably ex-
press GFP or mCherry, and enhanced firefly
luciferase under control of the spleen focus-
forming virus (SFFV) promoter and sorted as
previously shown (5). For transgene expres-
sion, K562s were transduced with the lenti-
viral vector CD510-B1 (System Biosciences) and

puromycin selected or with pHR based con-
structs and selected.
GBM6 and GBM39 cells were cultured in

DMEM/F12 medium, with supplements of
epidermal growth factor (EGF, 20 µg/ml), fib-
roblast growth factors (FGF, 20 µg/ml), and
heparin (5 µg/ml). K562 and BT-20 cells were
cultured in DMEM 10% FBS. BT-474 cells
were cultured in RPMI with 10% FBS.

In vitro stimulation of synNotch T cells

For in vitro synNotch induction, the engineered
T cell and tumor/target cells were cocultured
at a 1:1 ratio, with 1 × 105 cells each in a flat-
bottomed, 96-well tissue culture plate for
48 hours. When using reconstituted matrix,
2 × 104 cells were cultured for 48 hours on
wells coated with hyaluronic acid (200 µg/ml,
Thermo Fisher Scientific, catalog no. J60566.
MA) and recombinant BCAN (25 µg/ml,
R&D Systems, catalog nos. 7188-BC-050 and
4009-BC-050). Cells were analyzed by flow cy-
tometry using a BD Fortessa; analysis was
performed with FlowJo software (TreeStar).
When cytokine release assays were conducted,
the supernatant was collected and processed
by ELISA.

In vitro mixed neuronal/glial cultures

Cortexes were dissected frompostnatal C57BL/6
(The Jackson Laboratory #000664) day 0 (P0)
mice of both sexes, dissociated in 0.25% trypsin,
washed three times with Hank’s balanced salt
solution (HBSS) containing 10mMHEPES and
20mMglucose, triturated, and plated on poly-L-
lysine–coated coverslips at 350 cells/mm2. Cells
were plated in minimal essential medium con-
taining B27 (Gibco, catalog no. 17504044), 2mM
glutaMAX (Thermo Fisher Scientific, catalog no.
35050061), 5% FBS, 21 mM glucose (Sigma,
catalog no.G8769), and 1×penicillin/streptomycin
(Thermo Fisher Scientific, catalog no. 15070063).
After 1 day in vitro (DIV1), 3/4 of the medium
was changed to Neurobasal (Thermo Fisher
Scientific, catalog no. 21103049) with B27,
glutaMAX, and penicillin/streptomycin.

In vitro astrocyte culture

Astrocytes were isolated from the adult female
NCGmouse (Charles River Laboratories) brain
tissue using the Adult Brain Disassociation kit
(Miltenyi Biotec, catalogno. 130-107-677). Briefly,
the extracellular matrix was enzymatically di-
gested along with mechanical dissociation
on gentleMACS dissociator with heat. After
disassociation, myelin and cell debris were
removed using a debris removal solution. The
anti–ASCA-2 microbead kit (Miltenyi Biotec,
catalog no. 130-097-678) was used to isolate
astrocytes from the single-cell suspension.
The astrocytes were cultured in a precoated
glass-bottomed, six-well plate in AstroMACS
medium (Miltenyi Biotec, catalog no. 130-117-
031) for 7 days.
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Assessment of astrocyte-synNotch CAR
T cell interaction
The cultured astrocytes, labeledwithMemGlow
590 (20 nM, Cytoskeleton, catalog no. MG03-
02), were coincubated with a-BCAN synNotch
CD8+ T cells and loaded onto a prewarmed
stage (37°C, 5% CO2) of Zeiss spinning disk
confocal microscope. The live-cell imaging (20×
magnification) was done for 8 hours with im-
age acquisition at every 5 min.

Assessment of synNotch-CAR T cell cytotoxicity

CD8+ synNotch-CAR T cells were stimulated
for up to 72 hours with target cells expressing
the killing antigens and, when needed, prim-
ing K562 cells (1:1:1, 5 × 104). The degree of
specific lysis of target cells was determined by
comparing the fraction of target cells alive in
the culture with treatment with nontrans-
duced T cell controls unless stated otherwise.
Cell death was monitored by shift of target
cells out of the side scatter and forward scatter
region normally populated by the target cells.
Alternatively, cell viability was analyzed using
the IncuCyte Zoom system (Essen Bioscience).
Tumor cells were plated into a 96-well plate at
a density of 2.5 × 104 cells per well in triplicate
overnight. Then, 5 × 104 T cells (and K562 cells
when specified) were added into each well the
next day. Target cells andT cellswere cocultured
as described above. At least two fields of view
were takenperwell every 2 to 3hours. The target
cell area was calculated using IncuCyte Zoom
software (Essen BioScience) to determine target
cell survival. Datawere summarized asmean±SE.

Assessment of autoreactive T cell activation

CD4+ control or synNotch–IL-10 T cells were
cultured with K562s expressing BCAN, CD4+,
and CD25+ MOG TCR [isolated from C57BL/
6-Tg(Tcra2D2,Tcrb2D2)1Kuch/J mice, The
Jackson Laboratory #006912], APC [splenic
cells that are CD4–, isolated from C57BL/6-
Tg(Tcra2D2,Tcrb2D2)1Kuch/J mice, The Jackson
Laboratory] in the presence of MOG P35-55
(50mg/ml) at 1:1:1:1 ratio (5 × 104 each) for 4 days.
Cells and supernatant were further processed
as described in the figures.

Assessment of microglial inflammation inhibition

CD4+ control or synNotch–IL-10 T cells were
cultured with K562s expressing BCAN and BV2
microglia cells at 1 × 105, 1 × 105, and 1 × 104,
respectively, for 24 hours in medium contain-
ing LPS (100 ng/ml) andmurine IFN-g (0.5 ng/
ml). Cells and supernatant were further pro-
cessed as described in the figures.

In vivo mouse experiments

All mouse experiments were conducted ac-
cording to institutional animal care and use
committee (IACUC)–approved protocols. For
the orthotopicmodel with GBM6, and GBM39
5.0 × 104 GBM6-luc-mCherry or GBM39-luc-

mCherry cells were inoculated intracranially
into 6- to 8-week-old femaleNCGmice (Charles
River Laboratories). For the orthotopic model
with BT-474 and BT-20, 1.0 × 105 luc-GFP ex-
pressing cells were inoculated intracranially
into 8- to 12-week-old female NSG mice (The
Jackson Laboratory #005557).
After anesthesia with 1.5% isofluorane, ste-

reotactic surgery for tumor cell inoculation
(injection volume: 2 µl) was performed with
the coordination of the injection site at 2 mm
right and 1 mm anterior to the bregma and
3 mm into the brain. Before and for 3 days
after surgery, mice were treated with an anal-
gesic and monitored for adverse symptoms in
accordance with the IACUC.
In the subcutaneous model, NCGmice were

injectedwith 1.2 × 105 GBM6-luc-mcherry cells
subcutaneously in 100 ml of HBSS on day 0.
Tumor progression was evaluated by lumi-

nescence emission on a Xenogen IVIS Spec-
trum after intraperitoneal injection of 1.5 mg of
D-luciferin (GoldBio, injection volume 100 ml).
Background bioluminescence was estimated
by measuring a nontumor-affected area of the
mouse. Before treatment,micewere randomized
such that initial tumor burden in control and
treatment groups were equivalent. Mice were
treated with engineered or nontransduced T
cells at indicated doses intravenously through
the tail vein in 100 ml of PBS. Survival was eval-
uated over time until predetermined IACUC-
approved endpoint (e.g., hunching, neurological
impairments such as circling, ataxia, paralysis,
limping, head tilt, balance problems, seizures,
and weight loss) was reached.
In the EAE experiments, we used an adop-

tive transfer model as previously described (46).
Briefly, naive 8‑ to 14-week‑old C57BL/6 female
mice (The Jackson Laboratory #000664) were
injected subcutaneously with 100 µg/mouse of
MOG peptide in 0.1 ml of an emulsion of CFA
containing 4 mg/ml Mycobacterium tuber-
culosis H37Ra (DIFCO Laboratories) and PBS
(1:1). Ten days later, draining lymph nodes and
spleens were collected, single‑cell suspensions
were prepared, and cells were stimulated at
4.5 × 106 cells/ml with 10 µg/ml of MOG P35-
55 peptide in the presence of 20 ng/ml
recombinant mouse IL-23 (R&D Systems, cat-
alog no. 1887-ML-010) and 10 ng/ml recombi-
nant mouse IL-6 (R&D Systems, catalog no.
406-ML-005). After three days of culture, cells
were harvested, washed, and 20 to 25 × 106

cells were injected intraperitoneally into each
naive recipient 8- to 14-week-old RAG1–/–

mouse (The Jackson Laboratories #002216).

Immunofluorescence

Mice were euthanized before being perfused
transcardially with cold PBS. Brains were
then removed and fixed overnight in 4%
paraformaldehyde–PBS before being transfer-
red to 30% sucrose and were allowed to sink

(1 to 2 days). Subsequently, brains were em-
bedded in optimal cutting temperature (OCT)
compound (Tissue-Tek; Sakura Finetek, catalog
no. 4583). Serial 10-mm coronal sections were
then cut on freezing microtome and stored at
–80°C. Sections were later thawed, fixed with
10% formalin for 10 min, incubated in block-
ing buffer (PBSwith 5% normal donkey serum)
for 40min, and stainedwith primary antibodies
overnight at 4°C. Primary antibodies used were
as follows: CD45 (D9M8I) XP rabbit mAb (Cell
SignalingTechnologies, catalogno. 1:100),Cleaved
Caspase 3 (Asp175) rabbit mAb (Cell Signaling
Technologies, catalogno. 1:250), andNeuNmouse
mAb (Millipore, clone A60, 1:500).
Conjugated secondary antibodies were used

at 4°C for 2 hours to detect primary labeling.
Sections were stained with DAPI (Thermo
Fisher). Images were acquired using either a
Zeiss Axio Imager 2 microscope (20× magni-
fication) with TissueFAXS scanning software
(TissueGnostics) or a Stellaris 8 WLL Confocal
microscope (20×, 40× magnification) with
Leica LASX imaging software. Exposure times
and thresholds were kept consistent across
sampleswithin imaging sessions.Whenneeded
to improve the visibility of an image, linear
adjustment of contrast and brightness was
applied to the entire image in accordance
with Science guidelines (Fig. 2D).

Assessment of engineered T cells in vivo

For all experiments involving phenotyping of
adoptively transferred engineered T cells, brain
and spleen were harvested after perfusion with
cold PBS. Brains were mechanically minced
and treated at 37°C for 30minwith a digestion
mixture consisting of Collagenase D (30 mg/
ml) and DNAse (10 mg/ml) and soybean tryp-
sin inhibitor (20 mg/ml). The resulting brain
homogenate was resuspended in 30% Percoll
(GE Healthcare), underlaid with 70% Percoll,
and then centrifuged for 30 min at 650g. En-
riched brain-infiltrating T cells were recovered
at the 70%–30% interface and stained with
fluorescently conjugated antibodies against
CD3 (5 µl, BD Biosciences, catalog no. 555342),
CD45 (5 µl, BD Biosciences, catalog no. 564357),
CD69 (5 ml, BD Biosciences, catalog no. 567066),
and CD103 (5 ml, Thermo Fisher Scientific, cat-
alog no. 25-1038-42), CD49d (4 ml, BD Bio-
sciences, catalog no. 563458), CXCR3 (3 ml,
BD Biosciences, catalog no. 741005) for 1 hour
at 4°C. Before stainingwith antibodies, cells were
stained with BD Horizon Fixability Viability
Stain 780 (BD Biosciences) to discriminate live
from dead cells. Data were collected on an
Attune NxT Flow Cytometer and the analysis
was performed in FlowJo software (TreeStar).

Quantification of IL-10 from the serum and
CNS homogenates

Blood was collected from intracardial puncture
and let to clot at room temperature, followed
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by centrifugation to collect the serum. Because
in the EAE model, most of the inflammatory
demyelinating lesions occur in the spinal cord
(65), we collected the spinal cord as represen-
tative of the CNS in the context of EAE. Mice
were perfused with PBS, and the spinal cords
were collected and immediately flash frozen in
liquid nitrogen. The tissues were then mecha-
nically dissociated in homogenizing buffer [1%
Triton X-100, 0.5% NP-40 (tergitol), 25 mM
Tris-HCl, pH 7.5, 100 mMNaCl, supplemented
with HaltProtease and Phosphatase Inhibitor
Cocktail from Thermo Fisher Scientific) using
beads and shaking on theQiagen TissueLyser II.
After BCA protein concentration quantification,
the samples were resuspended at 2 mg/ml.
The serumwas analyzed by Luminex per the

manufacturer’s instructions after a 1:2 dilution.
The tissue homogenates were analyzed with an
IL-10 ELISA kit (BioLegend, catalog no. 431414)
after a 1:2 dilution.

Assessment of mouse motility

Micemovementswere recordedusing an iPhone
after the experimenter introduced their hand in
the cage and either gave a gentle push or moved
the mice to the center of the cage. Individual
traces of the mice were obtained using the
Fiji plugin Manual Tracking for the next 240
frames (8 s). To account for camera move-
ments, the corners of the cagewere also tracked,
and the mouse displacements were adjusted
accordingly.

Statistical analysis

All statistical analyses were performed with
Prism software version 9.0 (GraphPad) as de-
scribed in the figures and legends.
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