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Chimericantigenreceptor (CAR) T cells can mediate durable complete
responsesinindividuals with certain hematologic malignancies, but antigen
downregulation isacommon mechanism of resistance. Although the native

T cell receptor canrespond to very low levels of antigen, engineered CARs
cannot, likely due to inefficient recruitment of downstream proximal signaling
molecules. We developed a platform that endows CAR T cells with the ability
to kill antigen-low cancer cells consisting of amembrane-tethered version of
the cytosolic signaling adaptor molecule SLP-76 (MT-SLP-76). MT-SLP-76 can
beexpressed alongside any CAR to lower its activation threshold, overcoming
antigen-low escape in multiple xenograft models. Mechanistically, MT-SLP-76
amplifies CAR signaling through recruitment of ITK and PLCyl. MT-SLP-76
was designed based on biologic principles torender CART cell therapies less
susceptible to antigen downregulation and is poised for clinical development
to overcome this common mechanism of resistance.

Chimeric antigen receptor (CAR) T cells have altered the treatment
paradigm forindividuals withrelapsed and refractory B cell malignan-
cies'. Despite high response rates in B cellacute lymphoblastic leukemia
(B-ALL) and large B celllymphoma, only 30-40% of individuals receiv-
ing CAR T cells will ultimately be cured of their disease’*. Cure rates
formyeloma are evenlower’. Therapeutic resistance iscommon, with
antigen remodeling being the most frequently observed mechanism
for tumor escape. In some cases, complete loss of the target antigen
occurs, whereas in others the antigen is simply downregulated below
athreshold required for T cell activation® . Engineering CAR T cells
withthe ability to respond to antigen-low tumor cellsis an area of active
investigation™™,

The T cell antigen receptor (TCR) and associated proximal sign-
aling molecules have evolved to carefully calibrate T cell signaling,

allowing for both accurate discrimination between foreign and self-
proteins and maximal diversity'®. CART cells were empirically designed
to mimicthe functional output of TCRs by fusing an antigen recognition
domain to CD3, the master switch for T cell signaling'®*°. However,
by omitting much of the signaling chassis, CARs have been rendered
unable to effectively respond to antigen-low targets™'**'**, Although
minor architectural changes cantune the sensitivity of a CAR, standard
CAR designs resultin athreshold for activation that is orders of mag-
nitude higher than the native TCR"**%,

To leverage the superior sensitivity of TCRs, several groups
have developed chimeric receptors that fuse antibody-derived bind-
ing domains to components of the TCR complex, thereby enabling
HLA-independent target recognition'®?*%%, Although these recep-
tors display enhanced sensitivity, they often require gene editing to
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Fig.1| CAR designinfluences proximal signaling molecule phosphorylation.
a,CD19-CD8H/TM-4-1BBC and CD19-CD28H/TM-4-1BB{ CAR T cells from two
unique donors were stimulated with 5 pg ml™anti-CD19 CAR idiotype and goat
anti-mouse cross-linking antibodies and incubated at 37 °C for 5,15 or 90 min.
Samples were then processed for proteomic analysis with liquid chromatography-
mass spectrometry (LC-MS). PC analysis of quantified phosphopeptides for CD19-
CD8H/TM-4-1BB{and CD19-CD28H/TM-4-1BB{ CART cells for the two donors is
shown. b, Volcano plots depicting FC (log, (FC)) and Pvalue (-log;,(adjusted
Pvalue)) for differentially phosphorylated peptides identified at 5and 15 min
after stimulation. Differential peptide analyses were conducted using an

empirical Bayes moderated ¢-test, and selected proteins with alog, (FC) of >0.5
and Benjamini-Hochberg-adjusted Pvalue of <0.05 are labeled. Green indicates
TCR-proximal signaling proteins, blue indicates proteins interacting with the LAT
signalosome and/or cytoskeleton, and magentaindicates distal signaling proteins
and transcription factors. ¢, Top, schematic of proximal signaling molecules tested
for CART cell enhancement. Bottom, IL-2 produced by CD19-4-1BB{ CART cells
with or without overexpression of the indicated proximal signaling molecules
after coculture with Nalmé tumor cells expressing the indicated densities

of CD19. Data are shown as mean * s.d. of three technical replicates and are
representative of two independent experiments with different T cell donors.

eliminate endogenous TCR chains, which complicates the manufac-
turing process. Furthermore, in some cases, single-chain variable
fragments (scFvs) that are functional in CAR designs fail to trigger T cell
activationwhen integrated into these TCR-based systems®®. Therefore,
thereis aneed foraplatform that can enhance signaling from already
engineered and clinically validated CAR constructs.
Phosphoproteomic analyses have identified proximal signaling
deficits in CARs compared to TCRs, which may explain their reduced
antigen sensitivity'*?2, We found that CAR architectures with higher
activation thresholds display reduced phosphorylation of the down-
stream proximal signaling network. To circumvent this obstacle,
we overexpressed proximal TCR signaling molecules in CAR T cells.
Although SLP-76 overexpression resulted in enhanced potency, this
boost was insufficient to enable recognition of antigen-low targets.

SLP-76is natively locatedin the cytosol but, during T cell activation, is
recruited to the membrane as part of the LAT signalosome. By engineer-
ingamembrane-tethered version of SLP-76 (MT-SLP-76), weimproved
CART cell reactivity to antigen-low tumor cells. In mouse models,
MT-SLP-76 rescues the activity of CD22-, CD19- and B cell maturation
antigen (BCMA)-targeting CARs against antigen-low tumor cells. This
workidentifies acritical bottleneck for CART cell signaling and deliv-
ersareadily translatable approach that can be paired with pre-existing
CAR designs toimprove clinical outcomes.

Results

CART cell design alters the signaling response

CART cells are deficient in recognizing tumor cells expressing low
levels of target antigen, providing an opportunity forimmune escape
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Fig. 2| Tethering SLP-76 to the membrane lowers CART cell activation
threshold. a, Schematic of membrane-tethered SLP-76 (MT-SLP-76).b,c, IL-2
produced by CD19-4-1BB{ CAR T cells with or without overexpression of the
indicated proximal signaling molecules after coculture with Nalmé tumor cells
expressing various densities of CD19. Data are shown as mean + s.d. of three
technical replicates and are representative of four independent experiments
with different T cell donors. d, Killing of Nalm6-CD19°°° tumor cells by CD19-
4-1BB{CART cells + MT-SLP-76, measured as relative intensity of green
fluorescence over 72 hwith the Incucyte live-cell analysis system and normalized
to t=0.Dataare shown as mean + s.d. of three technical replicates and are
representative of eightindependent experiments with four different T cell
donors. e, IL-2 production by CD19-4-1BB{ CART cells + MT-SLP-76 cocultured
with alibrary of Nalmé clones expressing different densities of CD19. Shown is
the concentration of IL-2 measured as a function of log (CD19 molecule number)

for that specific clone, with three technical replicates included. Curve fitting was
performed using a four-parameter variable-slope dose-response curve. Data
arerepresentative of two independent experiments with different T cell donors.
f,IL-2 produced by CD22-4-1BB{ CAR T cells + MT-SLP-76 cocultured with Nalmé
cells expressing endogenous or low levels of CD22. Data are shown as mean + s.d.
of three technical replicates and are representative of sixindependent
experiments with three different T cell donors. g, IL-2 produced by CD22-4-
1BBTCART cells + MT-SLP-76 after stimulation with plate-bound recombinant
CD22 protein. Shown is the concentration of IL-2 measured as a function of

log (recombinant CD22 concentration), with three technical replicates included.
Curve fitting was performed using a four-parameter variable-slope dose-
response curve. Data are representative of two independent experiments with
different T cell donors.

through antigen downregulation, as has been observed in clinical
trials of CD22 and BCMA CARs'° "2, The inability of CARs to recog-
nize antigen-low targets has been attributed to impaired recruit-
ment of downstream kinases, such as ZAP-70, and the formation of
apoorly organized immune synapse'>'**>?*?°, We previously found
that CD19 CARs with CD28 rather than CD8 hinge-transmembrane
(H/TM) domains display enhanced recognition of antigen-low targets,
afinding attributable toimproved ZAP-70 recruitment to theimmune
synapse®. We performed quantitative phosphoproteomic analyses
comparing CD19 CARs with CD28 versus CD8 H/TM domains after
stimulation. Principal component (PC) analysis of the phosphopro-
teome demonstrated separation of the samples based on duration of
stimulation (PC1, 39.9%) and CAR architecture (PC2, 20.1%; Fig. 1a).
Comparison of differentially expressed phosphorylated proteins

demonstrated enrichment of proximal signaling molecules (LCK,
SLP-76, LAT, PKC-0 and CD3 subunits), distal signaling molecules
(MAPK) and transcription factors (NFAT, Jun and Bach2) in CD28
H/TMversus CD8 H/TM CART cells (Fig. 1b and Extended Data Fig. 1a).
Of note, multiple members of the LAT/SLP-76 signalosome®, includ-
ing LAT, SLP-76, GRAP2 and SOSI, were significantly enriched in CD28
H/TM CART cells, as were additional proteins linking proximal sign-
aling to cytoskeletal rearrangement (for example, adhesion and
degranulation-promoting adaptor protein (ADAP), ADD1 and PAK2).
Although many of these phosphoproteins were increased only after
antigen encounter, some were phosphorylated before activation,
indicating that CAR structure may also prime cells for more efficient
antigen recognition. Overall, these findings align with published
data demonstrating that superior antigen-low recognition by TCRs
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versus CARs is linked to enhanced phosphorylation of proximal
signaling molecules™"?,

We next asked whether overexpression of key proximal signaling
moleculesin CART cells could enable response to antigen-low targets.
We overexpressed five proximal signaling molecules (LCK, ZAP-70, LAT,
SLP-76 and PLCy1) in CD19 CART cells before exposure to antigen-low
and antigen-high target cells. Although ZAP-70 and SLP-76 overexpres-
sionresultedinenhanced interleukin-2 (IL-2) productionin response to
antigen-hightargets, it did not alter recognition of antigen-low target
cells (Fig. 1c and Extended Data Fig. 1b,c).

Tethering SLP-76 to the membrane restores sensitivity to
antigen-low target cells

As CARs are deficient in recruiting proximal signaling molecules to
theimmune synapse, we hypothesized that tethering a signaling mol-
eculeto the cellmembrane could facilitate its engagement and result
inenhanced activity. Although we were unable to express afull-length
membrane-tethered ZAP-70 in T cells®, we successfully engineered
amembrane-tethered version of SLP-76 (MT-SLP-76; Fig. 2a) that is
efficiently expressed by T cells (Extended Data Fig. 2a). Coexpression
of MT-SLP-76 alongside a CD19-4-1BB{ CAR substantially enhanced IL-2
production in response to both CD19-high and CD19-low target cells
compared to overexpression of either native SLP-76 or ZAP-70 (Fig. 2b,c
and Extended DataFig.2a). MT-SLP-76 considerably improved killing of
CD19-low cells, while maintaining similar efficacy against antigen-high
targets (Fig. 2d and Extended Data Fig. 2b). We evaluated CD19 CAR
activity with or without MT-SLP-76 against cell lines engineered to
express a range of CD19 antigen densities (600 to 249,700 molecules
per cell; Supplementary Table 1)">. MT-SLP-76 shifted the antigen den-
sity response curve, lowering the threshold for cytokine secretion
compared to the CD19-4-1BB{ CAR (Fig. 2e). We also observed a lower
threshold for antigen recognition when comparing overexpression of
MT-SLP-76 to native, cytosolic SLP-76 (Extended DataFig. 2c). Overex-
pression of MT-SLP-76 also conferred CD22- and HER2-targeting CAR
T cellswithenhanced sensitivity against antigen-low and antigen-high
target cells (Fig. 2f and Extended Data Fig. 2d), similarly shifting the
cytokineresponse curve (Fig. 2g and Extended Data Fig. 2e), establish-
ing the generalizability of this approach. MT-SLP-76 overexpression
altered the cytokine response of CAR T cells without impacting their
CD4:CD8ratio (Extended Data Fig. 2f).

MT-SLP-76 enhances CAR T cell activity in vivo

CD22 downregulation is a primary cause of CD22 CAR resistance in
children with B-ALL. We therefore next tested MT-SLP-76 in a previ-
ously described model of CD22-low leukemia (1,300 molecules per
cell) inwhich CD22 CART cells fail to control antigen-low disease'.
MT-SLP-76-overexpressing CD22 CAR T cells mediated sustained
tumor eradication, whereas CD22 CART cells alone induced only

modest tumor control (Fig. 3a-c and Extended Data Fig. 3a). It was

previously shown that CD22 CAR T cells expand poorly in response
to the CD22-low tumor cells in this model*’. MT-SLP-76 rescued CAR
T cell expansioninvivo, resulting in significantly increased CART cell
numbersinthe bone marrow and spleens of treated mice (Fig. 3d and
Extended Data Fig. 3b). These data demonstrate that MT-SLP-76 can
restore CD22 CAR activity inaclinically relevant model of antigen-low
B-ALL. To confirm the necessity of tethering SLP-76 to the membrane
versus overexpression of cytosolic proximal signaling molecules
in vivo, we compared MT-SLP-76 to overexpression of cytosolic SLP-
76 or ZAP-70 in this model and found that only MT-SLP-76 restored
functionality against CD22-low leukemia (Extended Data Fig. 3c).
Similarly, MT-SLP-76 enhanced in vivo activity of CD19-4-1BB{ CAR in
amodel of CD19 ultra-low leukemia (600 molecules cell™®), whereas
overexpression of either cytosolic SLP-76 or ZAP-70 had minimal effect
(Extended Data Fig. 3d).

Boosting signal strength could potentially lead to overactiva-
tion against antigen-high targets, which could theoretically result in
reduced T cell persistence and/or diminished tumor control in vivo.
Therefore, we assessed MT-SLP-76 activity in models of wild-type
CD19-high Nalmé (Nalmé6-CD19%°'%°) cells. First, in a stress test
model, we observed significantly enhanced antitumor activity and
survival from a CD19-4-1BB{ CAR when coexpressed with MT-SLP-76
(Fig. 3e,f and Extended Data Fig. 3e). To assess whether MT-SLP-76
could negatively affect CAR T cell persistence, we treated mice bear-
ing Nalmé wild-type xenografts with curative doses of CD19-4-1BB{
CART cells (Extended Data Fig. 3f). After 21 days, mice treated with
CD19-4-1BB{ + MT-SLP-76 CAR T cells displayed equivalent persis-
tence and a similar memory phenotype as those treated with CD19-
4-1BBC CAR alone (Fig. 3g-i). To confirm that MT-SLP-76 expression
does not result in unchecked proliferation, we tracked CD19-CD28(
CART cells with or without MT-SLP-76 in an additional curative model
(Extended DataFig.3g) at multiple time points. Despite reaching higher
peak CAR T cell numbers, the CD19-CD28C + MT-SLP-76 CAR T cells
contracted to similar numbers as in the CAR-alone condition (Fig. 3j).
These dataindicate that CAR T cells bearing MT-SLP-76 demonstrate
enhanced antitumor activity against abroad range of antigen densities
without compromising the capacity for CART cell persistence.

Antigen selection for MT-SLP-76
Given that BCMA downregulation has also been reported as amecha-
nism of resistance in clinical trials""?, we aimed to validate MT-SLP-76
in a model of multiple myeloma with low BCMA expression (OPM-2
cells, 1,200 molecules per cell; Fig. 4a). MT-SLP-76 resulted in higher
IL-2 productionin response to antigen encounter (Fig. 4b), which trans-
lated to substantially improved antitumor activity in vivo (Fig. 4c and
Extended DataFig. 4a), demonstrating that this approach has applica-
bility across disease types.

Although these data could serve as arationale for clinically testing
BCMA CAR + MT-SLP-76, it is important to note that BCMA may also

Fig. 3| MT-SLP-76 overcomes antigen-low escape in vivo. a, Mice were treated
with 6 x 10° CD22-4-1BB{ CART cells + MT-SLP-76 or control cells (expressing
MT-SLP-76 only) 3 days after inoculation with 1 x 10° Nalm6-CD22'3%° cells.
Shown s the quantification of tumor progression for each individual mouse

as measured by photon flux values determined by bioluminescence imaging
(BLI); n = 5mice per group. b,c, Representative bioluminescence images (b) and
survival curves (c) of mice treated as in a. Data in a—-c are representative of four
independent experiments with different T cell donors. d, Percentage of CD22
CART cells detected by flow cytometry in the bone marrow of mice treated as
inaondays 8 and 16 after treatment; n = 5 mice per group. e, Mice were treated
with1x10° CD19-4-1BB{ CART cells + MT-SLP-76 or control cells 3 days after
inoculation with 1 x 10° million Nalmé6-CD19%*'° (wild-type Nalmé) cells. Shown is
the quantification of tumor progression for each individual mouse as measured
by photon flux values determined by BLI; n = 5 mice per group. f, Survival curves
of mice treated as in e. g, Mice were treated with 7 x 10° CD19-4-1BB{CAR T

cells + MT-SLP-76 cells 3 days after inoculation with 1 x 10 Nalm6-CD192°'%°

cells. Twenty-one days after treatment, spleens were collected, and CAR T cell
persistence was assessed by flow cytometry. Data are shown as mean +s.e.m. of
n=4mice. h,i, Representative flow cytometric plots (h) and quantification (i) of
CART stem cellmemory T (Tsy) cells (CD62L'CD45RA"), central memory T (Ty,)
cells (CD62L'CD45RA), effector memory T (T cells (CD62L"CD45RA") and
terminal effector memory T (Tgyga) cells (CD62L"CD45RA"); n =4 mice per group.
j, Mice were treated with 5 x 10° CD19-CD28T CART cells + MT-SLP-76 3 days after
inoculation with 1 x 10° Nalmé6-CD19%*'°° cells. Absolute CAR T cell numbers in the
spleen were measured by flow cytometry on days 5, 8,12 and 28 after treatment
(n=4 mice per time point). Statistical comparisons were performed using
repeated-measures two-way analysis of variance (ANOVA) with correction for
multiple comparisons (a and e), pairwise log-rank tests without correction for
multiple comparisons (c and f), two-way ANOVA (i) or Mann-Whitney test
(two-tailed; d, gandj); NS, not significant.
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be expressed at lower levels on the basal ganglia, which may be the
cause of a Parkinson’s-like movement disorder observed in selected
individuals treated with BCMA CAR T cells****. Although enhanced
sensitivity may be desirable for targeting antigens with limited nor-
mal tissue liabilities, such as CD19 and CD22, this could also narrow
the therapeutic window for antigens with low-level expression on
normal, vital tissues. To explore this concept, we used a previously
published modelin which across-reactive ROR1 CAR causes on-target,
off-tumor toxicity (OTOTT) due to the recognition of ROR1 on normal
tissues®. In the published model, this CAR mediated lethal OTOTT

only after preconditioning (radiation or chemotherapy), whereas mice
treated without preconditioning recovered from transient toxicity™.
We treated mice bearing ROR1*-Nalmé xenografts with T cells express-
ing thisROR1CAR + MT-SLP-76 without any preconditioning. ROR1CAR
T cells with or without MT-SLP-76 eradicated all tumor cells (Fig. 4d and
Extended DataFig. 4b). Although mice that received ROR1 CAR T cells
experienced transient weight loss from which they recovered, those
treated withROR1CAR + MT-SLP-76 T cells continued to lose weight due
to OTOTT, necessitating euthanasia within 1week (Fig. 4e,f). Therefore,
although MT-SLP-76 overexpression is a promising strategy to target
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0.4 x10° BCMA-4-1BB{ CART cells + MT-SLP-76 or control mock cells 3 weeks
after inoculation with 1 x 10° OPM-2 cells. Shown is the quantification of tumor
progression for each individual mouse determined by BLI; n = 5 mice for mock,
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n=7for BCMA CARand n = 8 for BCMA CAR + MT-SLP-76.d, Mice were treated
with 5 x10° ROR1-4-1BB{ CART cells + MT-SLP-76 or MT-SLP-76-only control

cells 3 days after inoculation with 1 x 10° ROR1*-Nalmé tumor cells. Shown is the
quantification of tumor progression for each individual mouse determined by
BLI. e, Weight of individual mice treated asin d shown as the percent change
from initial weight. f, Survival curves of mice treated as ind; n = 5mice per group.
Statistical comparisons were performed using a repeated-measures two-way
ANOVA with correction for multiple comparisons (d and e) or pairwise log-rank
tests without correction for multiple comparisons (f).

tumor cells with low antigen expression, caution is warranted with
antigens that may be expressed at low levels on normal tissue, which
may require Boolean logic gating for safe and effective targeting® .

MT-SLP-76 specifically drives cytokine and chemokine
signatures

Todelineate the effects of MT-SLP-76 on T cell transcriptional programs,
westimulated CD22 CART cells + MT-SLP-76 for 5 or 24 hwith CD22-low
Nalmé cells and subjected them to single-cell RNA sequencing. CD22
CART cells clustered largely by antigen exposure and not whether
they expressed MT-SLP-76 (Fig. 5a,b and Extended Data Fig. 4c-e).
After 5 h of stimulation, we identified only 72 genes that were signifi-
cantly upregulated (63 genes) or downregulated (9 genes) witha >0.5
log, (fold change) (log, (FC)) between the two groups (Fig. 5¢c and
Extended DataFig. 4f). Overall T cell effector function, exhaustionand
memory scores were nearly identical between antigen-challenged CD22
CART cells £ MT-SLP-76 (Fig. 5d). By 24 hafter stimulation, the transcrip-
tional programs of CD22 CARs with or without MT-SLP-76 more closely
resembled those of unstimulated CART cells (Extended Data Fig. 4c—e).
These modest transcriptional changes contrast with many published

mechanisms for enhancing CAR T cell functionality through genetic
or transcriptional reprogramming, which frequently result in hun-
dreds or thousands of differentially expressed genes****. Together, our
transcriptome-wide expression analyses suggest that MT-SLP-76 over-
expression may enhance CART cells in a more targeted capacity than
other modifications that resultinlarge-scale CART cell state changes.
In evaluating genes that were differentially expressed, we found
enrichment for those involved in cytokine and chemokine signaling by
gene pathway analysis (Extended Data Fig. 4g), including /L2, CCL3L1,
IL8 (CXCL8),XCL1/XCL2and FOSLI (Fig. Se). These dataalign with find-
ings linking SLP-76 activity to cytokine production (for example, IL-2) in
activated T cells*. Quantitative measurement by Luminex confirmed
enhanced cytokine and chemokine production by CAR T cells with
MT-SLP-76, including IL-2, TNF, CXCL8 and CCL22 (Fig. 5f).

MT-SLP-76 activity depends on ITK and PLCyl recruitment

We next sought to establish the molecular mechanism by which
MT-SLP-76 enhances CART cell function. SLP-76 is amultidomain scaf-
fold that links proximal and distal signaling events and is responsible
for the recruitment of multiple proteins including VAV1, noncatalytic
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Fig. 5| MT-SLP-76 enhances cytokine/chemokine responses. a, CD22-4-
1BBTCART cells + MT-SLP-76 were stimulated with Nalmé6-CD223 cells for
5or24 handsubjected to single-cell RNA sequencing. Shown is a uniform
manifold approximation and projection (UMAP) embedding visualization

with overlaid CD22-4-1BBT + MT-SLP-76 CAR T cells + stimulation; n =2 donors;
stim, stimulated; unstim, unstimulated. b, UMAP embedding visualization
showing an overlay annotating two T cell donors. ¢, Volcano plot of log, (FC)
andlog,, (adjusted Pvalue) for differentially expressed genes after 5 h of
stimulation. Selected genes withalog, (FC) of >0.5 and Benjamini-Hochberg
adjusted Pvalue of <0.05, as determined by the Wald test using DESeq_2, are
labeled. d, Violin plots characterizing single-cell gene expression modules for T
cell effector function (top left; n =18 genes), T cell exhaustion (bottom left; n =9
genes) and T cellmemory (right; n = 7 genes) signatures in CD22-4-1BB{CART
cells + MT-SLP-76 CART cells + stimulation. e, Dot plot of selected cytokine-and
chemokine-related genesin CD4"and CD8" CD22-4-1BB{ CAR T cells + MT-

SLP-76 after stimulation. Color represents normalized expression level, and dot
size represents expression percentage. f, Heat map generated from Luminex
multiplex cytokine analysis of supernatants from CD19-4-1BB{ CAR T cells + MT-
SLP-76 cocultured with Nalm6-CD19°°° or Nalm6-CD19%*'° cells. Average

mean fluorescence intensity (MFI) results are represented as log, (FC) from the
unstimulated conditions. Shown are the cytokines reaching alog, (FC) of >1.5in
atleast one condition. Data are from one experiment; sCD40L, soluble CD40L;
GM-CSF, granulocyte-macrophage colony-stimulating factor; IFNy, interferon-y;
IP-10, IFNy-induced protein 10; MCP, monocyte chemoattractant protein; M-CSF,
macrophage colony-stimulating factor; MDC, macrophage-derived chemokine;
MIG, monokine induced by IFNy; MIP, macrophage inflammatory protein; BCA,
B cell-attracting chemokine; LIF, leukemia inhibitory factor; TARC, thymus

and activation-regulated chemokine; sSICAM-1, soluble intercellular adhesion
moleculel; sFASL, soluble Fas ligand; PAI-1, plasminogen activator inhibitor 1.
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region of tyrosine kinase (Nck), IL-2-inducible T cell kinase (ITK),
ADAP, GADS, LAT and PLCyl1 (ref. 46). To identify the key molecules
involved in MT-SLP-76-mediated enhancement, we generated versions
of MT-SLP-76 bearing mutations or deletions inactivating the func-
tion of specific SLP-76 domains (Fig. 6a and Extended DataFig. 5a)*" %
We challenged CD19-4-1BBT CART cells with or without MT-SLP-76
variants with CD19-low Nalmé6 cells. Preventing MT-SLP-76 association
with the proteins VAV1 (Y113F), Nck (Y128F), ADAP (R448K) or GADS/
LAT (deletion of amino acids 224-244) did not abrogate MT-SLP-76
enhancement (Fig. 6b). By contrast, MT-SLP-76 enhancement was
eliminated by mutating either the tyrosine required for ITK recruit-
ment and activation (Y145F) or the tyrosine phosphorylated by ITK
(Y173F), both of which are required for the ultimate PLCyl activation.
Similarly, adeletion of the proline-rich region of SLP-76 (157-223) that
abolishesits association with PLCyl also eliminated MT-SLP-76-based
enhancement. These results demonstrate that MT-SLP-76-mediated
enhancement relies on PLCylactivation through ITK. We evaluated the
downstream signaling effects of PLCyl activation by measuring NFAT
transcriptional activity using an NFAT-inducible green fluorescent
protein (GFP) reporter system*®*', Following idiotype stimulation,
MT-SLP-76-expressing CD19-4-1BB{ CARTT cells elicited significantly
stronger NFAT-GFP responses than controls, including MT-SLP-76 with
Y145F or Y173F point mutations (Fig. 6¢,d and Extended Data Fig. 5b),
indicating more robust signal activation.

MT-SLP-76 outperforms other proximal signaling
enhancements

Several groups have used proximal signaling molecules to enhance
engineered T cell activity’***°, Many of these approaches rely on
integration of additional signaling molecules into the CAR itself,
which can complicate engineering and receptor expression. Only
some of these maneuvers have been tested in models of low antigen
density. We compared the efficacy of MT-SLP-76 to some of these
approaches, including incorporation of CD3¢ or GRB2 (an adapter
molecule that links LAT and SLP-76)"* domains into the CAR and
overexpression of LCK*® or a LAT/SLP-76 chimera* in the CD22-low
Nalmé cell model. For CD3¢, several groups have identified itsimpor-
tance in TCR versus CAR signaling°**, and we tested integration
of multiple different CD3e endodomains into the CAR. Compared
to the other CAR structures and overexpression conditions, only
MT-SLP-76 eradicated antigen-low tumors, resulting in long-term
survival of treated mice (Fig. 6e,f and Extended Data Fig. 5c-f). Thus,
MT-SLP-76 may be uniquely suited for clinical deployment to over-
come antigen-low escape.

Discussion

CART cells mediate durable remissions in hematologic malignancies,
including B cell leukemia, lymphoma and myeloma, but therapeutic
resistance has emerged through antigen remodeling”'**°. In some
cases, tumor cells exhibit complete antigen loss, whereas in others
they downregulate the target antigen below a threshold necessary for
CART cell activation®'>*, This mechanism of resistance is surprising
given that the native TCR canrespond to as low as one to ten peptides
presented in major histocompatibility complex®”*,

TCR signaling is carefully orchestrated to allow specific and
potentrecognition of foreign or mutated peptides without permitting
response to low-affinity self-peptides, allwhile maintaining a degree of
cross-reactivity toincrease diversity**°. Although CAR T cells harness
the same signaling networks as the TCR*, activation occursin response
to ligation of an scFv that is higher affinity than naturally occurring
TCRs?. Comparisons of responses to CAR versus TCR ligation have
demonstrated that CARs areinefficient at recruiting proximal signaling
molecules to theimmune synapse, rendering them unable to recognize
antigen-low targets™'**2. Thus, simplified CARs appear poorly matched
for the complex and evolved T cell signaling machinery.

There s a pressing clinical need for CARs capable of recognizing
antigen-low targets, as this mechanism of resistance has emerged
for individuals treated with CD22, BCMA and CD19 CARs’'**°, Given
that CARs are deficient in recruiting and phosphorylating proximal
signaling molecules, we set out to use these proteins to engineer an
effective solution. Overexpressing the cytosolic adapter molecule
SLP-76 enhanced CART cell responses to antigen-high target cells but
was ineffective at enabling recognition of antigen-low targets. Only by
tethering SLP-76 to the membrane did we enable CAR efficacy against
antigen-low tumor cells both in vitro and in vivo. In its native form,
SLP-76 is recruited to the membrane only after phosphorylation by
ZAP-70, where it joins with LAT to make a scaffold for downstream
effector functions. Although the recruitment and phosphorylation of
ZAP-70isalimiting factorinthe CAR response, MT-SLP-76 circumvents
this problem by delivering SLP-76 directly to the membrane where it
is available for downstream functions. Researchers have termed LAT
the bottleneck of TCR signaling® and proposed that the amount of
LAT determines T cell signaling strength®®*, Our data indicate that
thebottleneck for CART cell signaling may be SLP-76, which has been
previously shown to be capable of propagating a signal in the absence
of LAT aslong asitis translocated to the membrane®.

Overexpression of MT-SLP-76 rescues the performance of CARs
against antigen-low tumors in clinically relevant animal models of
low antigen density (CD19, CD22 and BCMA). This approach can be
immediately deployed in the clinic alongside any CAR construct
to overcome a frequently identified mechanism of antigen escape.
This will have to be balanced against a theoretical risk of increased
cytokine release syndrome and other toxicities related to CAR T cell
expansion, such as immune effector cell-associated neurotoxicity
and hemophagocytic lymphohistiocytosis-like syndrome. MT-SLP-76
can narrow the therapeutic window for targets shared with vital,
normal tissues and may be best suited for antigens in hematologic
malignancies or clean oncofetal antigens expressed on certain
solid tumors**®* %, MT-SLP-76 could also increase the potential
for TCR-driven autoimmunity, although this could be mitigated by
knocking out the endogenous TCR in clinical products. Although
our studies inimmunodeficient models demonstrate robust antitu-
mor activity, the absence of a fully functionalimmune system limits
our ability to fully elucidate cytokine-driven interactions, such as
IL-2 effects on regulatory T cells, which could modulate antitumor
responses. Future work should explore the effects of MT-SLP-76 in
immunocompetent models.

MT-SLP-76 drives enhanced CAR T cell expansionin vivo, evenin
response to antigen-low targets. Importantly, although MT-SLP-76 CAR
T cells expand to a greater extent, they ultimately contract similar to
CAR-only controls, reducing concernfor unchecked T cell proliferation.
Although MT-SLP-76 increases the magnitude of the T cell response, this
doesnotresultinaloss of CART cell persistence. It has been surmised
that the amplitude of signal strength in CD28-based CARs is respon-
sible for their lack of persistence in human studies**"*%, but our work
indicates that factors other than high signal strength may drive CAR
T cell deletion, a subject necessitating further study.

Multiple approaches for linking scFv-based recognition with the
native TCR signaling chassis have been described, including STAR,
HIT and TRUC receptors'®**~%, Although these methods canimprove
recognition of antigen-low targets, they also have limitations, includ-
ingalack of embedded co-stimulation, potential TCR chain mispairing
and/or the need for gene knockout/knock-in technology. By contrast,
MT-SLP-76 can be expressed alongside any CAR structure to enhance
its signaling and capacity for antigen-low target recognition. In amodel
of CD22-low antigen density, MT-SLP-76 significantly outperformed
some other systems that use proximal signaling molecules to enhance
CART cell efficacy**,

Insummary, we have drawn oninsights from CAR T cell signaling
biology to generate an effective and clinically deployable system for
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Fig. 6| MT-SLP-76 signaling is dependent on ITK and PLCy1. a, Schematic
illustrating SLP-76 and binding/interaction sites for associated proteins.
Tyrosines 113 and 128, once phosphorylated, become docking sites for the
guanine nucleotide exchange factor VAV1 and the adaptor Nck*. Phosphorylated
tyrosine 145 allows for SLP-76 association with ITK**2, The 157-223 region of SLP-
76 isrequired for PLCyl binding, with phosphorylation of tyrosine 173 required
for PLCyl activation®. The 224-244 region encompasses the GADS binding

site, involvedin the interaction between SLP-76 and LAT*. Arginine 448 within
the SLP-76 SH2 domain, is critical for the association of SLP-76 with ADAP*,

b, IL-2 production by CD19-4-1BB{ CAR T cells + MT-SLP-76 bearing the indicated
mutations or deletions after coculture with Nalmé6-CD19** cells. Dataare
shownas mean + s.d. of three technical replicates and are representative of three
independent experiments with different T cell donors. ¢, CD19-4-1BB{CAR T
cells + MT-SLP-76 bearing the indicated mutations and transduced with an
NFAT-GFP reporter were stimulated for 6 hwith varying concentrations of

Time after tumor inoculation (days)

anti-CD19 CARidiotype and goat anti-mouse cross-linking antibodies.

Cells were then analyzed by flow cytometry for CAR, VSV-G tag, CD4, CD8 and
GFP expression. Representative plots show GFP expressionin CD4* and CD8*
CART cells (gated on CAR*, VSV-G* cells) at the 2.5 pg ml™ stimulation condition.
d, Geometric MFI (gMFI) of NFAT-induced GFP expression was quantified within
the GFP* population of responding cells. Data are shown as mean + s.e.m.

from four different T cell donors across two experiments, each tested in three
technical replicates. Statistical analysis was performed using two-way ANOVA.

e, Mice were treated with 5 x 10° of the indicated CD22 CAR constructs or control
T cells (mock) 3 days after inoculation with 1 x 10° Nalm6-CD22*° cells. Shown
is the quantification of tumor progression determined by BLI. Data are shown as
mean + s.e.m. of n=5mice per group. f, Survival curves of mice treated asine.
Comparisons were performed using pairwise log-rank tests without correction
for multiple comparisons. Datain e and fare representative of two independent
experiments with different T cell donors.

increasing CAR reactivity to antigen-low targets. This work adds to
the growing literature demonstrating that the T cell’s internal signal-
ingmachinery can be co-opted and engineered to enhance CART cell
activity and potentially improve clinical outcomes.

Methods

All experiments were conducted in accordance with relevant ethical
guidelines. The approving institutions and ethics committees are listed
in the pertinent sections of the manuscript. Further information on
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research designisavailable in the Nature Research Reporting Summary
linked to this article.

Viral vector design

Retroviral vectors for CD19-4-1BBC (FMC63), CD19-CD28C (FMC63),
CD22-4-1BBT(m971), HER2-4-1BB{ (4D5), ROR1-4-1BBT (R11) and the len-
tiviral NFAT-GFP reporter vector have been previously described™ "%,
The sequence for the BCMA-4-1BBC CAR was kindly provided by
S.Riddell (Fred Hutchinson Cancer Center) and cloned into the MSGV1
retroviral vector’®. CARs used a CD28 H/TM domain except CD22
(CD8 H/TM), BCMA (IgG4°'°" hinge and CD28 transmembrane) and
ROR1 (IgG4**?ong spacer and CD28 transmembrane). CD19-4-1BB{
experiments used aCD28 H/TM except where appropriate to capture
failure of the CD8 H/TM at low antigen density (Figs. 1c,2d and 6b and
Extended DataFig. 2b). For the in vivo experimentdescribed in Fig. 3g,
the CAR construct was cloned in frame with truncated NGFR via a P2A
polyprotein cleavage sequencetoallow efficient gating of the CAR T cell
population. For LCK, ZAP-70, LAT, SLP-76 and PLCy1 overexpression,
codon-optimized gBlocks (Integrated DNA Technologies) encoding
the full-length proteins were cloned by In-Fusion (Takara Bio) in MSGV1
retroviral vectors. For detection purposes, a2xHA tag was added at the
C terminus of the LCK sequence. ZAP-70, LAT, SLP-76 and PLCyl were
clonedinframe with truncated NGFR viaa P2A sequence. To generate
the membrane-tethered SLP-76 (MT-SLP-76) molecule, the N terminus
of SLP-76 was linked to the CD8a H/TM and a VSV-G extracellular tag.
A construct containing the VSV-G extracellular tag and the CD8a H/
TM, lacking any intracellular signaling domain, was used as a control
for co-transduction where indicated. MT-SLP-76 mutations and dele-
tions were generated by PCR and In-Fusion cloning. The LAT-SLP-76
chimeric protein, including amino acids 1-35 of LAT and full-length
SLP-76, as previously described, was produced by PCR and In-Fusion
cloningintoavectorincluding truncated NGFR after aP2A sequence™.
The various CD22 CAR designs were generated via In-Fusion cloning
of PCR products or gBlocks. The CD22-4-1BB(-GRB2-SH2 construct
includes alinker followed by the GRB2-SH2 at the C terminus of CD3(,
aspreviously described'. The CD22-4-1BB-eRK-{ CAR was generated by
adding the CD3e RK domain between the 4-1BB and CD3{ sequences.
The CD22-4-1BB-eICD-{ CAR was generated by adding the CD3¢g intra-
cellular domain (including the RK motif) between the 4-1BB and CD3(
sequences, as previously described®. The CD22-eBRS-4-1BB{ CAR was
generated by adding the CD3e BRS domain after the transmembrane
domain, as previously described**. The CD22-4-1BB-ePRS-ITAM-{ CAR
includes the CD3e PRS and ITAM components immediately before
CD3{, as previously described™. Amino acid sequences of the con-
structs are provided in Supplementary Table 2.

Viral vector production

Retroviral supernatants were generated by transiently transfecting
293GP cells as previously described®. Briefly, 6 x 10°-7 x 10° 293GP
cells were plated on 100-mm poly-D-lysine-coated plates (Corning)
in DMEM supplemented with 10% fetal bovine serum (FBS), 10 mM
HEPES and 1x penicillin-streptomycin-glutamine solution (Gibco).
After 24 h, the cells were transfected with 4.5 pg of RD114, 9 pg of the
plasmid encoding the gene of interest, 60 pl of Lipofectamine 2000
(Invitrogen) and 3 ml of Opti-MEM (Gibco). The medium was changed
24 h after transfection. The supernatant was collected 48 and 72 h
after transfection and stored at -80 °C until use. Similarly, lentiviral
supernatants for the NFAT-GFP reporter were produced by transient
transfection of 293T cells using 10 pg of vector plasmid, along with
9 ug each of REV and GAG/Pol and 3.5 pg of VSV-G helper plasmids, as
previously described’.

Peripheral blood mononuclear celland T cell isolation
Buffy coats, leukopaks or leukocyte reduction system chambers were
obtained from consenting healthy donors through the Stanford Blood

Center under an institutional review board-exempt protocol. Periph-
eral blood mononuclear cells were isolated using Ficoll-Paque Plus
(GE Healthcare, 17-1440) density gradient centrifugation, according
tothe manufacturer’sinstructions. Insome experiments, T cells were
isolated using RosetteSep Human T Cell Enrichment Cocktail (Stem Cell
Technologies), according to the manufacturer’s protocol. Cells were
cryopreserved using CryoStor CS10 freeze medium (Sigma-Aldrich).

CART cell production
CART cells were generated as previously described’”. Briefly, at day O,
peripheral blood mononuclear cells orisolated T cells were thawed and
activated with Human T-Activator aCD3/CD28 Dynabeads (Gibco) ata
3:1bead:cell ratio in complete AIM-V medium (Gibco; supplemented
with 5% FBS, 10 mM HEPES, 1x penicillin-streptomycin-glutamine
solution (Gibco) and 100 U mI™ recombinant human IL-2 (Peprotech)).
Retroviral transduction was performed on days 3 and 4 after activa-
tion. Twelve-well non-tissue culture-treated plates were coated with
RetroNectin (Takara Bio) and blocked with 2% bovine serum albumin
before incubation and centrifugation with the retroviral supernatant
for atleast2 hat32°Cand 2,174g. Coexpression of CAR and proximal
signaling molecules was achieved by simultaneous transduction with
two separate viral vectors. The supernatant was removed, and 0.5 x 10°
T cells were added to each wellin1 ml of complete AIM-V medium.
For experiments using the NFAT-inducible GFP reporter, activated
T cells were transduced on day 3 with the NFAT-GFP lentiviral super-
natant and then on days 4 and 5 with the CAR + MT-SLP-76 retroviral
supernatants. Dynabeads were removed onday 5 or 6 after activation
by magnetic separation, and the T cells were maintained in culture in
complete AIM-V at a density of 0.3 x 10° cells per ml until days 10-14,
with medium changes performed every 2-3 days.

Celllines

All cell lines were cultured in complete RPMI-1640 medium (Gibco)
supplemented with 10% FBS, 10 mM HEPES and 1x penicillin-strep-
tomycin-glutamine solution (Gibco) and tested negative for myco-
plasma using a MycoAlert Mycoplasma Detection kit (Lonza). The
Nalm6-GFP Luciferase B-ALL cell line was obtained from S. Grupp
(University of Pennsylvania). The generation of Nalmé cell lines with
variable levels of CD19, CD22, HER2 and ROR1 expression was previ-
ously described'*"*”", The OPM-2-GFP-luciferase multiple myeloma
cell line was obtained from E. Smith (Dana-Farber Cancer Institute).
The Nalmé6-CD22"3% cell line'® was further engineered using CRISPR-
Cas9 to remove 3,-microglobulin to eliminate the graft versus leuke-
mia effect. The following single guide RNA (sgRNA) target sequences
were used: 5-ACTCACGCTGGATAGCCTCC-3"7 (B2M sgRNA 1) and
5’-GAGTAGCGCGAGCACAGCTA-3"* (B2M sgRNA 2). Guide RNAs were
purchased from Synthego, and Alt-R S.p. Cas9 Nuclease V3 (10 pg pl™)
and Nuclease-Free Duplex Buffer were purchased from IDT. Editing was
performed as previously described®, and B2M-KO cells were identified
asHLA-A2 negative (APC, clone BB7.2, BD) and flow sorted.

Flow cytometry

Surface and intracellular markers were evaluated using a BD Fortessa
or an Agilent NovoCyte Quanteon or Penteon flow cytometer and
FlowJo software (BD) for data analysis. CD19 CAR was detected using
anidiotype antibody specific for the FMC63 scFv (1:400). HER2, CD22,
BCMA and ROR1 CARs were detected using therespective target recom-
binant protein (R&D Systems, 1:400). Idiotype antibodies and recom-
binant proteins were fluorophore conjugated using DyLight 650 or
DyLight 488 Microscale Antibody Labelingkits (Invitrogen) following
the manufacturer’s instructions. The surface detection of overex-
pressed proximal signaling molecules was evaluated via VSV-G (FITC
or biotin, polyclonal, Abcam, 1:100), NGFR (BV421, clone C40-1457,BD
Biosciences, 1:200), HA (Pacific Blue, clone 16B12, BioLegend, 1:100)
and streptavidin (PE, BioLegend, 1:100) staining.
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T cells were further assessed for the expression of CD4 (BUV 395,
clone SK3, BD Biosciences, 1:100), CD8 (BUV 805, clone SK1, BD Bio-
sciences, 1:200), CD45 (PerCP-Cys5.5, clone HI30, Invitrogen), CD62L
(BV605, clone DREG-56, BD Biosciences, 1:100) and CD45RA (BV711,
clone HI100, BD Biosciences, 1:100). Intracellular staining of proximal
T cell signaling molecules was performed according to the manufac-
turer’s protocol using a Foxp3/Transcription Factor Staining Buffer
Set (eBioscience). The following antibodies were used for intracellular
staining: LCK (Alexa Fluor 647, clone Lck-01, BioLegend, 1:200), LAT
(Alexa Fluor 647, clone 661002, R&D Systems, 1:200), PLCy1 (Alexa
Fluor 647, clone 10, BD Biosciences, 1:12.5), ZAP-70 (Alexa Fluor 647,
clone A16043B, BioLegend, 1:100) and SLP-76 (Alexa Fluor 647, clone
H3, BD Biosciences, 1:12.5).

Tumor cells were assessed for target antigen expression with
antibodies recognizing CD19 (APC or PE, clone HIB19, BioLegend, 1:50),
CD22 (APC, clone HIB22, BioLegend, PE, clone S-HCL-1, BioLegend,
1:50), HER2 (PE-Cy7 or PE, clone 24D2, BioLegend, 1:50), ROR1 (PE-Cy7,
clone 2A2, BioLegend, 1:50) and BCMA (PE, clone 19F2, BioLegend,
1:100). A fixable viability dye (eFluor 780, eBioscience, 1x) was used
in all in vivo and intracellular flow cytometry analyses. CD19, CD22,
HER2 and BCMA antigen density was estimated using BD QuantiBRITE
PE beads, as per the manufacturer’s protocol. Mean density (+s.d.)
calculatedintwo independent quantification experimentsis reported
inSupplementary Table1.

Mass spectrometry

CD19-CD8H/TM-4-1BB{ and CD19-CD28H/TM-4-1BB T cells (5 x 10°)
were stimulated with 5 pg ml™ anti-CD19 CAR idiotype and a goat
anti-mouse cross-linking antibody (Jackson ImmunoResearch) and
incubated at 37 °C for 5, 15 or 90 min. After stimulation, cells were
quenched with cold PBS, and cell pellets were collected and flash fro-
zen.Samples were then dissolvedin 100 pl of lysis buffer (0.5 M trieth-
ylammonium bicarbonate and 0.05% sodium deoxycholate), subjected
to tip sonication (Q700, QSonica, amplitude =10, pulses of 2son/2s
off, 20 s total processing time per sample, on ice) and centrifuged at
17,000g at 4 °C for 10 min. Protein concentration was measured using
a Pierce Bradford Protein Assay kit (Thermo Fisher Scientific), per
the manufacturer’s instructions. Equal protein amounts (100 pg per
sample) were adjusted to a uniform volume with lysis buffer. Samples
were reduced with 4 pl of reducing reagent (Sigma) at 60 °C for 1 h
and alkylated with 2 pl of alkylating reagent (Sigma) at room tempera-
ture for 15 min. Digestion was performed with 4 pg of trypsin/Lys-C
(Promega) overnight at room temperature in the dark.

TMTpro reagents (Thermo Fisher Scientific) were reconstituted
in 20 pl of anhydrous acetonitrile (Sigma) and added to each sample,
followed by incubation at room temperature for 1 h. Labeling was
quenched with 8 pl of 5% hydroxylamine for 15 min. Samples were
combined and dried using aSpeedVac (Eppendorf5301). Phosphopep-
tides were sequentially enriched using High-Select TiO, and Fe-NTA
phosphopeptide enrichmentkits (Thermo Fisher Scientific), according
to the manufacturer’s instructions. Enriched fractions were reconsti-
tutedin 0.1% formic acid and analyzed by LC-MS (nano-easy LC 1200,
Thermo Q Exactive).

Raw LC-MS data were processed using Proteome Discoverer 2.3
(Thermo Fisher Scientific) with a target-decoy search via Byonic against
the Homo sapiens SwissProt database (TaxID 9606, v2019-12-30).
Search parametersincluded up to two missed cleavages, 20-ppm pre-
cursor mass tolerance, aminimum peptide length of six and dynamic
modifications of oxidation (M; rare 1), deamidation (N, Q; rare 1) and
phosphorylation (S, T, Y; common 2). Methylthio (C) and TMTpro
(K, peptide N terminus) were set as static modifications. Peptide level
confidence was set at g < 0.01 (<1% false discovery rate). Counts per
million normalization mode of total peptide amount was applied per
sample, and downstream analyses, including PC analysis and differen-
tial expression, was performed on the log, transformed counts matrix.

Differential peptide analyses were conducted using anempirical Bayes
moderated ¢-test”.

Cytokine production assays

Atdays10-14 after activation, CART cells were cocultured with tumor
cells at a1:1 effector:target (E:T) ratio in complete RPMI medium. In
some experiments, a plate was coated with recombinant CD22 pro-
tein at various concentrations and used for stimulation. After 24 h,
supernatants were collected, and IL-2 or IFN-y was measured by
enzyme-linked immunosorbent assay following the manufacturer’s
protocol (BioLegend).

Cytotoxicity assays

Atdays10-14 after activation, CAR T cells were cocultured with various
GFP" tumor cells in a 1:1 E:T ratio in complete RPMI medium for 72 h.
Cocultureswereimaged every 3 hwith anIncucyte S3 Live-Cell Analysis
System (Sartorius). Target cell killing was quantified by measuring the
total green fluorescence intensity over time using the basic analyzer
feature on the Incucyte S3 software. The reported cytotoxicity index
was calculated by dividing the total green fluorescence intensity at
each time point by the measurement at time O.

Luminex assay

CD19-4-1BBT + MT-SLP-76 CAR T cells were cocultured with Nalmé-
CD19%%° or Nalm6-CD19%°'%° cells for 24 h, and the supernatant was
collected and frozen. The assay was performed by the Human Immune
Monitoring Center Immunoassay Team at Stanford University. Kits
were purchased from EMD Millipore (Human 80 Plex kit) and included
three panels. Panel 1 was Milliplex HCYTA-60K-PX48, panel 2 was
Milliplex HCP2MAG-62K-PX23, and panel 3 included the Milliplex
HSP1IMAG-63K-06 and HADCYMAG-61K-03 (Resistin, Leptin and HGF)
to generate a nine-plex. The assay setup followed the recommended
protocol. Samples were diluted threefold for panels 1and 2 and ten-
fold for panel 3 and incubated overnight at 4 °C with antibody-linked
magnetic beads in a 96-well plate (25 pl per well) on an orbital shaker
(500-600 rpm). Plates were washed twice using a Biotek ELx405 washer
(BioTek Instruments), followed by a 1-h incubation with biotinylated
detection antibody and a 30-min incubation with streptavidin-PE,
both at room temperature with shaking. After a final wash, PBS was
added, and samples were read on a Luminex FlexMap3D instrument
(=50 beads per cytokine per sample). Custom Assay Chex control
beads (Radix Biosolutions) were included in all wells. All wells met
quality control metrics (bead count of >50). Data are shown as heat
maps oflog, (FC) from unstimulated controls. Allsamples were runin
technical duplicate.

NFAT-GFP T cell activation assay

CD19-4-1BB{ CAR T cells co-transduced with either MT-SLP-76 vari-
ants or the VSV-G-CD8H/TM control and an NFAT-GFP reporter’” were
stimulated with 1 or 2.5 pg ml™ of idiotype antibody to CD19 CAR and
a goat anti-mouse cross-linking antibody and incubated at 37 °C for
6 h. In parallel, as a positive control for maximal NFAT activation, the
same CART cells were stimulated with Cell Stimulation Cocktail (500x,
eBioscience) containing phorbol 12-myristate 13-acetate and ionomy-
cin. Following stimulation, cells were washed with cold PBS containing
2% FBS, stained for CAR, VSV-G tag, CD4 and CD8 and analyzed by flow
cytometry. NFAT activation was quantified as the gMFI of GFP* cells
within the CAR*, VSV-G* population.

Invivo xenograft models

Animal studies were performed according to a Stanford Institu-
tional Animal Care and Use Committee-approved protocol (protocol
33698). Immunodeficient NOD.Cg-Prkdc*“I12rg™™/Sz]I mice were
purchased from The Jackson Laboratory or were bred in-house. Five-
to 10-week-old male or female mice were used for all experiments.
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Mice were housed at 22 °C with 50% humidity under a 12-h light/12-h
dark cycle. In the CD19-low model, mice were injected with 1 x 10°
Nalm6-CD19%% cells and treated with 3 x 10° CD19-4-1BB{ CAR
T cells + MT-SLP-76 or an equivalent number of untransduced con-
trol T cells (mock) 4 days later, following a previously described dos-
ing scheme®. In the CD22-low model, mice were injected with 1x10°
Nalmé6-CD223% cells and treated with 5 x 10°-7 x 10° CD22-4-1BBT
CART cells + MT-SLP-76 or an equivalent number of control T cells
(mock or MT-SLP-76-only transduced cells) 3 days later. T cell dose was
determined based on tumor engraftment before treatment (5 x 10 cells
were administered when total flux values were below 1.5 x 107 p s *and
6 x10°-7 x 10° cells for higher values). For the CD19 stress test model,
mice were injected with 1 x 10° wild-type Nalm6-CD19?°'%° cells and
treated with1x 10°CD19-4-1BB{ CAR T cells + MT-SLP-76 or an equiva-
lent number of control T cells (MT-SLP-76 only) after 3 days. In the per-
sistence experiments, mice were injected with 1 x 10° Nalm6-CD19%%1%°
cells and treated with 5 x 10° CD19-CD28C or 7 x 10° CD19-4-1BB{ CAR
T cells + MT-SLP-76 or an equivalent number of mock cells 3 days later.
T cell doses were chosen to ensure tumor clearance, accounting for
differencesin potency between co-stimulatory domains. For the mul-
tiple myeloma model, mice were engrafted with 1x 10° OPM-2 cells
and treated with 0.4 x 10° BCMA-4-1BB{ CAR T cells + MT-SLP-76 or an
equivalent number of control mock cells after 3 weeks. In the OTOTT
model, mice were injected with 1 x 10° ROR1*-Nalmé6 cells and treated
with 5x10° ROR1-4-1BB{ CAR T cells + MT-SLP-76 or an equivalent
number of control T cells (MT-SLP-76 only) 3 days later. Mice were
weighed daily and were humanely killed if their weight dropped by 20%
frombaseline orif they displayed significant signs of distress. Disease
progression was monitored at least weekly viaBLI. Mice were injected
intraperitoneally with 200 pl of 15 mg ml™ D-luciferinand imaged with
anlVISimaging system (PerkinElmer) or an Ami HTX (Spectral Instru-
ments Imaging) 4 min later, with an exposure time of 30 s. Saturated
images were reacquired using autoexposure. Regions of interest of
consistent shape were drawn around each mouse, and total fluxes
were calculated using Livinglmage software (PerkinElmer) and Aura
software (Spectral Instruments Imaging). Mice were humanely killed
when they showed signs of morbidity or hind leg paralysis or developed
solid masses, in compliance with the approved ethical protocol. No
statistical methods were used to predetermine sample sizes. Group
sizes were informed by previously published and validated models™".
Mice were randomized before treatment to equalize tumor burden.
No animals or data points were excluded. Injections were performed
by ablinded technician.

Single-cell RNA sequencing

CD22-4-1BBT T + MT-SLP-76 cells were cocultured with or without
Nalm6-CD22%*% cells for 5 and 24 h at a 1:1 E:T ratio. Cells were then
stained with Viability Dye and anti-CD4, anti-CD8 and recombinant
CD22protein for CAR detection. CAR' T cells were gated as live, GFP~,
CD4",CD8"and CAR'beforeisolation usinga BD FACS Ariacell sorter.
Approximately 60,000 live cells per condition were collected for each
T celldonor (two donors total), which were then pooled in each condi-
tionbeforelibrary preparation using the10x Chromium Controller and
a Chromium Single Cell 5’ Library Construction kit. Suspended cells
were loaded onto the Chromium controller to generate single-cell
Gel Bead-In-Emulsions. cDNA libraries were generated by reverse
transcription and sample indexing using a C1000 Touch Thermal
cycler withthe 96-Deep Well Reaction Module (Bio-Rad). Fragmenting,
poly(A) tailing, adaptor ligation and PCR amplification with sample
index primers were used for multiplexing libraries. The final products
were quantified using a Bioanalyzer 2100 system (Agilent). The 10x
scRNA-seqlibraries were sequenced asrecommended by the manufac-
tureronaNova-seq 6000 S4 Flow Cell at approximately 25,000 reads
per cell. Raw sequencing reads were demultiplexed using CellRanger
mkfastqand aligned to the humanreference transcriptome using the

CellRanger count v.6.0 pipeline with all default parameters. Donors
were demultiplexed using mitochondrial DNA genotypes and the
mgatk v.0.6.2 software’. Downstream analyses, including cell filter-
ing, cell-type identification, module score estimation and reduced
dimensionality visualizations, were conducted using Seurat v.5.1
(ref. 77). Notably, to identify single-cell RNA-sequencing clusters,
count datawere first lognormalized, and the top 2,000 most variable
genes were selected for scaling and dimensionality reduction via PC
analysis. The first 30 PCs were used to construct a nearest neighbor
graph where clusters were identified via Louvain clustering with the
FindClusters defined at 2. The same PCs were then used to embed
cells via the UMAP algorithm. For cell-type assignment, a cell was
classified as CD8"if it was ina cluster where the total number of reads
mapped to CD8A and CD8B was more than twice the number of reads
mapped to CD4; otherwise the cell cluster was classified as CD4".
Pseudobulk samples were created by aggregating read counts from
all cells from either donor either in the unstimulated condition or the
stimulated condition for specific cell types. Per-cell module scores
were computed using the FindModuleScores with default parameters
for previously described gene sets™.

Statistical analysis

Data were visualized and analyzed using Excel v.16.83 (Microsoft),
GraphPad Prism v.10.2.2 (GraphPad) or R v.4.2.2 (R Core Team) soft-
ware. Graphs represent either individual values or group mean val-
ues *s.d. for in vitro experiments and group mean values + s.e.m. for
invivo experiments. The statistical analyses performed are specified
inthe individual figure legends. Data distribution was assumed to be
normal, but this was not formally tested. P values of less than 0.05
were considered statistically significant. Allgenomics and proteomics
analyses were performed using the R analysis software environments
noted above.

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

Data availability

All mass spectrometry data have been deposited to the ProteomeX-
change Consortium via the PRIDE partner repository (dataset iden-
tifier PXD053205; https://www.ebi.ac.uk/pride/archive/projects/
PXD053205). The scRNA-seq datasets have been depositedinthe NCBI
Gene Expression Omnibus (GEO) and are accessible through the GEO
series accession number GSE270399. The remaining data are available
withinthearticle and the Supplementary Information. Source dataare
provided with this paper.
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Extended Data Fig. 1| Proteomic and flow cytometric analysis of CARs.

a, Volcano plots depicting fold change (log,FC) and P value (-log,, adjusted
Pvalue) for differentially phosphorylated peptides identified in CD19-CD28H/
TM-4-1BB{ versus CD19-CD8H/TM-4-1BB{ at 0- and 90-minutes post-stimulation
from two unique donors, as described in Fig. 1a. Differential peptide analyses
were conducted using an empirical Bayes moderated T test, selected proteins
withlog,FC > 0.5, Benjamini-Hochberg adjusted P value < 0.05 are labeled.
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Greenindicates TCR proximal signaling proteins, blue indicates proteins
interacting with the LAT signalosome and/or cytoskeleton, and magenta
indicates distal signaling proteins and transcription factors. b, Flow cytometry
datashowing surface CD19-4-1BB{ CAR expression, and ¢, intracellular staining
of proximal signaling molecules in T cells transduced as shown in Fig. 1c,
representative of two independent experiments with different T cell donors.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2| MT-SLP-76 enhances CART cell activity in vitro.

a, Flow cytometric data showing co-expression of CD19 CAR and the indicated
proximal signaling molecules detected via surface marker staining (VSV-G

tag for MT-SLP-76; truncated NGFR for cytosolic molecules), representative

of fourindependent experiments with different T cell donors. b, Killing of
Nalm6-CD19%°'%° by CD19-4-1BB{ CAR T cells + MT-SLP-76, measured as relative
intensity of green fluorescence over 72 hours with the Incucyte live-cell analysis
system and normalized to t = 0. Data are mean + S.D. of three technical replicates,
representative of eightindependent experiments with four different T cell
donors. ¢, IL-2 production by CD19-4-1BB{ CAR T cells + SLP-76 or MT-SLP-76
co-cultured with alibrary of Nalmé clones expressing different densities of
CD19. Shown s the concentration of IL-2 measured as a function of log of the
CD19 molecule number for that specific clone, with three technical replicates
included. Curve fitting was performed using a four-parameter variable slope

dose-response curve. Data are representative of two independent experiments
with different T cell donors. d, IL-2 produced by HER2-4-1BB{ CAR T cells + MT-
SLP-76 after co-culture with Nalmé clones expressing various levels of HER2. Data
aremean +S.D. of three technical replicates, representative of two independent
experiments with different T cell donors. e, IFN-y produced by CD22-4-1BBT
CART cells + MT-SLP-76 after stimulation with plate-bound recombinant CD22
protein. Shown is the concentration of IFN-y measured as a function of log of
the recombinant CD22 concentration, with three technical replicates included.
Curve fitting was performed using a four-parameter variable slope dose-
response curve. Representative of two experiments with different T cell donors.
f, Analysis of CD4 and CD8 percentage in T cells expressing the specified CARs +
MT-SLP-76. Dataare mean +S.D. of n = 6 for CD22-4-1BB{, n = 4 for CD19-4-1BBT
and n=2for CD19-CD28C.
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other groups. Representative of two independent experiments with different
Tcell donors. d, Mice were treated with 3x10° CD19-4-1BB{ CAR T cells + the
indicated proximal signaling molecules or MOCK four days after inoculation
with1x10° Nalmé6-CD19°%° cells. Shown is the quantification of tumor progression
determined by BLI. Data are mean +S.E.M. of n = 6 mice for CD19-4-1BB{ + ZAP-70
and n = 5mice for all other groups. e, Flow cytometric data showing CD19-4-1BB{
CAR expressionon T cells from one experiment described in Fig. 3e-f. f, Tumor
quantification by BLI of mice treated in experiment described in Fig. 3g. Data

are mean +S.E.M. of n=4mice. g, Tumor quantification by BLI of mice treated in
experiment described in Fig. 3j. Data are mean + S.E.M. of n = 4 mice.
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Extended Data Fig. 4| CAR expression and transcriptomic profiling. a, Flow
cytometric datashowing BCMA-4-1BB{ CAR expression on the T cells from one
experiment described in Fig. 4c. b, Flow cytometric data showing ROR1-4-1BB
CAR expressiononthe T cells from one experiment described in Fig. 4d-f.
c-e, UMAP visualizations from single-cell RNA sequencing experiment described
inFig. 5a-e showing CD22-4-1BB{ CART cells + MT-SLP-76 in separate panels
atbaseline (c), after 5 hours (d), and after 24 hours (e) of stimulation, from two
donors. f, Volcano plots of log,FC and log,, Benjamini-Hochberg adjusted

Pvalue for the differentially expressed genes in CD22-4-1BB{ CAR T cells + MT-
SLP-76 without stimulation as determined by the Wald test using DESeq2. g, Bar
chart showing the top five Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathwaysin CD22-4-1BB{ CAR T cells with MT-SLP-76 versus CD22-4-1BB{ CAR

T cells after 5 h of stimulation. Pathway enrichment analysis was performed using
gene set enrichment analysis (GSEA) as implemented by fast GSEA. Pathways
areranked by -logio Benjamini-Hochberg adjusted P value, and the normalized
enrichment score (NES) is shown for each term.

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-025-01056-4

CD19-4-1BB{ +
MT-SLP-76
MT-SLP-76Y113
MT-SLP-76Y126%
MT-SLP-76R#48K
MT-SLP-76224-244 DEL
MT-SLP-76Y145F
MT-SLP-76Y173F
MT-SLP-76157-223DEL

VSV-G (FITC)

MOCK

CD22-4-1BB(

CD22-4-1BB-eRK-¢

CD22-4-1BB( +
LCK

CD22-4-1BB( +
LAT/SLP-76 chimera
CD22-4-1BBC +
MT-SLP-76

RN L) i U e L e L |

S
0 10 10% 10% 10

CAR (DyLight 650)

MOCK
CD22-4-1BB(
CD22-4-1BB-¢ICD-

CD22- éeBRS-4-1BB(

CD22-4-1BB-eRK-¢

CD22-4-1BB( +
MT-SLP-76

™ 10° 10* 10° 10° 10
CAR (DyLight 650)
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analysis of surface tag VSV-G on CAR T cells as a measure of MT-SLP-76 expression
from experiments described in Fig. 6a-b, representative of three independent
experiments with different T cell donors. b, Geometric mean fluorescence
intensity (gMFI) of NFAT-induced GFP expression following 6 hour stimulation
with PMA and ionomycin was quantified within the GFP* population of
responding cells from experiment described in Fig. 6¢-d. Data are presented
asmean +S.E.M. from four independent T cell donors across two experiments,
each tested in three technical replicates. Statistical analysis was performed using
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one-way ANOVA. ¢, Flow cytometric analysis of CD22 CAR expressionon T cells
from experiments described in Fig. 6e-f, representative of two independent
experiments with different T cell donors. d, Quantification of tumor progression
by BLIfor each individual mouse for the experiment described in Fig. 6e,n=5
mice per group. e, Flow cytometric analysis of indicated CD22 CAR constructs
integrating portions of CD3¢ in the endodomains, from one experiment.

f, Mice were inoculated with 1x10° Nalmé6-CD22'*% and then treated with 5x10°
ofindicated CART cells. Shown is the quantification of tumor progression
determined by BLI. Data are mean +S.E.M. of n = 5mice, n =4 for MOCK.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X [

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  FACSDiva ver 8.0.1 (BD Biosciences): Flow cytometric data acquisition
NovoExpress ver 1.6.2 (Agilent): Flow cytometric data acquisition
Gen5 ver 2.00.18 (BioTek): Colorimetric ELISA quantification for cytokine release
IncuCyte S3 ver 2019B Rev2 Software (Sartorius): Cytotoxicity assay
Livinglmage ver 4.7.3 (Perkin Elmer): In vivo bioluminescence imaging
Aura ver 4.0.7 (Spectral Instrument Imaging): In vivo bioluminescence imaging

Data analysis FlowlJo ver 10.10: Flow cytometric data analysis
Microsoft Excel ver 16.85: Bulk data analysis
GraphPad Prism ver 10.2.3: Graphs generation and statistical analysis
SnapGene ver 7.2.1: DNA sequences analysis and molecular cloning
Proteome Discoverer ver 2.3: Data processing and target decoy search of mass spectrometry data
CellRanger v.6.0: demultiplexing and alignment of sequencing reads to host reference genome
mgatk v.0.6.2: demultiplexing of multiple donors using mitochondrial DNA genotypes
Seurat v.5.1: cell type identification, differential gene expression analyses and visualization
Rv.4.2.2: statistical, mass spectrometry and scRNA seq data analysis

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All mass spectrometry data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (dataset identifier: PXD053205).
The scRNA-seq datasets have been deposited in the NCBI Gene Expression Omnibus (GEO) and are accessible through the GEO series accession number GSE270399

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Buffy coats, leukopaks or leukocyte reduction system (LRS) chambers were obtained from consenting healthy donors through
the Stanford Blood Center under an institutional review board (IRB)-exempt protocol.

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size Sample size calculations were not performed. Sample sizes were determined based on prior laboratory experience with well-established,
previously published models (1,2), and are reported for each experiment.
1. Majzner, R.G., et al., Tuning the Antigen Density Requirement for CAR T-cell Activity. Cancer Discov, 2020. 10(5): p. 702-723.
2. Tousley, A.M., et al., Co-opting signalling molecules enables logic-gated control of CAR T cells. Nature, 2023. 615(7952): p. 507-516.
Data exclusions  No data was excluded from analysis.
Replication In vitro and in vivo experiments were reproduced in technical and biological replicates as stated in figure legend.

Randomization  Forin vivo studies, mice were randomized to ensure equal mean tumor burden before T cell treatment.

Blinding For in vivo studies, the technician performing tumor and T cell injections was blinded to the treatment and expected outcomes. No blinding
methods were used for the other experiments due to personnel availability to accommodate such situations.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used From Abcam:

VSV-G (FITC, polyclonal, ab3863, 1:100)
VSV-G (biotin, polyclonal, ab34774, 1:100)

From BD Biosciences:

NGFR (BV421, clone C40-1457, catalog: 562562, 1:200)
CD4 (BUV 395 clone SK3, catalog: 563552, 1:100)

CD8 (BUV 805, clone SK1, catalog: 612889, 1:200)

CD62L (BV60S, clone DREG-56, catalog: 562719, 1:100)
CD45RA (BV711, clone HI100, catalog: 563733, 1:100)
PLCg1 (Alexa Fluor 647, clone 10, catalog: 558565, 1:12.5)
SLP-76 (Alexa Fluor 647, clone H3, catalog: 560057, 1:12.5)
BD QuantiBRITE™ PE beads (catalog: 340495)

From Biolegend:

HA (Pacific Blue, clone 16B12, catalog: 901526, 1:100)

Streptavidin (PE, catalog: 405245, 1:100)

CD45 (PerCP/Cy5.5, clone 2D1, catalog: 304028, 1:100)

CD19 (APC or PE, clone HIB19, catalog: 302212 and 302208, 1:50)
CD22 (APC, clone HIB22, catalog: 302510; PE, clone S-HCL-1, catalog: 363503, 1:50)
HER2 (PE—Cy7 or PE clone 24D2, catalog: 324414 and 324405, 1:50)
ROR1 (PE—Cy7, clone 2A2, catalog: 357808, 1:50)

BCMA (PE, clone 19F2, catalog: 357504, 1:100)

Lck (Alexa Fluor 647, clone Lck-01, catalog: 628304, 1:200)

ZAP-70 (Alexa Fluor 647, clone A16043B, catalog: 693508, 1:100)

eBioscience
Fixable Viability Dye (eFluor 780, catalog: 65-0865-14, 1x)
Custom

Anti-CD19 CAR (clone FMC63): Sourced from Genscript via custom preparation, conjugated using the DyLight 650 Labeling kit
(catalog: 84536)

R&D

LAT (Alexa Fluor 647, clone 661002, catalog: FAB63341R, 1:200)

Recombinant Human Siglec-2/CD22 Fc Chimera Protein (catalog: 1968-SL-050)
Recombinant Human ErbB2/Her2 Fc Chimera Protein (catalog: 1129-ER-050)
Recombinant Human BCMA/TNFRSF17 Fc Chimera Protein (catalog: 193-BC-050)
Recombinant Human ROR1 Fc Chimera Protein (catalog: 9490-RO-050)

Recombinant proteins were conjugated using the DyLight 650 Labeling kit (catalog: 84536)

Validation All antibodies were validated by the manufacturer, as documented on the manufacturer’s website using the provided catalog
numbers. The anti-CD19 CAR idiotype antibody and the staining with the recombinant proteins were validated in house using
untransduced T cells as negative biologic control (used as 1:400 dilution).
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Nalm6-GL was originally provided by Steve Grupp (University of Pennsylvania, Philadelphia, PA), originally obtained from
American Type Culture Collection (ATCC, Manassas). The OPM-2-GFP Luciferase multiple myeloma cell line was obtained
from Eric Smith (Dana-Farber Cancer Institute). 293GP line was provided by the Surgery Branch (NCI).

Authentication All cell lines were previously authenticated by STR fingerprinting prior to their use in the manuscript. Antigen expression was
routinely verified via flow cytometry.

Mycoplasma contamination All cell lines tested negative for mycoplasma using the MycoAlert Mycoplasma Detection Kit (Lonza).

Commonly misidentified lines  No commonly misidentified lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 4~ to 10-week-old male or female NOD/SCID/IL2Rg (NSG, NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ) mice were used for all in vivo
experiments. Mice were housed at 22°C and 50% humidity with a 12-hour light/12-hour dark cycle.

Wild animals The study didn’t involve wild animals.

Reporting on sex Relatively equal numbers of male and female mice (sex matched for each experiment) were used for in vivo experiments.

Field-collected samples  The study did not involve field-collected samples.

Ethics oversight Animal studies were carried out according to Stanford Institutional Animal Care and Use Committee-approved protocol (protocol
33698).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atithentication-procedtures foreach seed stock-tised-or-novel-genotype-generated—-Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

|Z A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Sample preparation is outlined in the methods. Briefly, cells were washed with 2% FBS in PBS.
Cells were subsequently stained with cell surface antibodies for 10 minutes at room temperature protected from light. Cells
were then washed with 2% FBS in PBS and analyzed. For intracellular staining, the manufacturer’s protocol of the Foxp3/
Transcription Factor Staining Buffer Set (eBioscience) was followed. Cells were sorted using a 100 micron nozzle.
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Instrument BD Fortessa and Agilent NovoCyte Quanteon and Penteon flow cytometers.

Software FACSDiva ver 8.0.1 (BD Biosciences) and NovoExpress ver 1.6.2 (Agilent) for data collection. FlowJo ver 10.10 (BD Biosciences)
for data analysis.

Cell population abundance For in vitro analysis of tumor or T cells, abundance was >95%. For ex vivo analysis, samples had varied abundance depending
on experiments.

Gating strategy If a Live/Dead staining was used, cells were first gated for live cells (less stained population). Cells were then gated for single
cells (FSC-A/FSC-H), lymphocyte population (FSC-A/SSC-A) and relevant surface markers.
Exemplary gating strategies are provided in Supplementary Figures, FMOs were used to determine the frequency of CD62L+/-
CD45RA+/- memory T cell populations.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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