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Engineered CD47 protectsT cells for
enhanced antitumour immunity
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Adoptively transferred T cells and agents designed to block the CD47-SIRPa axis
are promising cancer therapeutics that activate distinct arms of the immune
system'2. Here we administered anti-CD47 antibodies in combination with
adoptively transferred T cells with the goal of enhancing antitumour efficacy

but observed abrogated therapeutic benefit due to rapid macrophage-mediated
clearance of T cells expressing chimeric antigen receptors (CARs) or engineered

T cell receptors. Anti-CD47-antibody-mediated CART cell clearance was potent

and rapid enough to serve as an effective safety switch. To overcome this challenge,
we engineered the CD47 variant CD47(Q31P) (47;), which engages SIRPa and
provides a‘don’t eat me’signal that is not blocked by anti-CD47 antibodies. TCR

or CART cells expressing 47; are resistant to clearance by macrophages after
treatment with anti-CD47 antibodies, and mediate substantial, sustained macrophage
recruitment to the tumour microenvironment. Although many of the recruited
macrophages manifested an M2-like profile?, the combined therapy synergistically
enhanced antitumour efficacy. Our study identifies macrophages as major
regulators of T cell persistence and illustrates the fundamental challenge of
combining T-cell-directed therapeutics with those designed to activate macrophages.
It delivers a therapeutic approach that is capable of simultaneously harnessing the
antitumour effects of T cells and macrophages, offering enhanced potency against
solid tumours.

Myeloid cells are the most plentiful immune cells within the tumour
microenvironment (TME) and there has been great interest in thera-
peutically targeting them for antitumour effects® Increased levels of
tumour-associated macrophages (TAMs) associate with poorer out-
comesinnumerous studies, and some preclinical data demonstrate that
reducing or eliminating TAMs enhances responses to chemotherapy
and immunotherapy*®. However, despite dozens of clinical studies
testing agents such as CSF1R and CCR2 inhibitors to deplete TAMs and
tumour-associated myeloid cells, a clear clinical benefit has not been

demonstrated***. Alternatively, increased TAM density is correlated
with improved clinical outcomes in some cancers? and augmenting
TAM phagocytic activity by blocking the CD47-SIRPa axis mediates
antitumour effects in several preclinical models®”. Clinical trials of
CD47-SIRPa axis blockers demonstrated antitumour activity insome
liquid tumours when combined with additional agents, but clinical evi-
dence for single-agentactivity or activity in solid cancersis lacking'® ",
Thus, despite extensive effort, therapeutic approaches to target TAMs
for clinical benefit are lacking.
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Fig.1|Anti-CD47 antibodies abrogate adoptively transferred T cell
efficacy throughmacrophage-mediated T cell depletion. a, 143B
osteosarcomatumour growth after treatment with HER2-BB{ CAR T cells with
orwithout B6H12.b, MG63.3 osteosarcoma tumour growth after treatment
withB7H3-BB{or GD2-BB{CART cells with or without B6H12. ¢, T cells from
blood and tumour inthe MG63.3 model at day 30. Dataare mean = s.d. of
n=3mice.d,A375 melanoma tumour growth after treatment with NY-ESO-1
TCRcellswith or without B6H12. e, T cellsin the blood of mice in the A375model
atday17.f,Nalmé tumour growth after treatment with CD19-BB{ CART cells
with or without CV-1(Fc-dead). g, T cellsin the blood of mice in the Nalm6-CV-1
modelatday1l.Dataare mean +s.d.of n=3(CD19-BB{) or n =4 (CD19-BB{ +
CV-1) mice. h, Nalmé6 leukaemia tumour growth after treatment with CD47
knock out (47,) CD19-28C CAR T cells.i, T cell BLIin the Nalm6-47,, CAR T cell
modelatday11.j, Nalmé leukaemia tumour growth after treatment with

Anti-CD47 abrogates CART and TCRT cell efficacy

To test the hypothesis that augmenting macrophage phagocytosis
through CD47 blockade could improve efficacy of CART cell therapy,
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CD47-overexpressing (47,;) CD19-28C CART cells. k, T cells on day 45 after CAR
treatmentinthe blood of miceinthe Nalm6-47,. CART cellmodel. Dataare
mean+s.d.ofn=4(0.1x10°CD19-287) or n =5 (all others) mice. 1, T cell BLI after
macrophage depletion (left). Dataare mean +s.d. of n =9 (depleted) orn =10
(non-depleted) mice.Right, the fold changein T cell BLI, with or without B6H12,
after macrophage depletion. Dataare mean +s.d. of n=4 (depleted + PBS) or
n=>5(allothers) mice.m, T cell BLIbefore and after B6H12, after macrophage
depletion.Fora,b,d, f handj, dataare mean +s.e.m.of n=5mice perarm for
tumour growth. Foreandi, dataaremean ts.d. of n = 5mice. Statistical analysis
was performed using two-way analysis of variance (ANOVA) with Tukey’s
multiple-comparisontest(a,b,d, f, h,jandl (right)), unpaired two-tailed
Student’st-tests (c, e, g, i, k (right) and I (left)) and two-tailed Mann-Whitney
U-tests (k, left); NS, not significant.

we administered HER2-BB{ CAR T cells with or without the anti-CD47
monoclonal antibody B6H12 to mice bearing 143B osteosarcomaxeno-
grafts. CAR T cells alone induced antitumour effects, but the addi-
tion of anti-CD47 antibodies ablated CAR T cell efficacy (Fig. 1a and



Extended Data Fig. 1a). Similar antagonism was observed withMG63.3
osteosarcoma and D425 medulloblastoma (Fig. 1b and Extended Data
Fig.1b-d). To investigate the cause of therapeutic failure with dual
treatment, we quantified human T cells in tumour-bearing mice after
treatment with B7H3-BB{ CAR T cells + B6H12. Human T cells were
completely absent in the tumours and blood of MG63.3-bearing
mouse recipients of B7H3-BB{ CAR T cells plus B6H12 but present in
mice treated with CAR T cells only and isotype-control-treated ani-
mals (Fig. 1c and Extended Data Fig. 1e-g), and similar results were
observed in the 143B model (Extended Data Fig. 1h). B6H12 also
completely depleted adoptively transferred T cells expressing an
NY-ESO-1-targeting TCR in mice bearing A375 melanoma xenografts
and ablated their antitumour effects (Fig. 1d,e and Extended Data
Fig.1li-k).

To characterize the kinetics of CART cell depletionin B6H12 recipi-
ents, we used bioluminescence imaging (BLI) to monitor CD19-28(
CART cells expressing nanoluciferase (CD19-28{-nLuc) in mice bearing
Nalmé leukaemia expressing firefly luciferase (Nalmé-fLuc). The mod-
est single-agent efficacy of B6H12 in this system was not affected by
co-administration of CD19-28C CART cells. However, B6H12 completely
ablated CD19-28C CART cell efficacy and BLIdemonstrated a significant
loss of CART cell signal after B6H12 treatment, with T cells absent from
the spleens of mice at the conclusion of the experiment (Extended Data
Fig.1l-s). Together, these data demonstrate that anti-CD47 antibod-
iesinduce rapid depletion of adoptively transferred T cells, including
those engineered to express a transgenic TCR or CARs with differing
targeting and costimulatory domains.

CD47is essential for CART cell persistence

To determine whether T cell ablation in these models occurs through
FcR-mediated antibody-dependent phagocytosis®, we administered
CV-1°, a fusion protein that binds to CD47 but does not bind to FcRs.
Similar to the results with B6H12, CV-1 co-treatment with CD19 CAR
T cells abrogated antitumour efficacy in Nalmé6-fLuc-bearing mice,
and induced near total T cell depletion (Fig. 1f,g and Extended Data
Fig. 2a-f). We next tested whether CD47 expression was required for
the survival of adoptively transferred T cells by using CRISPR-Cas9 to
knock out CD47 (47,) in primary human T cells, and then restoring
CD47 protein expression in 47, cells (47,,1, Extended Data Fig. 2g).
47wr CART cells expanded in Nalmé6-fLuc mice and mediated robust
tumour control and significantly prolonged survival, whereas 47,, CAR
T cells were depleted and delivered no anti-tumour activity (Fig. 1h,i
and Extended DataFig. 2h,i). Eveninthe absence of tumour, 47,,; CAR
Tcellsrobustly expanded, while 47,, CART cells were depleted in vivo
(Extended Data Fig. 2j-m).

Given the essential role for CD47 expression for T cell persistence
in vivo, we wondered whether overexpression of CD47 (47;), which
has been reported to prevent immune rejection by allogeneic cells®,
couldenhance CART cell persistence and efficacy inNSG mice, in which
immune rejection does not occur due to profound immune suppres-
sion. Modulation of CD47 expression (either through knock out or
overexpression) or addition of anti-CD47 did not alter CART cell func-
tion in vitro (Extended Data Fig. 3a-1). However, 47, CD19-28C CAR
T cells mediated significantly better long-term antitumour efficacy and
improved T cell persistence compared with the controlsinvivo (Fig. 1j,k
and Extended Data Fig. 3m-o0). Together, these data demonstrate that
the survival of adoptively transferred T cells requires CD47 expression
and SIRPa engagement and that CD47 overexpression enhances CAR
T cell persistence and efficacy, even in the absence of CD47 blocking
agents and in the absence of immune rejection®.

Onthebasis of evidence that CD47 blockade enhances macrophage
phagocytosis of tumour cells’, we examined whether macrophages
mediated T cell depletion induced by anti-CD47 by depleting mac-
rophages (Extended Data Fig. 3p,q) and then treating the mice with

CD19-28¢-nLuc CART cells with or without B6H12. The day after adop-
tive transfer but before B6H12 administration, BLI analysis revealed
significantly higher CAR T cellnumbersin macrophage-depleted mice,
consistent withamodelinwhich macrophages mediate T cell depletion
even in the absence of CD47 blockade (Fig. 11,m and Extended Data
Fig.3r). After B6H12 administration, we observed noloss of CAR T cell
BLIsignal in macrophage-depleted mice, but a significantly reduced
CART cell BLIsignal in mice with anintact macrophage compartment
(Fig. 1I,m and Extended Data Fig. 3r). Together, these results identify
macrophages as barriers to engraftment and antitumour efficacy of
adoptively transferred T cells and demonstrate an essential require-
ment for adequate levels of CD47 on T cells to engage SIRPq, even in
hosts that are incapable of recognizing allogeneic disparities. They
further explain the futility of combining anti-CD47 with adoptive
T cell therapy and implicate macrophage-mediated phagocytosis as
animportant regulator of T cell persistence in vivo.

Human macrophages phagocytose T cells

We nextinvestigated the potential for primary human macrophages to
phagocytose primary human T cellsin vitro. We observed macrophage
phagocytosis of mock-transduced T cells at baseline; however, T cells
transduced to express CARs were phagocytosed at significantly higher
levels, which was further increased with B6H12 (Fig. 2a, Extended Data
Fig.4a,b and Supplementary Video 1). Macrophage phagocytosis is
regulated by a balance of ‘eat me’ signals, such as calreticulin’, and
‘don’t eat me’signals, such as CD47.Flow cytometry revealed that CAR
T cellsexpressed fewer CD47 molecules than the tumour lines usedin
this study (Extended Data Fig. 4c), consistent with a model in which
CART cells present limiting ‘don’t eat me’ signals to macrophages.
CD47 expression was relatively uniform between CD4*and CD8" T cells
and among T cell differentiation states; however, CD47 expression
decreased over timein culture while calreticulin expressionincreased
during the same period (Fig.2b and Extended Data Fig. 4d-h), consist-
ent with amodel in which aged CAR T cells are more susceptible to
phagocytosis.

During the course of these experiments, routine cytologic analysis of
cerebrospinal fluid (CSF) collected froma patient treated with axicabta-
gene ciloleucel (axi-cel), acommercial CD19-28C CART cell therapy,
revealed histiocytes engulfing lymphocytes (Fig. 2c), consistent with
macrophage-mediated phagocytosis. To address this possibility more
systematically, we analysed single-cell RNA-sequencing (scRNA-seq)
data collected from two recent clinical studies of axi-cel for large B
cell lymphoma (LBCL) and GD2-BB{ CAR T cells® for diffuse midline
glioma (DMG). Both datasets demonstrated CAR mRNA in myeloid
cells, consistent with macrophage-mediated phagocytosis of CAR
T cells in humans (Fig. 2d and Extended Data Fig. 4i). These data pro-
vide further evidence in support of amodel in which myeloid cells
phagocytose CART cells, and may therefore limit durable engraftment
of adoptively transferred cells or the survival of activated T cells in
clinical settings.

Anti-CD47 can function as a safety switch

We reasoned that anti-CD47-mediated T cell depletion could be har-
nessed as an off-the-shelf safety switch to mitigate CAR T cell toxic-
ity. To test this, we used a polyspecific integrin-binding peptide (PIP)
CAR, which expresses a cystine-knot peptide binding domain that
targetsintegrins expressed onawide array of malignancies' (Extended
Data Fig. 5a,b). PIP CAR T cells mediated potent activity in vitro, but
osteosarcoma-bearing mice that were treated with PIP CAR T cells
demonstrated acute toxicity (Fig. 3aand Extended Data Fig. 5c). Evenin
non-tumour-bearing mice, treatment with PIP-28CCAR T cells quickly
resulted in toxicity (Fig. 3b and Extended Data Fig. 5d-i). By contrast,
PIP-28C CART cell recipients treated with B6H12 did not demonstrate
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Fig.2|Macrophages phagocytose CART cellsinvitro andin patients.

a, Phagocytosis of co-cultured CFSE" CART cells by primary human macrophages
by flow cytometry. Dataare mean +s.d. of n =3 triplicate wells. Reproducible
across n =4 macrophage donors.b, Thefold changein CD47 and calreticulin
expressionon CART cellsbetween days 25and 16 of culture by flow cytometry.
Dataaremean ts.d. of fold change of values (day 25/day 16) derived fromn =3
donors. MFI, mean fluorescence intensity. ¢, Microscopy images of Wright-
Giemsa-stained histiocytes engulfing lymphocytes collected from the CSF ofa
patientwith LBCL who was treated with CD19-28C CART cells. Representative

any overt toxicity or weight loss, including no detectable human
cytokines in the blood (Fig. 3c-f). Prolonged CART cell persistence
can lead to graft versus host disease (GvHD) in xenograft models.
To determine whether anti-CD47 treatment could durably prevent
GvHD, we monitored Nalmé-bearing mice treated with CD19-BB{ CAR
T cells with or without B6H12 for the development of GvHD after suc-
cessful tumour clearance. After 48 days, we observed GvHD in mice
treated with CD19-BB{ CART cells, evidenced by alopecia and weight
loss, whereas mice that were treated with CAR T cells plus B6H12 did
not develop GvHD (Extended Data Fig. 5j-1). These data suggest that
CD47 blockade could hold promise as an off-the-shelf safety switch
to eliminate CAR-T-cell-associated toxicities, as evidenced by rescue
in a stringent acute toxicity model as well as a model of chronic CAR
T cell toxicity.

Engineered CD47 does not bind to anti-CD47

Toinduce selective tumour phagocytosis through CD47 blockade while
protecting T cells from phagocytosis, we sought to engineer a CD47
variant that ablates anti-CD47 binding but retains SIRP« interaction
(Extended Data Fig. 6a). We first displayed the CD47 Ig-like domain
onthesurface of yeast and detected strong binding to B6H12, but not
SIRPa (Extended Data Fig. 6b-e), due to the lack of a free N terminus
on CD47". We therefore used the engineered SIRPa variant CV-1° as a
proxy for SIRPabinding and subjected alibrary of yeast-displayed CD47
mutant variants to six successive sorts using fluorescence-activated
cell sorting (FACS), alternating between negative sorts against B6H12
and positive sorts towards CV-1 (Extended Data Fig. 6f-h). All of the
variants in the final sort contained a single A30P (CD47(A30P)) or
Q31P (CD47(Q31P)) point mutation (Fig. 4a), which we confirmed,
when displayed as individual CD47 variants on yeast with a free CD47
N terminus?, manifested no binding to B6H12 but retained similar
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T
=10 -5 0

wnnUMAP 1 UMAP 1

ofasamplecollected fromasingle patient.Scale bars,10 um.d, scRNA-seq
landscapes, with CAR mRNA showninred. Left,n= 6,316 CAR' cellssorted from
blood of n=9 axi-cel CD19-28C-treated patients with LBCL collected on day 7
after CART cellinfusion. Right, n=25,598 cells from the CSF of n =4 GD2.
BBU-treated patients with DMG. Bothsampled to 500 cells per patient sample.
Statistical analysis was performed using unpaired two-tailed Student’s t-tests
(aandb); forb, comparisonisbetween expressionvalues of the indicated
grouponday 16 versus day 25.

or enhanced binding to CV-1and SIRP« (Fig. 4b and Extended Data
Fig. 6i-k). These results are consistent with structural understanding
of CD47-SIRP«a interactions, whereby SIRPa predominantly contacts
CD47 through the CD47 FG loop and N-terminus'®, forming more minor
contacts with the CD47 BC loop, which encompasses Thr26-GIn31'®
(Fig.4c and Extended DataFig. 61,m). As the CD47 BCloop lies near the
critical CD47 FGloop, it can serve as an anchoring point for anti-CD47
blocking monoclonal antibodies like B6H12', with the GIn31 residue
appearingtobe particularly important for antibody binding® (Fig. 4c
and Extended Data Fig. 6m).

To determine whether the CD47 variants bound to other CD47
blocking monoclonal antibodies, we analysed their binding to TJC4
(lemzoparlimab) and Hu5F9 (magrolimab) in ayeast display assay. An
alanine scan of the entire BC loop (Thr26-GIn31) revealed that most
mutations allowed for some SIRPa binding, with mutations to Ala30
or GIn31 manifesting the most minimal impact (Fig. 4d and Extended
Data Fig. 6n). HuSF9, which has a binding footprint that largely over-
laps with SIRPa®, demonstrated minimal loss of binding to any of the
BC loop variants. However, TJC4, which structurally binds to CD47
similarly to B6H12?°, no longer bound to CD47(A30P), CD47(Q31P) and
CD47(A30P/Q31A) nor to CD47(E29A), an additional variant that did not
affect B6H12 binding (Fig. 4d). We next profiled the binding of SIRPa,
B6H12 and TJC4 to full-length WT CD47, CD47(A30P), CD47(Q31P)
and CD47(A30P/Q31A) expressed on primary human T cells. Binding
of human and mouse SIRPa was largely unaffected by any of the three
variants and we detected no B6H12 binding to any of the three vari-
ants, while TJC4 binding was completely ablated by the CD47(A30P/
Q31A) double mutant (Fig. 4e and Extended Data Fig. 7a). These data
demonstrate that CD47 mutationsin the BCloop, and Ala30 and GIn31
specifically, generate proteins that retain SIRPa binding but are exempt
frombinding to multiple anti-CD47 monoclonal antibodies, providing
a proof of concept for the ability to engineer ‘don’t eat me’ signalling
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and n=1(mock without tumour) mice. ¢, Mouse weights after PIP-28C CAR T cell
treatment with or without B6H12. Dataare mean +s.d.of n=5mice perarm.

CD47 variants that will not be blocked by anti-CD47 monoclonal anti-
bodies, which we predicted would drive tumour-specific phagocytosis
while sparing T cells in the TME.

47, prevents anti-CD47-mediated phagocytosis

We next measured phagocytosis of 47, Jurkat cells engineered to
express either CD47 WT, CD47(A30P) or CD47(Q31P) by human donor
macrophages. CD47 variants expressed on Jurkat cells demonstrated
similar binding properties to anti-CD47 monoclonal antibodies and
SIRPa as observed on primary T cells, with CD47(Q31P) leading to the
greatest loss of B6H12 binding (Extended DataFig. 7b). Across multiple
donors, macrophages mediated significantly reduced phagocytosis
after B6H12 incubation with either variant, but CD47(A30P) provided
less protection compared with CD47(Q31P), which completely pre-
vented additional phagocytosis after incubation with B6H12 (Fig. 4f
and Extended Data Fig. 7c). On the basis of this promising profile, we
chose to move forward with CD47(Q31P), hereafter 47; (engineered
CD47) for further study.

To study the effects of 47, inhuman T cells, we knocked out endog-
enous CD47,thenretrovirally introduced CAR, TCR, and/or 47, or CD47
WT (47,,1), then measured phagocytosisin vitro and in vivo with or with-
out B6H12. Across multiple T celland macrophage donors, we observed
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Representative of twoindependent experiments.d, The survival of mice
treated with PIP-28C CART cells with or without B6H12. n=5mice per arm.
Representative of twoindependent experiments. e, T cell BLI after treatment
with PIP-28CCART cells with or without B6H12. Data are mean +s.e.m. of
n=5miceperarm.f,IL-2 (left) and IFNy (right) in the blood of mice treated

with PIP-28C CART cells with or without B6H12 on day 4, as determined using
LEGENDPIlex quantitative flow cytometry. Dataare mean +s.d. of n =S mice.
Statistical analysis was performed using log-rank Mantel-Cox tests (aand d),
unpaired two-tailed Student’s t-tests (b), two-way ANOVA (c and e) and one-way
ANOVA with Tukey’s multiple-comparison test (f).

that B6H12 treatment did not enhance phagocytosis of 47, CD19-28C
CART cellsin vitro, in contrast to control 47,, CD19-28C CAR T cells
(Extended Data Fig. 7d). Similarly, while 47,y; or 47, CD19-28{-nLuc
CART cells administered to non-tumour-bearing mice manifested
similar BLI levels before B6H12 administration, B6H12 depleted 47,
CART cells but did not affect the levels of 47, CAR T cell (Fig. 4g and
Extended Data Fig. 7e-g). These data demonstrate that 47, functions
asa‘don’teat me’signalin vitro and in vivo but does not render T cells
susceptible to phagocytosis after B6H12-mediated CD47 blockade.

CART cellsrecruit macrophages into tumours

We next quantified macrophage-mediated T cell phagocytosis in the
stringent 143B model (Fig. 1a). CFSE-labelled HER2-BB{ CART cells
were injected intratumourally into established orthotopic tumours,
with or without B6H12 treatment. Tumour samples revealed robust
macrophage infiltration, and trends of decreased CAR T cells and
increased CFSE" macrophages after B6H12 treatment, consistent with
phagocytosis of CAR T cellsin vivo (Extended Data Fig. 7h-1). We next
treated 143B-tumour-bearing mice withno T cells, mock, or 47,,; or 47,
HER2-BB{CART cells with or without B6H12 and observed significant
increases in mouse macrophages in CAR T cell recipients compared
with in the mock or untreated animals (Fig. 5a). B6H12 did not affect
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yeast-displayed CD47 WT, CD47(A30P) and CD47(Q31P).c, Crystal structures
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the TME macrophage levels in the recipients of 47; CAR T cells, but
significantly reduced the macrophage levels in the recipients of 47,y
CART cells coincident with CART cell depletion (Fig. 5a and Extended
DataFig. 8a,b). Confirmed through scRNA-seq analysis, CART celland
macrophage tumour infiltration were highly correlated, consistent with
amodelinwhich CART cells recruit macrophages into the tumour, and
macrophage persistenceis dependent on CART cell persistencein the
tumour (Fig. 5b and Extended Data Figs. 8c-fand 9a-c).

scRNA-seq profiling of 47,,; and 47.CAR T cell recipients dem-
onstrated robust T cell expression of TNF, IFNG, CCL3, CCL4, CCLS,
CSF1 (also known as M-SCF) and CSF2 (also known as GM-CSF) (Extended
Data Fig. 9d), which collectively attract and activate monocytes and
macrophages and have beenimplicated in T-cell-mediated recruitment
of macrophages into tumours®. Gene expression in recipients of 47;
CART cells was essentially unchanged with or without B6H12 therapy,
whereas T cellsinthe TME of B6H12 recipients co-treated with 47, CAR
T cells showed 595 differentially expressed genes (DEGs) compared
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withthose co-treated with47,,; CART cells (Extended Data Fig. 9e and
Supplementary Table 1), including increased proinflammatory genes
sets such as IL-12, CD40/CD40L and NF-kB signalling (Fig. 5c). These
data provide evidence for substantial cross-talk between myeloid cells
and T cells within the 47, CAR T cell TME, which is lacking in the TME
of 47, CAR T cell recipients after B6H12-induced T cell depletion.
DEG analyses within the major macrophage clusters across treatments
showed that treatment with47,,; CART cellsaloneinduced 621 DEGsin
macrophages compared with the untreated condition, and this effect
was magnified after 47, CART cell co-treatment with B6H12, with 718
DEGs (Extended Data Fig. 9f and Supplementary Table 2). Notably,
the effect of B6H12 therapy on macrophage gene expression when
administered as a single agent was minimal (46 DEGs), while B6H12
co-administration with 47,,; CAR T cells substantially reduced mac-
rophage DEGs, probably due to CAR T cell depletion (Extended Data
Fig. 9f). By contrast, pathway analysis of genes upregulated by 47;
CART cells plus B6H12 highlighted macrophage activation indicated



a b c
NPS =00075 T cells: Mock CAR  CAR
Flow: © pBS @ B6H12 Poooi1 CD47: 4Tt 47,
IHC: ® PBS @ B6H12 _— B6H12: - 4+ - 4+ - o+ - 4 Calcineurin-regulated NFAT-dependent
P=19x10% NS transcription in lymphocytes — *8.91 x 1078
" 40,000~ NS - 60 1.00 e Calcium signalling i . 7
8= Poa7x10° g in the CD4* TCR pathway 262107
g § 30,000 P=1.4x10"% 075 CD40/CD40L signalling - *3.13 x 107
oL ! sy < -9
3 P = 0.0367 - 40 § . BCR signalling pathway | *6.65 x 1077
£o Q 2 . .
- § 20,000 ] E g’— 0.50 - PDGFRA signalling pathway — *3.56 x 1078
2 :
é § NS — NS . § 2 IL-12-mediated signalling events | *1.26 x 1075
22 10,000 : I ;ﬂ N B & 0254 Osteopontin-mediated events | *1.48 x 105
S O
=S E ‘ 8 * i IL-12 signalling mediated by STAT4 — *1.68 x 10
Y T T T 0 04 Regulation of telomerase - *1.84 x 1078
No Mock 47, 47, T T
T cells CAR AR M oo Monocyte/ T cell 0 32 4 & 8
macrophage log+ [P]
. Fibroblast/ . Neutrophil . Tumour o
endothelial
T cells: Mock CAR CAR
cD47: A7 4T,
BEH12: - + - + - 4+ - 4 e
1,004 Mock Antares 47, Antares HER2-BB( 47E Antares HER2-BB(
c0: Mac M2c-like 1
< Ve veara- "
0.75 [is]
B <2: vo-0c = 1.6x10°
>
o
S c3: Mo VCAN*
= 0.50
g . c4: Mac C1Q* |
2 |
. = + o
025 .cS.MoIL1B T §.0x103
’ . c6: Mac MALAT1+* 8 (psem?sr)
N ....I.I-
f g h i
-@- Mock
I
~B- Mock + B6H12 NS
A IS - Treatment -@- Mock 9
. g )
] a7 vER2BEL | 5 | sl Ns @PBS EB6HI2 & Mock NSIg g
reatment S} x Sle |8
@PBS V- 47y HereBBL | INS| +B6H12 L1518
NS TeeH: A S P=53x105 NS SlalT|s
[ B6H12 NS 3.000 2 W 400 - 2,000 ~®° 47 NY-ESO-1 8 o |
3 100 o — - 47, HER2-BBL ~ & I
g NS % > . T © 47,NVESO-1 S |
2 £ ©- 47, HER2-BBY N o _ o
= P=29x10% s “BeH12 i £ 300 E 1,500 +B6H12 a
g 5§ 2000 e 5 £ /
o ] a =
3 © ) < ) 2 200 $ 1000  Anti-cD47
© 50 3 Anti-CD47 (B6H12) 8 5 @®6H12) § /
c € = g /
g 2 1,000 = a 5 ¢ ¢ ,l
3 Q CART cells £ 1004 © 500 &
: g 5 g
g : <
o @ had
0 Tk T 0= T T T T 0 Tl T 0 Q0 0Q 00 QO
4T 47 5 10 15 20 25 Mock 47¢ 10 20 30 40 50 60
) . ESO- 6
HER2-BB{ CAR T cell Time after tumour engraftment (days) NY-ESO-1 TCR1TXc1eI?s Time after tumour engraftment (days)

Dose: 4 x 10° HER2-BB{

Fig.5|47, T cell therapy plus anti-CD47 treatment leads to enhanced
antitumour efficacy throughrecruitment of distinct macrophage
populations. a, Macrophagesidentified by flow cytometry (flow; left axis)
and immunohistochemistry (IHC; right axis) of excised 143B osteosarcoma
tumours treated withno T cells, mock, 47,,; or 47. HER2-BB{ CAR T cells with or
without B6H12. Dataare the mean of n =2 (flow:47.CAR + B6H12) or mean +s.d.
of n=3(all others) mice.b, The composition of cells identified using scRNA-seq
fromtumourstreatedasina.n= 53,062 cells from 8 experimental conditions.
DC, dendritic cells. ¢, Enrichr pathway analysis of the top 100 upregulated
genesin CART cells from tumours treated with 47, CAR T cells + B6H12 versus
47,1 CART cells + B6H12. The results show the Pvalue (two-sided Fisher’s exact
test) for each pathway. d, The composition of macrophage clusters (cO-c6)
after subsetting and reclustering, coloured by cluster, across the experimental

by enrichment of lysosome, complement, antigen presentation and
phagosome pathways (Extended Data Fig. 9g).

To further characterize changes in the macrophage compartment
inducedby 47, CART cells, we reclustered the macrophage/monocyte
cluster (Extended DataFig. 9h,i). As observedin clinical data (Fig.2d), we
identified numerous macrophages that contained human CD3E mRNA
within multiple CAR-T-cell-treated macrophage subclusters (Extended
Data Fig. 9j), consistent with macrophage-mediated phagocytosis of

Dose: 2.75 x 10° NY-ESO-1

conditionsdescribedina.n =13,082 cells from 8 experimental conditions.
Mac, macrophage; Mo-DC, monocyte-derived dendritic cell; Mo, monocyte.

e, Tcell BLIin143B-tumour-bearing mice treated with 47,,; or 47, Antares
HER2-BB{CART cells with or without B6H12 on day 13. Tumours were engrafted
intherightleg.f, T cellsin the blood of 143B-tumour-bearing mice, treated as
describedine,onday14. Dataare mean ts.d. of n=5mice perarm. g, 143B
tumour growth after treatmentasdescribedine.Dataaremean+s.e.m.ofn=5
mice perarm.h, T cellsinthe blood of A375-tumour-bearing mice, treated with
47 NY-ESO-1TCR T cellswith or without B6H12, onday15. Dataare mean +s.d.
of n=5miceperarm.i, A375 melanomatumour growth treated asinh. Dataare
mean +s.e.m.of n=5mice perarm. Statistical analysis was performed using
two-way ANOVA with Tukey’s multiple-comparisontest (a, b, f,gand i) and
unpaired two-tailed Student’s t-tests (h).

CART cells. We also observed expansion of macrophage cluster cO,
which was enriched after CAR T cell treatment and further expanded
after treatment with 47, CAR T plus B6H12, but substantially reduced
after treatment with 47,,; CAR T cells plus B6H12 (Fig. 5d), suggesting
that these macrophages are dependent on CAR T cell accumulation
within the TME. Key DEGs in the expanded cluster, such as Argl, Mrcl,
Chil3and Tir1, were associated with M2c-like macrophages® (Extended
Data Fig. 9k and Supplementary Table 3). While M2 macrophages are
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generally understood tobe protumorigenic, they have alsobeen dem-
onstrated to manifest strong phagocytic potential, especially those in
the M2c subclass®.

Together, these results demonstrate afeedforward loop inwhich CAR
Tcellsdrive the recruitment and activation of macrophages within the
TME and, simultaneously, macrophages enhance immune-activating
pathways in 47; CART cells in the TME. These effects did not occur
within the 47, CAR T cell TME, in which CD47-blockade-mediated
CARTcelldepletion abrogates the cycle. The data further demonstrate
robust cross-talk between CAR T cells and macrophages in the TME,
resultingintheinduction of several proinflammatory gene expression
programs that are predicted to enhance antitumour effects.

Anti-CD47 enhances efficacy of 47. CAR/TCRT cells

We next assessed the antitumour effects of 47,,; versus 47 T cells plus
anti-CD47 therapy in multiple tumour models. In 143B, in which both
CART celland anti-CD47 therapy have minimal effect as monotherapies
(Fig.1a), we observed marked T-cell-mediated recruitment of mac-
rophages into tumours (Fig. 5a,b). After treatment with B6H12, 47,
CART cells were completely depleted, while 47, CART cells persisted
for multiple weeks (Fig. 5e,fand Extended Data Fig.10a-e). Neither 47,
or47.CARTcellsalone, normock T cells or47,,; CAR T cells paired with
B6H12, mediated significant antitumour effects, whereas B6H12 plus
47 CART cells induced a significant delay in tumour growth and an
improvementin overall survival (Fig. 5g and Extended Data Fig. 10f-h).
Similar results were seen with lower doses of anti-CD47, which may be
associated with reduced toxicity in clinical studies™ (Extended Data
Fig.10i,j).

We also paired B6H12 with 47,,; versus 47, B7H3-BB{ CAR T cells
in metastatic neuroblastoma and observed enhanced persistence
and improved antitumour efficacy with 47 CAR T cells plus B6H12
(Extended DataFig.11a-d) and enhanced antitumour efficacy with 47,
versus 47, CD19-28C CART cells plus B6H12 in mice bearing Nalmé6-fLuc
leukaemia (Extended Data Fig. 11e,f). Finally, in the A375 melanoma
model, B6H12 depleted NY-ESO-1T cells expressing endogenous CD47
(Fig.1e), while 47, NY-ESO-1T cells persisted (Fig. 5h and Extended Data
Fig. 11g,h). A375 tumour growth was minimally slowed by B6H12 plus
mock T cellsand treatment with47.NY-ESO-1T cellsalone led toinitial
tumour control, but ultimate tumour outgrowth. By contrast, mice
treated with 47.NY-ESO-1T cells and B6H12 demonstrated complete
tumour controland cure in all of the mice treated (Fig. 5i and Extended
DataFig. 11i,j).

Together, these data demonstrate that CD47 blockade paired
with 47, expressed in therapeutic T cells protects T cells from
macrophage-mediated phagocytosis and results in a considerable
and sustained influx of macrophages within the TME, associated with
T cell-macrophage cross-talk. The outcome is a strong antitumour
synergy in solid, liquid and metastatic tumours, even at low doses
and in conditions in which both single-agent therapies manifest
no activity.

Discussion

Previous studies reported that CD47 is necessary to prevent immune
rejection” and that CD47 overexpression combined with MHC knock-
outimpartsresistance of CART cells to allogeneicimmune rejection®.
Our findings demonstrate that, even in the absence of immune rejec-
tion, CD47isrequired for the survival of adoptively transferred T cells
and CD47 overexpressionimproves CART cell persistence and efficacy
(Fig.1j,k). Anti-CD47 treatment in NSG mouse hosts induced rapid and
complete macrophage-mediated depletion of adoptively transferred
T cells (Fig.1), which was sufficiently rapid and potent to mediate com-
plete protection in a lethal CAR T cell toxicity model (Fig. 3), provid-
ing evidence to support testing of CD47-SIRPa blockers to mitigate
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toxicities resulting from adoptive T cell therapeutics, which could
have immediate clinical benefits. These results align with data dem-
onstrating that CD47knockout CART cells show limited persistence
in xenograft models? and observations of reduced total and antigen
specificlymphocytes, increased susceptibility toinfection and reduced
susceptibility to autoimmunity in Cd47 and Sirpa knockout mice?*%,
Relevanceto theclinical setting is provided by the observation of lym-
phopaeniain studies of magrolimab and evorpacept, both of which
block CD47 engagement of SIRPa'*%2,

Although T cell depletion was greatly enhanced by CD47 blockadein
our studies, our datademonstrate that macrophage phagocytosis limits
the persistence of adoptively transferred T cells even in the absence
of CD47-SIRPa blockade (Fig. 11 and Extended Data Figs. 7h-land 9j).
Clinical scRNA-seq data also consistently identified CAR transcripts
within myeloid cells (Fig. 2d). Together, these findings are consistent
with a model in which macrophage phagocytosis has an important
role inregulating T cell homeostasis. It is well recognized that CD47
blockade selectively depletes aged red blood cells™*°. We observed
increased expression of ‘eat me’ signals and decreased expression of
CD47 on T cells after prolonged culture (Fig. 2b and Extended Data
Fig.4d-h), raising the prospect that the CD47-SIRPa axis may similarly
regulate the clearance of aged T cells. Future researchis needed to bet-
ter define the relationship between T cell activation and differentiation,
and expression of pro-phagocytic and anti-phagocytic receptors, and
phagocytosis susceptibility.

We observed that CAR T cells induce a rapid influx of macrophages
into tumours (Fig. 5a,b), and that macrophage persistence is depend-
ent on CART cell persistence. As a result, 47, CAR T cell recipients
manifested extensive cross-talk between myeloid cells and T cells in
the TME, including induction of [L-12, CD40L and NF-kB signalling in
T cells (Fig. 5c), which have been demonstrated to augment antitumour
effects’. Thus, 47; protected T cells from anti-CD47-mediated phago-
cytosis (Fig. 4f,g and Extended Data Fig. 7), while enhancing tumour
phagocytosis, antigen presentation and inducing a pro-inflammatory
TME. Additional studies are needed to test 47, in fullyimmunocompe-
tent systems to understand the impact on other immune cell types,
including endogenous T and natural killer cells*. While B6H12 is a
research-grade antibody, the CD47 variants generated in this study
also ablated binding to the clinical grade antibody TJC4 (lemzoparli-
mab)? (Fig. 4d,e), leading us to predict that 47, could allow pairing of
adoptive therapies with clinical grade anti-CD47 antibodies. Further
enhancements could be developed for this approach®, including
pairing with additional antibodies? and inducing T cell secretion of
CD47-SIRPa blockers¥?,

TAMs are among the most plentiful cells in the TME, and there has
been great interest in harnessing their antitumour properties, but
effective macrophage-modulating therapeutics for cancer are lack-
ing® Neither CSFIR and CCR2inhibitors, which inhibit recruitment of
monocytes to the TME and reduce or eliminate TAMs*3, nor approaches
to modulate macrophage states from those withimmunosuppressive
profiles, including the M2-like subset, toward those with more inflam-
matory profile have mediated clear therapeutic benefit>?, Similarly,
although systemic blockade of the CD47-SIRPa axis mediated antitu-
mour effects in several preclinical models®™, clinical benefit as single
agentsand insolid cancersislacking'®". The data presented here sug-
gest that this conundrum may be explained by the double-edged sword
that TAMs represent within the TME, whereby antitumour effects of
manoeuvres designed to augment macrophage phagocytosis are offset
by phagocytosis of tumour reactive T cells. Conversely, eliminating or
reducing TAMs may diminishimmunosuppression and phagocytosis
of tumour infiltrating T cells, but these benefits are offset by loss of
tumour phagocytosis by macrophages. Our data demonstrate that
pairing 47, CAR T therapy with anti-CD47 is an exciting prospect that
could enhance the potency of adoptive T cell therapies, especially in
solid cancers.
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Methods

Celllines

The Nalmé6 B-ALL cell line was provided by D. Barrett and retrovirally
transduced to express GFP and firefly luciferase. 143B osteosarcoma
cellswereacquired from the American Type Culture Collection (ATCC)
andthenretrovirally transduced with human CD19. The CHLA-255 neu-
roblastoma line was obtained and provided by R. Seeger and retro-
virally transduced with GFP and firefly luciferase. MG63.3 cells were
provided by C. Khanna and retrovirally transduced with GFP and fire-
fly luciferase. D425 cells were provided by S. Chesier and retrovirally
transduced to express GFP and firefly luciferase. Nalmé6 and MG63.3
cells were originally obtained from ATCC. D425 cells were originally
obtained from Sigma-Aldrich. A375 melanoma cells and Jurkat cells
(cloneE6-1) were obtained from ATCC. The 293GP retroviral packaging
line was provided by the Surgery Branch (National Cancer Institute,
National Institutes of Health). HEK293T lentiviral packaging cells were
obtained from ATCC. Expi293 protein production cells were obtained
from ATCC.

D425 cells were maintained in serum-free medium supplemented
with B27 (Thermo Fisher Scientific), EGF, FGF (Shenandoah Biotech-
nology), human recombinant LIF (Millipore) and heparin (StemCell
Technologies). Nalmé, 143B, A375, MG63.3, CHLA-255 and Jurkat cells
were cultured in RPMI-1640 (Gibco). 293GP and HEK293T cells were
cultured in DMEM (Gibco). Expi293 cells were cultured in Expi293
medium (Thermo Fisher Scientific). Cell line culture medium was sup-
plemented with10% FBS,10 mM HEPES, 2mM L-glutamine, 100 U mI™
penicillinand 100 pg ml™ streptomycin (Gibco), except for the Expi293
medium. Short tandem repeat DNA profiling of all cell lines was con-
ducted once per year (Genetica Cell Line testing). All cell lines were
routinely tested for mycoplasma. Cell lines were cultured at 37 °Cin
a5% CO, environment.

Source of primary human T cells and macrophages

Buffy coats from healthy donors were purchased from the Stanford
Blood Center under an IRB-exempt-protocol. Leukopaks from healthy
donorswere purchased from StemCell Technologies. Primary human
T cellswere purified by negative selection using the RosetteSep Human
T cell Enrichment kit (StemCell Technologies) and SepMate-50 tubes.
Tcellswere cryopreserved at 2 x 107 cells per mlin CryoStor CS10 cry-
opreservation medium (StemCell Technologies) until use. Primary
peripheral monocytes were purified through successive density gra-
dients using Ficoll (Sigma-Aldrich) and Percoll (GE Healthcare). Mono-
cyteswere then differentiated into macrophages by 7-9 days of culture
inIMDM +10% AB human serum (Life Technologies).

Viral vector construction

AlIDNA constructs were visualized using SnapGene software (v.6.0.2;
Dotmatics). All retroviral constructs were cloned into the MSGV1ret-
roviral vector®. The following CAR and TCR constructs used in this
study were previously described: B7H3-BB{*, GD2-BBTY, CD19-BBT*,
HER2-BB{*, CD19-287*?, HA-28C** and NY-ESO-1**. B7H3-BB{ was pre-
viously generated by fusing, from N to C terminus, a human GM-CSF
leader sequence, scFv derived from MGA271 in the VH-VL orienta-
tion and (GGGS); linker sequence, CD8a hinge and transmembrane
sequence, and human4-1BB and CD3intracellular signalling domains.
GD2-BB(, HER2-BB{and CD19-BB{ were generated previously by clon-
ing scFvs derived from14G2A,4D5 and FMC63 antibodies, respectively,
into the B7H3-BB{ vector in place of the MGA271 scFv. CD19-28( was
generated previously by replacing the 4-1BB domainin CD19-BB{ with
theintracellular signalling domain of human CD28. HA-28(C was gener-
ated previously by replacing the FMC63 scFv with the 14G2a scFv con-
taining a point mutation (E101K) followed by a spacer region derived
from the CH2CH3 domains of IgGl1. PIP-28C and PIP-BB{ were gener-
ated by replacing the FMC63 scFv with the 2.5F knottin'®* followed

by a Flag-tag sequence (DYKDDDDK) in the CD19-28C and CD19-BBC
vectors, respectively. The in vivo T cell activation reporter was con-
structed by cloning a sequence containing firefly luciferase into the
pGreenFirel-NF-kB lentiviral vector (System Biosciences) under the
NF-kB responsive promoter®, CD47 vectors were generated by insert-
ing codon-optimized CD47 sequences (variantand WT) in place of the
CD19-BB{ sequence. For in vivo tracking, CAR-nLuc plasmids were
generated by replacing the stop codoninthe CD3{with asequence con-
taining a porcine teschovirus-12A (P2A) ribosomal skipping sequence,
followed by nanoluciferase®. Antares plasmids were generated by
inserting the Antares sequence® in place of the CD19-BB{ sequence.
The NY-ESO-1TCR construct was generated by inserting the NY-ESO-1
« chain, followed by a P2A sequence, followed by the 3 chainin place
of CD19-BBC.

Virus production

Retroviral supernatant was packaged using 293GP cells and the RD114
envelope plasmid. In brief, 11 pg RD114 and 22 pg of the correspond-
ing MSGV1 transfer plasmid were delivered to 293GP cells grown on
150 mm poly-D-lysine dishes (Corning) to 80% confluency by transient
transfection with Lipofectamine 2000 (Thermo Fisher Scientific).
The medium was replenished every 24 h. Virus production was per-
formed side by side for comparable CAR, TCR and CD47 constructs.
Theretroviral supernatant was collected 48 and 72 h after transfection.
The supernatants from replicate dishes were pooled, centrifuged to
deplete cell debris and stored at —80 °C until use. Third-generation,
self-inactivating lentiviral supernatant was similarly produced with
HEK293T cells using 7 ug pMD2.G (VSVg) envelope, 18 pg pMDLZ/pRRE
(Gag/Pol), 18 ug pRSV-Rev and 20 pg of the corresponding transfer
plasmids. All of the constructs were retroviral, except for the T cell
NF-kB activation construct, which was lentiviral.

CARTand TCRT cell manufacturing

At day O, primary human T cells were thawed and activated with
anti-CD3/CD28 human T-Expander Dynabeads (Thermo Fisher Sci-
entific) at a 3:1 or 1:1bead to cell ratio. On day 2, virus-coated culture
plates were prepared on non-tissue-culture-treated 12-well plates
that had been precoated with RetroNectin (Takara Bio) according to
the manufacturer’s instructions, by incubating with 1 ml of retroviral
supernatant (2 x 10’-5x 10’ TU ml™) and centrifugation at 3,200 rpm
and 32 °Cfor2 h. The supernatant was subsequently aspirated off of the
wells and 0.5 x 10°-1x 10° T cells were added in 1 ml of T cell medium
comprising AIMV (Thermo Fisher Scientific), 5% FBS,100 U ml™ peni-
cillin (Gibco), 100 mg ml™ streptomycin (Gibco), 2 mM L-glutamine
(Gibco), 10 mM HEPES (Gibco) and 40 U ml™ rhIL-2 (Peprotech).
After addition of the T cells, the plates were gently centrifuged at
1,200 rpm for 2 min then incubated for 24 h at 37 °C under 5% CO,.
This transduction process was repeated on day 3 and day 4 (if neces-
sary). Dynabeads were removed on day 4 or day 5 by magnetic separa-
tion. Cells were maintained between 0.4 x 10° and 2 x 10° cells per ml
and expanded until day 10-12. Typically, T cells were transduced with
CAR or TCR and Antares (if used) on day 2, and then CD47 variants on
days3and 4.

CRISPR-Cas9 KO of CD47 and AAVS1

Ribonucleoprotein (RNP) was prepared using synthetic sgRNA with
2’-0-methyl phosphorothioate modification (Synthego) diluted in
TE buffer at 120 pM. A total of 5 pl sgRNA was incubated with 2.5 pl
duplexbuffer (IDT) and 2.5 pg Alt-R Streptococcus pyogenes Cas9 Nucle-
ase V3 (IDT) for 30 min at room temperature. Reactions (100 pl) were
assembled with 5 million T cells orJurkat cells, 90 pl P3 buffer (Lonza)
and 10 pl RNP. Cells were pulsed with protocol EO115 using the P3 Pri-
mary Cell 4D-Nucleofector Kit and 4D-Nucleofector System (Lonza).
Cells were recovered immediately with warm medium for 6 h before
transduction with CAR or TCR. Cells were electroporated with RNP on



day 2 after thaw and transduced later the same day. Guide sequences
were as follows: CD47, 5"-AUGCUUUGUUACUAAUAUGG-3’; AAVSI,
5’-GGGGCCACUAGGGACAGGAU-3".

Flow cytometry analysis of mammalian cells

Cells were washed with FACS buffer (2% FBS in PBS) before staining.
Staining was performed in FACS buffer for 30 min at 4 °C. In certain
experiments, cells were first stained with Fixable Viability Dye eFluor
780 (eBioscience, 1:2,000) in PBS for 10 min at room temperature
before washing with FACS buffer and staining with other antibod-
ies. After staining, cells were then washed once with FACS buffer and
analysed on the BD Fortessa system. FACSDiva (v.8.0.1; BD) software
was used for data collection and FlowJo software (v.10.8.1; BD) was
used for data analysis (gating strategies are shown in Supplementary
Fig.2).

Recombinant B7H3-Fc and HER2-Fc (both R&D systems, 1:400 dilu-
tion) were used to detect B7H3 and HER2 surface CAR, respectively.
Likewise, anti-FMC63 idiotype antibody (Genscript, 1:400) was used to
detect CD19 CARs, while anti-14G2aidiotype antibody (National Cancer
Institute, 1:400) was used to detect GD2 and HA CARs. CAR detection
reagents were fluorescently labelled using the DyLight 650 Microscale
Antibody Labelling Kit (Thermo Fisher Scientific). Anti-DYKDDDDK
tag (Flag tag, APC, L5, BioLegend, 1:400) was used to detect the PIP
CAR.NY-ESO-1TCR was detected with antibodies specific for Vp13.1
(APC, H131, BioLegend, 1:100), the beta chain of the NY-ESO-1 TCR.
CD47 was detected with B6H12*”* (BV711 and PE, B6H12, BD, 1:100;
APC, B6H12, Invitrogen, 1:100; or unlabelled, Bio X Cell, concentra-
tions arelisted in the figures), TJC4?° (unlabelled, producedin-house,
concentrations are listed in the figures), Hu5SF9" (unlabelled, produced
in-house, concentrations are listed in the figures), CV-1-Fc (unlabelled,
ALX Oncology, concentrations are listed in the figures), mSIRPa-Fc
(unlabelled, Sino Biological, concentrations are listed in the figures)
or hSIRPa-Fc (unlabelled, Sino Biological, concentrations are listed
in the figures), followed by detection with polyclonal anti-mouse or
anti-humanIgG antibodies (AF488 and AF647, polyclonal, Invitrogen,
1:500). migGlisotype control antibodies (unlabelled, MPOC-21, Bio
X Cell, 1:100 and PE, B11/6, Abcam, 1:100) were used as controls for
B6H12 staining. The following antibodies were used for detection of
cell surface proteins: calreticulin (PE, FMC 75, Abcam, 1:100); human
CD4 (BUV 395,SK3,BD, 1:200); human CD8 (BUV 805, SK1, BD, 1:400);
human CD45 (Per-CP-Cy5.5, HI30, Invitrogen, 1:50); human CD69
(BV421,FN50, BioLegend, 1:100); human CD39 (BV605, Al, BioLegend,
1:100); human TIM3 (BV510, F38-2E2, BioLegend, 1:100); human LAG3
(PE, 3DS223H, Invitrogen, 1:100); human PD1 (PE-Cy7,J105, Invitro-
gen, 1:100); human CD45RA (BV785, HI100, BioLegend, 1:100); human
CD62L (BV605, DREG-56, BD, 1:100); human CD3 (BUV 737, SK7, BD,
1:100); mouse CD45 (BUV 805, 13/2.3, BD, 1:100); F4/80 (BV605, BMS8,
BioLegend, 1:100); CD11b (APC, M1/70, BioLegend, 1:50 and BUV 395,
M1/70, BD, 1:100); human CD19 (BUV 496, SJ25C1, BD, 1:100). Annexin
Vwas detected using the eBioscience Annexin V Apoptosis Detection
Kit (Invitrogen) according to the manufacturer’s instructions.

BLI analysis

Mice were administered 200 pl of 15 mg ml™ p-luciferin for firefly
luciferase imaging or a1:40 dilution of Nano-Glo substrate (Promega,
dilutedin DPBS) for Antares and nanoluciferase imaging by intraperito-
nealinjection.Images were acquired onthe IVIS (Perkin ElImer) or Lago
(Spectral Instruments Imaging) imaging system 4 min after injection
for fLuc and 8 min after injection for nLuc/Antares using 30 s exposures
and medium binning. If saturated pixels were detected in the image, an
additionalimage was acquired using the auto-expose setting. Total flux
was measured using Living Image (v.4.7.3; Perkin ElImer) or Aura (v.4.0.7;
Spectral Instruments Imaging) software with aregion ofinterest around
thebody of eachmouse. Only non-saturated images were used for quan-
tification of BLI. Mice were randomized before T cell administration

toensure uniformdistribution of tumour burden between groups. At
the end of the experiment, all of the images were collected into asingle
sequence on Aura and set to the same luminescence scale.

Recombinant protein cloning and production

The gWIZ vector with a BM40 signal peptide was used for protein
expression. DNA encoding the Hu5F9 (magrolimab') heavy chain
with an hlgG1 Fc domain, HuSF9 light chain, TJC4 (lemzoparlimab?)
heavy chainwith an higGl Fc domain and TJC4 light chain were ordered
from IDT.Heavy and light chains were individually cloned into an Ascl/
BamHI-digested gWIZ vector using Gibson assembly. Plasmids were
transfected into Expi293F cells (Thermo Fisher Scientific) atal:1ratio
of heavy chain:light chainusing ExpiFectamine according to the manu-
facturer’sinstructions. Then, 5 days after transfection, the supernatant
was collected, adjusted to pH 8.0 and sterile-filtered. HuSF9 and TJC4
were then purified using recombinant Protein A-Sepharose 4B (Thermo
Fisher Scientific) buffer-exchanged into PBS and concentrated using
Amicon Centrifugal Filters (Millipore Sigma). To assess CD47 binding,
cells were stained with Hu5F9 or TJC4 and then stained with labelled
anti-human secondary antibodies (AF488 or AF647, Invitrogen,1:500).
B6H12¥*8 and mIgGlisotype control (MOPC-21) were acquired from Bio
X Cell. CV-1variants (ALX-222, CV-1-hlgGl Fc; and ALX-90, CV-1-hlgG1
dead Fc) were acquired from ALX Oncology. Human SIRPa-mFc and
mouse SIRPa-hFc were acquired from Sino Biologic.

Animal models

NSG mice (NOD.Cg-Prkdcs“I12rgt™"/Sz]) were purchased from the
Jackson Laboratory and bred in-house under Stanford University
APLAC-approved protocols. Healthy male and female mice that were
used for in vivo experiments were aged between 6 and 10 weeks at
tumour or T cell engraftment and were drug naive, and not involved
inprevious procedures. The mice were housed in sterile cagesinabar-
rier facility at Stanford University at 22 °C and 50% humidity under
al12 h-12 hlight-dark cycle. Veterinary Services Center (VSC) staff
at Stanford University monitored the mice daily. Mice were eutha-
nized when they manifested persistent hunched posture, persistent
scruffy coat, paralysis, impaired mobility, greater than 20% weight
loss, if tumours significantly interfered with normal bodily functions
orifthey exceeded limits designated in APLAC-approved protocols of
1.70 cmin any direction. According to the recommendations of VSC
staff, mice with morbidities were supported with 500 pl subcutaneous
saline, diet gel (DietGel 76A, ClearH20) and wet chow. For all experi-
ments, no sample size calculations were performed, but group sizes
were determined by experience with well-established, previously pub-
lished models®***8, Cages of mice that were previously engrafted with
tumour were randomly assigned CAR T cell and anti-CD47 conditions
for infusion, ensuring approximately equal distributions of tumour
size between groups before treatment. Tumour engraftments and
T cell infusions were performed by a technician who was blinded to
treatments and expected outcomes.

143B osteosarcoma tumour model
0.5x10°0r1x10°143B or 143B-CD19 cells (143B cells engineered to
over-express CD19;143B cells do not naturally express CD19) in100 pl
DPBS were injected into the tibial periosteum of six- to ten-week-old
NSG male or female mice (engraftment dose indicated below for each
specific study)*®. Generally, 5 days after tumour implantation and
after visual confirmation of tumour formation, mice were treated
with HER2-BB{ CART cells, followed by two doses of B6H12. Tumour
progression was monitored by measurement using callipers. Mice were
euthanized according to the criteria described in the ‘Animal models’
section. Specifics for different iterations of the model presented are
as follows:

CART cell + B6H12 studies (Fig. 1a, Supplementary Fig. 1a and
Extended DataFig.1a,h): mice engrafted with 0.5 x 10°143B-CD19 cells
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were treated with 10 x 10° Her2-BB{ CAR T cells by tail-vein injection
onday 5. Mice were then treated twice with B6H12 (250 pg) or PBS by
intraperitoneal injection on day 6 and day 10. T cells were quantified
inthe blood by flow cytometry on day 12.

PIP CART cell survival study (Fig. 3a): mice engrafted with 0.5 x 10°
143Bwere treated with 10 x 10° CD19-BBT (non-tumour-targeting con-
trol), HER2-BB{ (tumour targeting control), PIP-28C or PIP-BB{ CAR
T cells on day 5 by tail-veininjection.

PIP CART cell serum cytokine study (Fig. 3b): non-tumour-bearing
mice or mice engrafted with 0.5 x 10° 143B-CD19 were treated with
5x10° CD19-BBZ (tumour-specific control), PIP-28C or PIP-BB{ CAR
T cells, or mock T cells by tail-vein injection on day 4. Blood was col-
lected for serum cytokine analysis on day 8 (4 days after CART cell
administration).

47, CART cell studies with high-dose B6H12 (Fig. 5e-g, Supplemen-
tary Fig. 1p and Extended Data Fig.10a-h): mice engrafted with1x 10°
143B-CD19 cells were treated with 4 x 10 HER2-BB{ Antares CAR T cells
withendogenous CD47KO and overexpressing either CD47 WT (47,7) or
CD47(Q31P) (47;), or an equivalent number of mock-Antares T cells
intravenously by tail-vein injection on day 5. Mice were then treated
twice with B6H12 (250 pg) or PBS by intraperitoneal injection on day 7
and day11. T cells were quantified by nanoluciferase BLI before (day 7)
and after (day 13) anti-CD47 treatment and in the blood by flow cytom-
etry onday 14.

47; CART cell studies with low-dose B6H12 (Supplementary Fig. 1q
and Extended DataFig.10i,j): mice engrafted with 0.5 x 10°143B-CD19
cellswere treated with 4 x 10 HER2-BB{ CARTT cells with endogenous
CD47KO0 and overexpressing either 47,,; or 47, or an equivalent num-
ber of mock T cells intravenously by tail-vein injection on day 5. The
mice were then treated twice with B6H12 (75 pg or 25 pg) or PBS by
intraperitoneal injection on day 6 and day 10. T cells were quantified
inthe blood by flow cytometry on day 12. Only those mice that were
treated with47. CAR T cells were evaluated for antitumour efficacy in
combination with B6H12.

A375 melanoma tumour model

Atotal of 3 x10° A375 cells in 100 pl DPBS was injected into the flanks
of NSG male or female mice aged 6-10 weeks**. Generally, 7 to 14 days
after tumour implantation and after visual confirmation of tumour
formation, mice were treated with NY-ESO-1 TCR T cells, followed by
two or three doses of B6H12. Tumour progression was monitored by
measurement using callipers. Mice were euthanized according to the
criteriadescribed in the Animal Models section. Specifics for different
iterations of the model presented are as follows:

Low-dose NY-ESO-1TCRT cell + B6H12 studies (Fig. 1d,e, Supplemen-
tary Fig. 1d and Extended Data Fig. 1i): mice were treated with 2 x 10°
NY-ESO-1TCR T cells or an equivalent number of mock T cellsintrave-
nously by tail-veininjection on day 9 after tumourimplantation. Mice
were then treated twice with B6H12 (250 pg) or PBS by intraperitoneal
injection on day 10 and 15. T cells were quantified in the blood by flow
cytometry onday 17.

High-dose NY-ESO-1TCR T cell + B6H12 studies (Supplementary
Fig. 1d and Extended Data Fig. 1j,k): mice were treated with 5 x 10°
NY-ESO-1TCRT cells or an equivalent number of mock T cells intrave-
nously by tail-vein injection on day 7 after tumour implantation. Mice
were then treated twice with B6H12 (250 pg) or PBS by intraperitoneal
injection on day 9 and 13. T cells were quantified in the blood by flow
cytometry on day 16.

47.NY-ESO-1TCRT cell quantification studies (Fig. 5h, Supplemen-
tary Fig. 1tand Extended Data Fig. 11g,h): 7 days after tumour implanta-
tion, mice were treated with 2.75 x 106 NY-ESO-1-Antares TCR T cells with
endogenous CD47KO and overexpressing 47, or an equivalent number
of mock-Antares T cellsintravenously by tail-vein injection. Mice were
thentreated three times with B6H12 (250 pg) or PBS by intraperitoneal
injection ondays9,11and 14. T cells were quantified by nanoluciferase

BLIbefore (day 9) and after (day 14) anti-CD47 treatment and in the
blood by flow cytometry on day 15.

47.NY-ESO-1TCRT cell antitumour efficacy studies (Fig. 5i, Sup-
plementary Fig. 1u and Extended Data Fig. 11i,j): 7 days (T cell donor
experiment1; Extended DataFig.11j) or 14 days (T cell donor experiment
2; Fig. 5i and Extended Data Fig. 11i) after tumour implantation, mice
were treated with 1 x 10 NY-ESO-1-Antares TCR T cells with endog-
enous CD47 KO and overexpressing 47, or an equivalent number of
mock-Antares T cells intravenously by tail-vein injection. Mice were
then treated either: three times with B6H12 (250 pg) or PBS by intra-
peritoneal injection on days 9, 11 and 14 (experiment 1); or twice with
B6H12 (250 pg) or PBS by intraperitoneal injection on days 15 and 19
(experiment 2).

MG63.3 osteosarcoma tumour model

A total of 1 x10° MG63.3 cells in 100 pl DPBS was injected into the
tibia periostea of NSG male or female mice aged 6-10 weeks>.. Start-
ing 15 days after tumour implantation and after visual confirmation
of tumour formation, the mice were treated with 400 pg of B6H12 or
PBS three times per week by intraperitoneal injection. On day 21, the
mice were treated intravenously with 10 x 10° GD2-BBT or B7H3-BB(
CART cells or no T cells. Tumour progression was measured using
digital callipers twice per week. Mice were euthanized according to
the criteria described in the ‘Animal models’ section (Supplementary
Fig.1b). For T cell quantification experiments, mice engrafted ortho-
topically with 1 x 106 MG63.3 cells were treated intravenously with
10 x 10°B7H3-BB{ CART cells on day 15 with or without 3 doses of B6H12
treatment (400 pg per dose; intraperitoneal). Blood and tumours were
collected on day 30 after tumour engraftment.

D425 medulloblastoma tumour model

Mice (aged 6-10 weeks) were anaesthetized with 3% isoflurane (Minrad
International) in an induction chamber®. Anaesthesia on a stereotac-
tic frame (David Kopf Instruments) was maintained at 2% isoflurane
delivered through a nose adaptor. D425 medulloblastoma cells were
injected at coordinates 2 mm posterior tolambdaonmidlineand 2 mm
deep using ablunt-ended needle (75 N, 26 s gauge/2 inch/point style
2, 5 pl; Hamilton). Using a microinjection pump (UMP-3; World Pre-
cision Instruments), 0.2 x 10° D425-GFP-fLuc cells were injected ina
volume of 3 pul at 30 nl s™". After leaving the needle in place for 1 min, it
was retracted at 3 mm min. Then, 4 days after tumour implantation
and after confirmation of tumour formation by bioluminescence, mice
were randomized and treated with no T cells (B6H12 only group), or
10 x 10°B7H3-BB{ CAR' T cells or an equivalent number of non-tumour
targeting CD19-BB{ CAR' T cells intravenously by tail-vein injection.
Starting on day 4, the mice were also treated with 400 pg of B6H12 or
PBS three times per week by intraperitoneal injection. Tumour progres-
sion was monitored by firefly luciferase BLI (Supplementary Fig. 1c).
In Extended Data Fig. 1c,d, CD19-BB{ and B7H3-BB( treatments are
reproductions of previously published data®, included for comparison
with B7H3-BB{ + B6H12, as these arms were all run simultaneously in
the same experiment.

Nalmé leukaemia tumour models
Atotal of 1 x 10°Nalm6-GFP-fLuc cells in 200 pl DPBS was implanted by
tail-veininjectioninto NSG male or female mice aged 6-10 weeks*. Gen-
erally, four days after tumour implantation and after confirmation of
tumour formation by BLI, mice were treated with CD19-BB{ or CD19-28C
CART cells, followed by doses of anti-CD47. Tumour progression was
monitored by fLuc BLI measurement. Mice were euthanized according
to the criteria described in the ‘Animal models’ section. Specifics for
different iterations of the model presented are as follows:

High-dose CAR T cell + B6H12 studies (Supplementary Fig. 1e and
Extended DataFig.1l,n,p,s): mice engrafted with1 x 10° Nalmé-GFP-fLuc
cells were treated with B6H12 (400 pg) or PBS by intraperitoneal



injection three times per week, starting on day 3. Mice were then treated
with1x10° CD19-28C-nLuc CAR T cells by tail-vein injection on day 4.
T cells and tumours were quantified by BLI weekly.

Low-dose CAR T cell + B6H12 studies (Supplementary Fig. 1f
and Extended Data Fig. Im-o0,q,r): mice engrafted with 1x10°
Nalmé6-GFP-fLuc cells were treated with 0.15 x 10° CD19-28C-nLuc CAR
Tcells by tail-veininjection on day 4. Mice were treated twice with B6H12
(250 pg) or PBS by intraperitoneal injectionon day 5and 7. T cells and
tumours were quantified by BLI weekly.

High-dose CAR T cell + CV-1 studies (Fig. 1f,g, Supplementary
Fig. 1g and Extended Data Fig. 2a,b,e): mice engrafted with 1 x 10°
Nalmé6-GFP-fLuc cells were treated with 1 x 10° CD19-BBZ-nLuc CAR
T cells by tail-vein injection on day 4. Mice were treated with CV-1-Fc
(ALX-90; dead Fc; 400 pg) or PBS by intraperitoneal injection three
times per week startingon day 5. T cells and tumours were quantified
by BLIweekly.

Low-dose CAR T cell + CV-1 studies (Supplementary Fig. 1h and
Extended DataFig. 2c—f): mice engrafted with 1 x 10° Nalmé6-GFP-fLuc
cellswere treated with 0.1 x 10° CD19-28¢-nLuc CART cells by tail-vein
injection on day 4. Mice were treated with CV-1-Fc (ALX-90; dead Fc;
400 pg) or PBS by intraperitoneal injection three times on days 5,7
and 10. T cells and tumours were quantified by BLI twice weekly.

Low-dose 47,, CAR T cell studies (Fig. 1h,i and Extended Data
Fig. 2h,i): mice engrafted with 1 x 10° Nalmé-GFP-fLuc cells were
treated with 0.15 x 106 CD19-28¢-nLuc CAR T cells with endogenous
CD47 KO (47,), CD47 KO with overexpression of CD47 WT (47), or
an equivalent number of mock T cells by tail-vein injection on day 4.
Mice were treated twice with B6H12 (250 pg) or PBS by intraperitoneal
injection ondays5and 7. Tumours were quantified by BLIweekly. T cells
were quantified by BLI on day 11.

Low-dose 47; CART cell + B6H12 studies (Supplementary Fig.1s and
Extended DataFig. 11e,f): mice engrafted with 1 x 10° Nalmé6-GFP-fLuc
cellswere treated with 0.15 x 10° CD19-28C-nLuc CAR T cells with endog-
enous CD47K0 and overexpressing either 47,y or 47, or an equivalent
number of mock T cells by tail-veininjection on day 4. Mice were treated
twice with B6H12 (250 pg) or PBS by intraperitoneal injection on days
5and 7. Tumours were quantified by BLI weekly.

T cell depletion model

NSG male or female mice (aged 6-10 weeks) were implanted with
2 x10°0r5 x10° CD19-28Z-nLuc CAR T cells with endogenous CD47KO
and overexpressing either 47,1, 47, or no additional protein (47,,) by
tail-vein injection (day 0). Mice were then treated twice with B6H12
(250 pg) or PBS by intraperitoneal injection on days 3 and 5. T cells
were quantified by nanoluciferase BLIbefore (2 x 10 dose, day 2; 5 x 10°
dose, day 3) and after (2 x 10° dose, day 9; 5 x 10° dose, day 7) anti-CD47
treatmentand in the blood by flow cytometry (2 x 10° dose, day 7; 5 x 10°
dose, day 6). Forisotype control studies (Extended Data Fig. 1f,g), mice
were implanted with 5 x 10° CD19-28C CART cells by tail-vein injec-
tion (day 0) and were then treated with B6H12 (250 pg), mlgGlisotype
control (250 pg) or PBS by intraperitoneal injection on day 1. T cells
were quantified in the blood by flow cytometry on day 5. Mice were
euthanized according to the criteria described in the ‘Animal models’
section at the conclusion of the experiment (Supplementary Fig.1i,m).

PIP CAR toxicity model

PIP CAR vectors were made as described in the viral vector construction
section. NSG male or female mice (aged 6-10 weeks) were treated with
the PIP CAR T or control CD19-BB{, HER2-BBC or mock T cells at the
dose indicated in the figure (10 x 10%, 5 x 10° or 2 x 10° CAR T cells) by
tail-veininjection. Mice in the PIP-28Cand PIP-BB{ groups experienced
rapid onset of toxicity (within1-5days, depending on dose) observed
clinically asahunched posture, scruffy coat, slow movement, dehydra-
tion and weight loss. Treatment-related toxicity was monitored by
weight change, which was measured before T cell administration and

1-2x per week thereafter. The percentage weight change was calcu-
lated as follows: percentage weight change = ((weight at time x/initial
weight) — 1) x 100. Mice died from toxicity or were euthanized if they
reached 20% weight loss or showed clinical signs of severe toxicity,
as described in the ‘Animal models’ section. For assessment of T cell
localization and activation, CD19-28C-nLuc or PIP-28C-nLuc CAR T cells
were transduced with a firefly luciferase reporter under control of an
NF-kB-inducible promoter. Mice were implanted with 5 x 10° CAR T cells
andimaged daily with Nano-GLO substrate (nLuc; total CART) and lucif-
erin (fLuc; active CART), with each substrate dose separated by 12 h. For
organBLIanalysis, 4 days after treatment with 5 x 106 CD19-28C-nLuc or
PIP-28C-nLuc, the mice were injected with either Nano-GLO substrate
(nLuc; total CART) or luciferin (fLuc; active CAR T) and euthanized
10 min after injection. Organs were collected according to standard
procedures and imaged using BLI on the IVIS machine (Perkin ElImer)
in six-well plates. For safety-switch models, mice were dosed with
2 x10° PIP-28C or CD19-287 CART cells intravenously. Mice treated with
PIP-28C CART cells were administered 250 pug B6H12 or PBS over three
consecutive days (days 2, 3 and 4), 2 days after CAR administration
(day 0).Blood was collected for serum cytokine analysis on day 4 after
CAR administration (Supplementary Fig. 1k).

CHLA-255 neuroblastoma metastatic tumour model

Six- to ten-week-old NSG male or female mice were implanted with
1x10° CHLA-255-GFP-fLuc cells by tail-vein injection®. The, 7 days after
tumour implantation and after confirmation of tumour formation by
BLI, mice were randomized and treated with 2 x 10° B7H3-BB{-nLuc
CART cells with endogenous CD47KO and overexpressing 47, or 47,
or an equivalent number of mock (non-transduced) T cells intrave-
nously by tail-vein injection. Mice were then treated three times with
B6H12 (250 pg) or PBS by intraperitoneal injection on days 7,9 and 13.
Tumour progression was monitored by firefly luciferase BLI. T cells
were quantified by nanoluciferase BLI after anti-CD47 treatment on
day 14 and in the blood by flow cytometry on day 15. Mice were eutha-
nized accordingto the criteria described in the ‘Animal models’ section
(Supplementary Fig.1r).

CART cell GYHD model

NSG male or female mice (aged 6-10 weeks) were implanted with
1x10°Nalmé-GFP-fLuc cells by tail-veininjection. The mice were then
treated with 10 x 10° CD19-BB{ CAR T cells on day 4. Half of the cohort
of mice received three doses of B6H12 (250ug) over 3 days after CAR
T celladministration. Mice were monitored for tumour growth by BLI
and signs of GVHD, such as alopecia, dyskeratosis and weight loss**°.
Spleens and skin were extracted surgically. Skin sections were prepared
as slides and stained with H&E using the standard method (Supple-
mentary Fig. 11).

Isolation of T cells from spleens and tumours

Spleens and tumours were collected and mechanically dissociated
using the gentleMACS dissociator (Miltenyi). Single-cell suspensions
were made by passing spleens and tumours through a 70 pum cell
strainer (Thermo Fisher Scientific), depleting red blood cells by ACK
lysis (Quality Biological), and further filtration through flow cytometry
filter tubes with 35 pm cell strainer caps (Falcon). Single-cell suspen-
sions were then frozen in CryoStor buffer (StemCell Technologies)
inliquid nitrogen, or stained and run directly on the flow cytometry
system.

Quantification of T cells and cytokines from the blood

Mouse blood was collected from the retro-orbital sinusinto Microvette
blood collection tubes with EDTA (Thermo Fisher Scientific). Red blood
cells were depleted by ACK lysis (Quality Biological), followed by two
washes with FACS buffer (PBS + 2% FBS). The samples were stained and
mixed with CountBright Absolute Counting beads (Thermo Fisher
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Scientific) before flow cytometry analysis. IL-2 and IFNy cytokine levels
inblood were quantified using LEGENDPlex immunoassays (BioLegend)
according to the manufacturer’s instructions from serum collected
after centrifuging blood samples at 3,000 rpm for 10 min. Negative
cytokine values were set to O.

IncuCyte tumour killing assays, cytokine analysis and T cell
activation marker detection

Atotal of 5 x 10* GFP-labelled tumour cells was cocultured with 5 x 10*
CART cellsin 200 pl RPMIsupplemented with10% FBS,10 mM HEPES,
2mM L-glutamine, 100 U mI™ penicillin and 100 pg ml™ streptomycin.
For conditions with B6H12, a concentration of 10 pg ml™ was used. Trip-
licate wells were plated in 96-well flat-bottom plates for each condition.
Tumour fluorescence was monitored every 2-3 h with a x10 objective
using the IncuCyte S3 Live-Cell Analysis System (Sartorius), housedina
cell cultureincubator at 37 °Cand 5% CO,, set to take 4 images per well
at each timepoint. The total integrated GFP intensity was quantified
using the IncuCyte basic analyzer software feature (IncuCyte S3v.2019B
Rev2;Sartorius). Data were normalized to the first timepoint and plot-
ted as the fold change in tumour fluorescence over time. For cytokine
secretionand T cell marker analysis, cocultures were set up as described
above exceptin96-well round-bottom plates. After approximately 24 h,
the plates were centrifuged to pellet cellsand 150 pl of supernatant was
collected and stored at 20 °Cuntil analysis, while the cell pellets were
immediately processed for flow cytometry. IFNy and IL-2 levels in the
coculture supernatants were quantified by ELISA (Human ELISA MAX
Deluxe, BioLegend) accordingto the manufacturer’sinstructions. Nega-
tive cytokine values were set to 0. Absorbance values were measured
using the Synergy H1 Hybrid Multi-Mode Reader with Gen5 software
(v.2.00.18; BioTek). For analysis of T cell markers after activation by
tumour cells, pellets from centrifuged plates were pooled together for
triplicate wells, stained and analysed using flow cytometry. Coculture
experiments were set-up using day 10 T cells.

Macrophage depletion and peritoneal lavage

NSG male or female mice (aged 6-10 weeks) were pretreated with intra-
venous injection with 200 pl of clodronate liposomes (Liposoma),
followed by 400 pg of anti-mouse-CSFIR (AFS98; Bio X Cell) by intra-
peritoneal injection’®. Mice were treated with 400 pg of anti-CSFIR
three times per week for the duration of the experiment. Then, 6 days
after clodronate treatment, the mice were administered with 2 x 10°
CD19-28-nLuc CART cells intravenously, followed by 250 ug B6H12
intraperitoneally on day 7. T cells were quantified by nanoluciferase
BLI before (day 7) and after (day 9) anti-CD47 treatment. Peritoneal
lavage was performed on day 13 with 10 ml of FACS buffer and a25 gauge
needle. Peritoneal cells were collected, washed with FACS buffer and
stained, before being run on the flow cytometry system (Supplemen-
tary Fig. 1j).

Phagocytosis assay

For all flow-based in vitro phagocytosis assays, T cells and human
macrophages were co-cultured at aratio of 2:1 (for example, 100,000
T cells:50,000 macrophages) in ultra-low-attachment 96-well U-bottom
plates (Corning) in serum-free RPMI (Thermo Fisher Scientific). T cells
were labelled with CFSE (Invitrogen) by suspending cells in PBS (5 pM
working solution) according to the manufacturer’s instructions for
20 min at 37 °C protected from light and washed twice with 20 ml of
FBS-containing mediumbefore co-culture. Cells were then either incu-
bated alone orin the presence of anti-CD47 (B6H12; Bio X Cell) or migG1
isotype control (MOPC-21; Bio X Cell) at a concentration of 10 pg ml™.
T cells and antibodies were incubated for 30 min in a humidified 5%
CO,incubatorat37 °C. Plates were washed twice; human macrophages
were added to the plate; and plates were incubated for 1-2 h at 37 °C.
Phagocytosis was stopped by washing with 4 °C PBS and centrifuga-
tion at 1,450 rpm before the cells were stained with Live/Dead stain

and anti-CD11b (APC, M1/70, BioLegend, 1:50). Assays were analysed
by flow cytometry, and phagocytosis was measured as the number
of CD11b" and CFSE" macrophages, quantified as a percentage of the
total CD11b* macrophages and normalized to the control condition.

ForIncuCyte-based invitro phagocytosis assays, T cellsand human
macrophages were co-cultured at aratio of 2:1 (for example, 100,000
T cells:50,000 macrophages) in 96-well flat-bottom plates (Corning)
inRPMIsupplemented with 10% FBS,10 mM HEPES, 2mM L-glutamine,
100 U mlI™ penicillinand 100 pg ml™ streptomycin. T cellswere labelled
with pHrodo Red dye (Invitrogen) by incubating T cells at 1 x 10 cells
per ml with a working concentration of pHrodo Red of 30 ng mlin
PBS for1hat 37 °Cinthe darkin a humidified 5% CO, incubator. The
labelling reaction was quenched and excess dye was washed away by
washing twice with complete medium. Cells were then either incu-
bated alone or in the presence of anti-CD47 (B6H12; Bio X Cell) ata
concentration of 10 pg ml™in serum-free RPML. T cells and antibodies
were incubated for 30 min in a humidified 5% CO, incubator at 37 °C,
before being washed twice with complete medium. Macrophages were
added to each well and allowed to adhere for 2 hin a humidified 5%
CO, incubator at 37 °C. After 2 h, labelled T cells were added to the
plate ata 2:1 T cell:macrophage ratio. pHrodo Red fluorescence due
to phagocytosis was monitored after 3 h with a x10 objective using
the IncuCyte S3 Live-Cell Analysis System (Sartorius), housedin a cell
cultureincubatorat 37 °C and 5% CO,, set to take four images per well at
each timepoint. Total integrated red fluorescence intensity was quanti-
fied using the IncuCyte basic analyzer software feature (IncuCyte S3
v.2019B Rev2; Sartorius).

Confocal microscopy of T cell-macrophage interactions
CD19-28C CART cells were labelled with pHrodo Red dye as described
above. pHrodo-Red-labelled T cells were then labelled with DiO Vybrant
lipophilic dye (Invitrogen) according to the manufacturer’s instruc-
tions in PBS for 2 min at 37 °C in the dark. Macrophages were labelled
with DiD Vybrant dye (Invitrogen) according to the manufacturer’s
instructions in PBS for 15 min at 37 °C in the dark. After dye labelling,
cells were washed three times with complete medium to remove excess
dye. T cells were then incubated with B6H12 at 10 pg mI™ for 20 min at
37 °CinPBS, followed by two washes with complete medium. Labelled
T cells and macrophages embedded in a collagen matrix (Cellmatrix
type I-A, FUJIFILM Wako chemicals) at a ratio of 2:1 (for example,
1,000,000 T cells:500,000 macrophages) in a 24-well glass-bottom
culture plate (Mattek). Four-dimensional (x,y,z,t) live confocal imag-
ing was performed on a confocal laser-scanning microscope (Zeiss
LSM900). Images were analysed using Imaris software (v.10.0; Oxford
Instruments).

Quantification of CD47 expression on tumour and T cells using
QuantiBrite

CD47 expression was quantified using an anti-CD47-PE antibody
(B6H12, BD, 1:20) and a QuantiBrite PE Quantitation Kit (BD) accord-
ing to the manufacturer’s instructions*. CD19-287 CAR T cells were
produced as described above, except that cells were kept in culture
1day after thawing before activation with anti-CD3/CD28 beads. T cells
were analysed by flow cytometry on day O (before activation; 1 day
after thaw), day 4 (immediately after removal from bead activation),
day 7 and day 11 (average time of transfer in vivo). T cells were stained
with anti-hCD4 (BUV 395, SK3, BD, 1:200), anti-hCD8 (BUV 805, SK1,
BD, 1:400), anti-hCD47 or mlgGl isotype control (PE, B11/6, Abcam,
1:20), anti-hCD45RA (BV785, HI100, BioLegend, 1:100) and anti-hCD62L
(BV605,DREG-56,BD, 1:100) antibodies. T cell differentiation subtypes
were defined as follows: T naive (CD45RA'CD62L"), T central memory
(CD45RACD62L"), T effector memory (CD45RA"CD62L") and T effector
memory re-expressing CD45RA (CD45RA'CD62L"). Tumour cells were
stained with only anti-hCD47 or migGl isotype control. Molecules of
CD47 were calculated according to the QuantiBrite kit instructions



using extrapolation from MFI signals of BD QuantiBrite-PE beads with
known quantities of PE. The degree of labelling for anti-CD47-PE (BD,
2040745) was determined experimentally as 0.842 molecules of dye
per antibody, using the maximum absorbance at 566 nm, the extinc-
tion coefficient for PE (1,863,000 M cm™) and the listed antibody
concentration.

Imaging of patient CSF samples

A CSF cytospin preparation was collected from a patient treated with
axicabtagene ciloleucel (axi-cel) CD19-28C CART cell therapy, stained
with Wright-Giemsa and imaged by microscopy at x1,000 magnifica-
tion, capturing histiocytes with engulfed lymphocytes* (raw images
are shown in Supplementary Fig. 3).

Single-cell analysis of patient samples

Two datasets were reanalysed: ref. 14 (GSE168940), including scRNA-seq
data collected from nine patients with LBCL treated with axi-cel CD19-
28( CART cell therapy, where 50,000-70,000 CART cells (single
live CD4" or CD8a*CD235a CAR" events) were FACS sorted to >95%
purity; and ref. 15 (GSE186802), including scRNA-seq data collected
from four patients with DMG treated with GD2.BB{ CAR T cell ther-
apy, with cells derived from CSF. Both datasets were analysed on the
10x Genomics platform™*, Where indicated, previously annotated
CAR-mRNA-expressing cells were used.

Histology of tissue samples

The tissues assessed include skin and lung. Tissues were collected
and immersion-fixed in10% neutral-buffered formalin. After fixation,
tissues were routinely processed, embedded in paraffin, sectioned
at 5.0 pm and routinely stained with haematoxylin and eosin (H&E).
Tissues were visualized using the Olympus BX43 upright bright-field
microscope, andimages were captured using the Olympus DP27 camera
and cellSens software (v.3.2; Olympus Life Science).

Yeast surface display vectors

A DNA sequence encoding the CD47 Ig-like domain (GIn19-Ser135)
was clonedinto the pCTCON2 yeast-surface display vector (Addgene)
using the Nhel and BamHI sites. The pFreeNTerm (pFNT) vector was
based on the pCL backbone**, designing an intrinsic Nhel cutsite into
the Aga2p signal sequence as the 5’ cloning site and using aMlul cutsite
prior to a 3xGly,Ser linker as the 3’ cloning site. Variants of the CD47
Ig-like domain (GIn19-Ser135) were cloned into the pFNT yeast-surface
display vector using these Nhel and Mlul sites.

Flow cytometry analysis of yeast surface display constructs

Saccharomyces cerevisiae (strain, EBY100; ATCC) yeast were trans-
formed with pCTCON2 or pFNT plasmids and selected on SD-CAA-Agar
plates. Yeast (<100,000 per sample) were grown and induced in SG-CAA,
and binding was set up over a range of soluble ligand concentrations
in PBS containing 1 mg ml™ BSA (BPBS), taking into account ligand
depletion and equilibrium time®. After incubation with binding part-
ner, yeast cells were washed once with BPBS, then incubated with a
1:5,000 dilution of chicken anti-MYC antibody (polyclonal, Invitrogen)
for pCTCON2 displayed proteins, and incubated for 30 minat 4 °Cin
the dark. After primary addition, the samples were washed once with
BPBS, and secondary antibodies were added. Expression was detected
witha1:500 dilution of goat anti-chicken Alexa Fluor 488 (polyclonal,
Invitrogen) or AlexaFluor 647 (polyclonal, Abcam). For pFNT displayed
proteins, co-displayed GFP was used to monitor expression. Binding of
proteins with mouse Fc domains (hSIRPa, B6H12) was detected witha
1:500 dilution of goat anti-mouse Alexa Fluor 488 or Alexa Fluor 647
(polyclonal, Invitrogen). Binding of proteins with a human Fc domain
(CV-1(ALX-222), mSIRPa, Hu5F9, TJC4) was detected using a1:500 dilu-
tion of goat anti-human Alexa Fluor 488 or Alexa Fluor 647 (polyclonal,
Invitrogen). Secondary antibodies wereincubated for15 minat4 °Cin

the dark. After secondary incubation, the samples were washed once
with BPBS, pelleted and left pelleted onice until analysis. The samples
were analysed by resuspending them in 50 pl of BPBS and running
flow cytometry on the BD Accuri C6 (BD Biosciences) system. Accuri
Cé6software (v.1.0.264.21; BD) was used for data collection and FlowJo
software (v.10.8.1; BD) was used for data analysis (gating strategies
are shown in Supplementary Fig. 2). The samples were gated for bulk
yeast cells (forward scatter (FSC) versus side scatter (SSC)) and then
for single cells (FSC-height versus FSC-area). Expressing yeast were
determined and gated through the C-terminal MYC tag or GFP detec-
tion. The geometric mean of the binding fluorescence signal was quanti-
fied from the expressing population and used as a raw binding value.
When comparing binding signals, the average fluorescence expression
signal was quantified for different protein variants and used to normal-
ize binding signal. To determine the ‘fraction bound’, binding signals
were divided by the signal derived from the highest concentration of
binding partner used, or that derived from binding to WT CD47. To
calculate K, values, data were analysed in Prism (v.9.5.1, GraphPad)
using a nonlinear regression curve fit.

Yeast surface display library generation, sorting and sequencing
CD47 wasexpressedinS. cerevisiae (strain, EBY100; ATCC) as agenetic
fusion to the agglutinin mating protein Aga2p inthe pCTCON2 vector.
Anerror-prone PCRlibrary was created using the CD47 Ig-like domain
(GIn19 to Ser135) as a template and mutations were introduced using
the Gene Morph Il random mutagenesis kit (Agilent) according to the
manufacturer’s instructions. Separate PCRs were performed using
various concentrations of Mutazyme Il enzyme. Products from these
reactions were purified by gel electrophoresis, pooled and amplified
withstandard PCR using Phusion polymerase (New England BioLabs).
Purified mutant DNA and linearized pCTCON2 plasmid were electropo-
rated into EBY100 yeast, where they were assembled in vivo through
homologous recombination. We estimated 5 x 107 variants for the
library, determined by dilution plating and colony counting. Yeast were
growninSD-CAA medium and induced for CD47 protein expression by
growthinmedium containing 90%SG-CAA and 10% SD-CAA overnight®.
Yeast displaying CD47 variants were isolated by FACS using the SONY
SHB800S cell sorter (SONY; SH800S cell sorter software v.2.1.5) and
analysed using the BD Accuri C6 flow cytometer (BD Biosciences; BD
Accuri software v.1.0.264.21). Gating strategies are shown in Supple-
mentary Fig. 2. Datawere analysed using FlowJo software (v.10.8.1, BD).
Screens were performed using equilibrium binding conditions where
yeast were incubated at room temperature in BPBS with the following
concentrations of B6H12 or CV-1 (ALX-222) for 2 h. For negative sorts
to B6H12, the CD47-expressing, but non-binding populations of yeast
were collected. For positive sorts to CV-1, the CD47-expressing and
binding populations of yeast were collected (Extended Data Fig. 6g).
Sort1, negative sort, 500 pM B6H12; sort 2, negative sort,5 nM B6H12;
sort 3, positive sort, 20 nM CV-1; sort 4, negative sort, 20 nM B6H12;
sort 5, negative sort, 50 nM B6H12; sort 6, positive sort, 10 nM CV-1.
After incubation with B6H12 or CV-1, yeast was pelleted, washed and
labelled with fluorescent antibodies as described above before sorting.
Sorted yeast clones were propagated, induced for CD47 expression and
subjected to iterative rounds of FACS as described above. After each
round of screening, plasmid DNA was recovered using the Zymoprep
yeast plasmid miniprep I kit (Zymo Research), transformed into DH10B
electrocompetent cells (Thermo Fisher Scientific) and isolated using
the GeneJET plasmid miniprep kit (Thermo Fisher Scientific). Sequenc-
ing was performed by ELIM Biopharmaceuticals.

CD47 structure modelling

CD47 structures were downloaded from the Protein Data Bank (PDB)
and analysed using PyMol (v.2.5.8; Schrédinger). The CD47-hSIRPa
structure used was PDB 2JJS (ref.18). The CD47-B6H12 structure used
was PDB 5TZU (ref.19).


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE168940
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186802
https://doi.org/10.2210/pdb2JJS/pdb
https://doi.org/10.2210/pdb5TZU/pdb
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143Bin vivo phagocytosis model

Atotal of 1 x10°143B cells in 100 pl DPBS was injected into the tibia
periosteum of NSG mice (aged 6-10 weeks). Then, 20 days after tumour
implantation, mice were treated with 3 x 10° CFSE-labelled HER2-BB{
CART cellsintratumourally. Before administration, T cells were labelled
with CFSE (5 pM working solution), according to the manufacturer
instructions, with cells labelled ata concentration of 107 cells per mlin
PBS for 5 min. Cells were washed in complete medium, and thenincu-
bated with or without 10 pg mI™ B6H12in PBS for 20 minat 37 °C. Cells
wereresuspended in 80 pl of PBS/tumour for intratumoural injection.
Immediately after T cell administration, the mice were then treated
with B6H12 (250 pg) or PBS by intraperitoneal injection. Tumours were
collected 16 hlater on day 21 after tumour implantation. Tumours were
mechanically dissociated using the gentleMACS dissociator (Milte-
nyi). Single-cell suspensions were made by passing tumours through
a70 um cell strainer (Thermo Fisher Scientific), depleting red blood
cellsby ACK lysis (Quality Biological) and further filtration through flow
cytometry filter tubes with 35 pm cell strainer caps (Falcon). Single-cell
suspensions were subsequently stained for flow cytometry to detect
CFSE' T cells and macrophages from dissociated tumours (see below)
(Supplementary Fig.1n).

143B correlative study and tumour dissociation

Atotal of 1 x10°143B cells in 100 pl DPBS was injected into the tibia
periosteum of NSG mice (aged 6-10 weeks). Then, 13 days after tumour
implantation and after visual confirmation of tumour formation, the
mice were treated with 4 x 10° HER2-BB{ CAR T cells with endogenous
CD47KO and overexpressing either 47,,; or 47;, an equivalent number
of mock T cells intravenously by tail-vein injection, or no T cells. The
mice were then treated twice with B6H12 (250 pg) or PBS by intraperi-
tonealinjection onday15and day 19. Tumours were collected at day 21
after tumour implantation (day 8 after CAR T cell treatment). Tumours
were split with arazor, withone section being fixed in 10% paraformal-
dehyde, and the other mechanically dissociated as described above,
before being stained for flow cytometry and FACS. Formaldehyde-fixed
tumour had paraformaldehyde removed after 24 h and replaced
with 70% ethanol for long-term storage. Tumour sections were then
formalin-fixed and paraffin-embedded according to the standard pro-
tocol (Supplementary Fig. 10).

Flow cytometry and IHC analysis of dissociated tumours

For flow cytometry, tumours were collected as described above.
Single-cell suspensions of dissociated tumours were stained for CAR
(APC,HER2-Fc,R&D,1:400), hCD19 (BUV 496, SJ25C1, BD, 1:100), CD11b
(BUV 395, M1/70, BD, 1:100), F4/80 (BV605, BMS, BioLegend, 1:100),
hCD45 (PerCP-Cy5.5, HI30, Invitrogen, 1:50), hCD3 (BUV 737, SK7, BD,
1:100), mCD45 (BUV 805, 13/2.3, BD, 1:100) and hCD47 (BV711, B6H12,
BD, 1:100), and with Fixable Viability Dye (eFluor 780, Invitrogen,
1:2000) for 30 min in PBS + 2% FBS (FACS Buffer) before being ana-
lysed by flow cytometry.

For IHC analysis, tumours were collected as described above.
Formalin-fixed, paraffin-embedded xenograft tumour sections were
used. F4/80 (D2S9R, Cell Signaling Technology, 1:200) staining was
performed manually,and hCD3 (SP7, Abcam, 1:100) and ARG1 (D4E3M,
Cell Signaling Technology, 1:250) staining was performed using the
Ventana Discovery platform. In brief, tissue sections were incubated
ineither 6 mM citrate buffer (F4/80,1:200 dilution) or Tris EDTA buffer
(CD3/ARG1, 1:100 and 1:250 dilution respectively; cell conditioning
1standard) at 100 °C for 25 min (F4/80) or 95 °C for 1 h (CD3/ARG1)
to retrieve antigenicity, followed by incubation with the respective
primary antibody for 1 h. Bound primary antibodies were incubated
with the respective secondary antibodies (goat anti-rabbit, poly-
clonal, F4/80: Vector Laboratories, undiluted or CD3/ARGI: Jackson
ImmunoResearch, 1:500), followed by UltraMap HRP (Roche, F4/80)

or ChromoMap DAB (Roche, CD3/ARG]1) detection. For IHC analysis,
tumour regions were identified on the basis of histology. F4/80, CD3
and ARG1 positivity were analysed for each tumour region. F4/80, CD3
and ARG1IHC positivity scores were automatically quantified in the
regions of interest using Aperio ImageScope software (v.12.3.2.8013).
Regions of interest were randomly selected within the tumour to
exclude macrophages presentin the normal tissue around the tumour.

Single-cell analysis of dissociated 143B tumours

Dissociated tumours from the 143B osteosarcoma model described
above were sorted for live cells using a Live/Dead stain (Invitrogen)
at the Stanford Shared FACS facility (the gating strategy is shown in
Supplementary Fig. 2). scRNA-seq libraries were prepared using the
Chromium Next GEM Single Cell 5’ v2 platform (10x GENOMICS).
Libraries were sent to Novogene for sequencing ona NovoSeq S4 lane
(PE150) with approximately 30,000 mean reads per cell. Reads were
aligned and quantified using CellRanger (v.6.0;10x GENOMICS) using
the standard workflow, with the reference transcriptomes GRCh38 for
human and mm10 for mouse. The CellRanger output was imported
intoR (v.4.2.2) using Seurat (v.4.2.0). The following filters were applied
using the subset function to select for live cells: nFeature_RNA > 200
and nFeature_RNA < 5000; percent mitochondrial reads < 5%. After
filtering, the eight biological samples ranged from 7,658-9,327 mean
unique molecularidentifiers per cell. The data matrix was normalized
with NormalizeData and scaled with Seurat. Cell types were assigned
using SingleR automated cell type recognition. Differential expression
analysis, clustering and UMAP dimensionality reduction analysis were
performed on the resulting datamatrix using Seurat*®, Pathway analysis
was performed using Enrichr”’, with the NCI-Nature 2016 gene set col-
lection queried for human T cells and the KEGG Human Pathway collec-
tion queried with converted mouse gene IDs for mouse macrophages.

Statistical analyses

The specific statistical tests used are indicated in the figure legends.
Statistical analyses were performed using R (v.4.2.2), Excel (v.16.64;
Microsoft) or Prism (v.9.3.1, GraphPad). For comparisons between two
groups, statistical significance was assayed using two-tailed unpaired
Student’s ¢-tests or Mann-Whitney U-tests. For comparison within
in vivo studies and between grouped studies, two-way ANOVA com-
bined with Tukey’s multiple-comparison test for post hoc analysis was
performed. Significance for survival data was calculated using the
log-rank Mantel-Cox test. Sample sizes were determined on the basis of
the variability of tumour models used, determined by experience with
well-established, previously published models®*****®, Tumour-bearing
animals were assigned to the treatment groups randomly to ensure an
equal distribution of tumour sizes between groups. Data are repre-
sented as mean + s.d. (in vitro studies) or mean + s.e.m. (some in vivo
studies). For all statistical analyses, Pvalues are indicated in each figure
panel.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data associated with this paper are included in the Article and the
Supplementary Information. The scRNA-seq dataset has been depos-
ited at the NCBI Gene Expression Omnibus (GEO) under accession
number GSE261475. Data used to generate scCRNA-seq UMAP plots
from patient data (Fig. 2d) were obtained from publicly available
datasets using the GEO series accession numbers GSE168940 (ref. 14)
and GSE186802 (ref. 15). For protein crystal structure modelling, the
following publicly availably PDB files were used: 2JJS (hCD47-hSIRPa)
and 5TZU (hCD47-B6H12). Source data are provided with this paper.
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Extended DataFig.1|Anti-CD47 therapy blunts CARand TCRT cell efficacy
bydepletingadoptively transferred T cells. (a) Her2.BBZ-CAR + B6H12
treated 143B tumour survival.n=5mice/arm. (b) B7H3.BBZ- or GD2.BBZ-

CAR +B6H12treated MG63.3 tumour survival. n=5mice/arm. (c) B7H3.BBZ-
CAR £ B6H12treated D425 tumour growth by BLI. CD19.BB{-CARisincluded as
anon-tumour targeting control. Mean + SEM of n =5 (B6H12) or n = 6 (all others)
mice/arm. Representative of two independent experiments. (d) B7H3.BBZ-
CAR +B6H12treated D425 tumour survival. CD19.BBZ-CAR s included as anon-
tumour targeting control.n =5 (B6H12) or n = 6 (all others) mice per treatment
arm. Representative of two independent experiments. (e) Representative

flow cytometry plots of hCD45" T cells identified in the blood and tumour
inthe B7ZH3.BB{-CAR £ B6H12 treated MG63.3 model on day 30 post tumour
engraftment. (f) Representative flow cytometry plots of hCD45 T cells
identified in the blood of non-tumour bearing mice co-treated with CD19.28¢-
CART cellsand either PBS, B6H12, or migGlisotype control. Representative
oftwoindependent experiments. (g) hCD8" (top) and hCD4" (bottom) T cells
inthe blood of mice onday 5Sintheisotype control model, treated asin (f).
Mean = SD of n = Smice. Representative of two independent experiments.

(h) Tcells (hCD4*and hCD8") inthe blood of miceonday12inHer2.BB{+ B6H12

treated miceinthe 143Bmodel. Mean + SD of n = 5 mice. (i) Low-dose NY-ESO-1-
TCR +B6H12treated A375 tumour survival. n=5mice/arm. (j) High-dose NY-
ESO-1-TCR + B6H12 treated A375 tumour growth. Mean + SEM of n = S5mice/arm.
(k) Tcells (hCD4*and hCD8") in the blood by flow cytometry on day 16 of mice
treated with high-dose NY-ESO-1-TCR + B6H12in the A375 model. Mean + SD of
n=>5mice. (I) High-dose CD19.28(-CAR + B6H12 treated Nalmé6 tumour growth
by BLI. Mean + SEM of n = 5mice/arm. (m) Low-dose CD19.287-CAR + B6H12
treated Nalmé6 tumour growth by BLI. Mean + SEM of n = 5 mice/arm. (n) Images
of Nalmé tumour BLIin the high-dose (left) and low-dose (right) CAR-T model
onday17. (o) Low-dose CD19.28(-CAR + B6H12 treated Nalmé survival.n=5
mice/arm. (p) T cell BLIin the high-dose CAR-T - Nalm6 model, treated asin (l).
Mean + SEM of n = 5mice/arm. (q) T cell BLIin the low-dose CAR-T - Nalmé
model, treated asin (m). Mean + SEM of n =5 mice/arm. (r) Images of CD19.28C-
nLuc-CART cell BLIinthe low-dose CART - Nalmé6 model, treated asin (m),
onday11. (s) Quantification of T cells by flow cytometry from the spleenin

the high-dose CART - Nalmé model, treated asin (I). Mean + SD of n =4 mice.
[(a), (b), (d), (i), (0)] Log-rank Mantel-Cox test. [(c), (j), (1), (m), (p), (q)] Two-way
analysis of variance (ANOVA) test with Tukey’s multiple comparison test.

[(g), (h), (k), (s)] Unpaired two-tailed Student’s t test. For all: ns=not significant.
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Extended DataFig.2 | Treatment with CV-1or CD47 knock-outleadsto T cell
depletionand ablation of antitumour efficacy. (a) CD19.BB{-CAR + CV-1
(Fc-dead) treated Nalmé6 tumour survival. n = Smice/arm. (b) Images of Nalmé
BLIonday11ofhigh-dose CD19.BBZ-CAR + CV-1treated mice, treated asin (a).
(c) Low-dose CD19.28C-CAR + CV-1 (Fc-dead) treated Nalmé6 tumour growth.
Mean + SEM of n = 5mice/arm. (d) Images of Nalm6 BLI of low-dose CD19.28C-
CAR+ CV-1treated mice, treated asin (c). (e - f) Images (e) and quantification (f)
of T cell BLI post CV-1treatment of Nalmé tumour-bearing mice. Top: high-dose
CD19.BBZ-CAR + CV-1, treated asin (a), on day 9 (four days post CV-1treatment).
Bottom:low-dose CD19.28C-CAR + CV-1, treated asin (c), day 11 (six days post
CV-1treatment). For (f): mean + SD of n = 5 mice for each dose condition.

(g) CRISPR/Cas9 mediated CD47 knock-out (CD47y,) efficiency in primary
human T cells by flow cytometry. CD47 cells are CD47,, with exogenous
expression of wild-type CD47. Representative of n >3 donors. (h) Images of

Nalmé tumour progression (top five rows) and T cells on day 11 (bottom row) by
BLIinthe Nalmé - 47,,-CD19.28C-CAR T model. (i) Survival of Nalmé bearing
mice shownin (h).n=5mice per treatmentarm. (j) Representative flow
cytometry plotsof hCD45" T cellsidentified in the blood of 47 - or 474~
CD19.28¢-nLuc-CAR = B6H12 treated, non-tumour bearing mice. (k) Images of
T cell BLIfollowing treatment with 47,,- or 47,,-CD19.28¢-nLuc-CAR T cells
before and after B6H12 treatment. (1) T cell BLI of mice showniin (k) treated with
47 w1~ or 47,,-CD19.28¢-nLuc-CART, before and after B6H12 treatment. Dashed
lineindicates limit of detection. Mean + SD of n = 5mice. (m) hCD8" and hCD4"*
Tcellsintheblood on day 6 or 7 by flow cytometry following treatment 47,,,- or
47¢0-CD19.28¢-nLuc-CART £ B6H12 inseparate experiments, treated asin (k).
Mean £ SD of n = 5mice. [(c), (1), (m)] Two-way analysis of variance (ANOVA) test
with Tukey’s multiple comparison test. ns =not significant. [(f - top)] Two-tailed
Mann-Whitney test. [(f- bottom)] Unpaired two-tailed Student’s ¢ test.
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Extended DataFig. 3| CD47 over-expression (47,;) does not alter T cell
functioninvitro, but enhances efficacy in vivo. (a) Expansion of CD19.28¢,
474-CD19.28C-, AAVS1,-CD19.28C-, or 47,-CD19.28C-CAR-T cells over daysin

culture.Mean +SD of n=3 T celldonors. (b) CD19.28T-, 47,,-CD19.28C-, AAVS],-

CD19.28C, or 47,,-CD19.28C-CAR-T cell viability over days in culture. Mean + SD
ofn=3Tcelldonors. (c) Nalm6-GFP tumour killing by mock, CD19.28C-, 47 -
CD19.28C-, AAVS1,,-CD19.28C-, or 47,,-CD19.28¢-CAR-T cellsatal:1 E:T ratio
measured vialncuCyte assay. Mean + SD of n =3 T celldonors, witheach
datapointderived from the average of n =3 triplicate wells per donor. Mock,

CD19.28C, and 47,;-CD19.28C are shared conditions duplicated in (d). (d) Nalmé-

GFP tumour killing by mock, CD19.28-, or 47,,-CD19.28(-CART cells + B6H12
atal:1E:Tratio measured vialncuCyte assay. Mean + SD of n=3 T cell donors,

witheach datapointderived from the average of n =3 triplicate wells per donor.

Conditions without B6H12 are shared conditions duplicatedin (c). (e - f) [FN-y
(e) and IL-2 (f) secretion upon co-culture for 24 h with and without Nalmé
tumour cellsatal:1E:T ratio of mock, CD19.28-, 47,.-CD19.28(-, AAVS], -
CD19.28C- or 47,,-CD19.28C-CAR-T measured via ELISA. Mock, CD19.28C-, and
47,-CD19.28C-CAR-T cellswere also assessed in the presence of B6H12 and
Nalmé.Mean +SD of n=3T cell donors, with each datapoint derived from the
average of n=3triplicate wells per donor. (g-1) Annexin V (g), CD69 (h), CD39

(i), TIM3 (j), LAG3 (k), and PD1 (1) expression upon co-culture for 24 hwith and
without Nalmé tumour cells at al:1E:T ratio of mock, CD19.28-, 47,,-CD19.28¢,
AAVS1,,-CD19.28C- or 47,,-CD19.28C-CAR-T measured via flow cytometry.
Mock, CD19.28C-, and 47,,-CD19.28-CAR-T cells were also assessed in the
presence of B6H12 and Nalmé6. Mean + SD of n=3 T cell donors. (m) CD47 and
CAR (second from left) expression on T cells by flow cytometry after CD47
over-expression (47,;). Representative of n >3 donors. (n) Images of Nalmé6 BLI
on day 45 after dosing with CD19.28C- or 47,,-CD19.28(-CAR-T cellsin Nalmé
tumour-bearing mice. (0) CD19.28C- or 47,.-CD19.28(-CAR T treated Nalmé6
tumour growth by BLI. Mean + SEM of n = 5 mice/arm. (p) CD11b*/F4/80"
macrophages collected via peritoneal lavage by flow cytometry on day 13
after clodronate treatment. Mean + SD of n =7 (macrophage depleted) or

n=9 (macrophage non-depleted) mice. (q) Representative flow plots and
gating strategy for detection of macrophagesinsamples collected following
peritoneal lavage. (r) CD19.28¢-nLuc-CAR T BLI before (day 7) and after (day 9)
treatment with B6H12 of mice + macrophage depletion (started on day 0).
Mean + SD of n =4 (macrophage depleted, PBS treated) or n =5 (all other
groups) mice. [(a), (b), (c), (d), (e), (F), (), (h), (i), (j), (k), (1), (0), (r)] Two-way
analysis of variance (ANOVA) test with Tukey’s multiple comparison test.
ns=notsignificant. [(p)] Unpaired two-tailed Student’s t test.
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ExtendedDataFig.4|CD47 expressionisuniformamong CART cellsubtypes
and decreases over timein culture. (a) Phagocytosis of CFSE labelled
CD19.28C-CAR-T cells from three donors by primary human macrophages from
three donors by flow cytometry, following one hour of co-culture. CAR T cells
were either untreated or treated with B6H12 or mligGlisotype control prior to
addition of macrophages.Mean + SD of n=3 T cell donors, with each datapoint
derived from the average of n =3 triplicate wells per donor. (b) Representative
confocalimages of primary human CD19.28-CAR-T cell phagocytosisbya
primary human macrophage after treating with B6H12 ina three-dimensional
collagen matrix.Images from left toright represent O min (initialimage),

1h30 min,2h28 min,and 3 h21 min of T cell - macrophage co-incubation. CAR
Tcells (green) and macrophages (red) were labelled separately with lipophilic
dyes.CART cellswere also labelled with pH sensitive pHrodo Red dye (shown
inblue) prior to B6H12 treatment. White arrows indicate a phagocytic event.
SeeSlIVideo1foraccompanying time-lapse video.Images are representative
across n=2experiments. (c) CD47 expression ontumour cells, mock T cells,
and CD19.28C-CAR-T cells by QuantiBrite quantitative flow cytometry. T cells
were assessed onday 4 and day 11 of culture. Quantification of histograms
shownontheleftforeachcelltype.Representative of n=1tumour sample
andn=3Tcelldonors and reproducible across n >3 experiments. (d) CD47
expressionon CD4" and CD8" CD19.28(-CAR-T cells by QuantiBrite quantitative
flow cytometry. Cells were assessed by flow cytometry on day O (prior to
activation), day 4 (afteractivationbead removal), day 7, and day 11 (time of
typical transferinvivo). Mean + SD of n =3 T cell donors. Only significant
differences are shown. All other groups are not significantly different,
comparingbetween the same subtype over time and between subtypes

atthe same timepoint. (€) CD47 expression on Ty, Tcy, Tewm, and Teyra CD4*

(left) and CD8* (right) CD19.28-CAR-T cell subtypesondays 0,4, 7,and 11
post-activation by QuantiBrite quantitative flow cytometry. Mean + SD of
n=3Tcelldonors. Onlysignificant differences are shown. All other groups are
notsignificantly different, comparingbetween the same subtype over time and
betweensubtypes at the same timepoint. (f) Representative flow cytometry
plots of CD19.28C-CAR-T cells pre- (day 0) and post-activation (days 4,7, and 11).
Left column: gating for T cell differentiation states, T naive (CD45RA*/CD62L" |
Ty), Tcentralmemory (CD45RA/CD62L" | Ty, T effector memory (CD45RA™/
CD62L | Tgy), and T effector memory re-expressing CD45RA (CD45RA"/

CD62L" | Tgmra)- Right column: histograms of CD47 expressionacross T cell
differentiation states. (g) Calreticulin (left) and CD47 (right) expression on
CAR-T cells by flow cytometry on day 10 of culture. Quantification of histograms
shownonthebottom for eachtype of CAR-T cell. Representative of n=3
donors. (h) Quantification of CD47 (top) and calreticulin (bottom) expression
on CAR' T cellsonday 16 and day 25 of culture by flow cytometry. Mean + SD of
n=3donors. (i) Single cell landscapes colour coded for cell type. Top: Weighted
nearest neighbour (wnn) UMAP derived fromn = 6,316 CAR" cells sorted from
theblood collected on day 7 after CAR T infusion of n = 9 axi-cel (CD19.280)
treated LBCL patients, sampled to 500 cells/patient sample. Bottom: UMAP
derived fromn=25,598 cells fromthe CSF of n=4 GD2.BB{ treated diffuse
midline glioma (DMG) patients, sampled to 500 cells/patient sample.

[(a), (d), (e)] Two-way analysis of variance (ANOVA) test with Tukey’s multiple
comparisontest. [(h)] Unpaired two-tailed Student’s t test. For all: ns=not
significant.
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Extended DataFig. 5| Anti-CD47 can limit toxicities fromapan-tumour

integrintargeting PIP-CARand GVH

D. (a) Cartoon of the PIP-CAR design.

The diagram was created using BioRender. (b) PIP.28C-CAR expression by flow
cytometry. Representative of n =3 donors. (c) 143B-GFP tumour killing by
PIP.28, PIP.BBZ, or non-tumour targeting CD19.BB-CAR T cellsatal:1E:T
ratio measured viaIncuCyte assay. Mean + SD of n =3 triplicate wells and
reproducibleinthreeindependent experiments with different donors.

(d) Weights of mice following treatment with CD19.28Z- or PIP.28C-CAR-T.

Mean + SEM of n=5mice/arm. (e) Cart

oon ofthe dualluciferase reporter

design for tracking CAR-T activityin vivo. nLucis linked to CAR expression,

fLucislinked to NF-kB activation. (f) T

cellBLIof mice treated with CD19.28C-

or PIP.28¢-nLuc_NFkB-fLuc-CART cells. Left: nLuc (total T cells). Right: fLuc
(active T cells). Mean = SEM of n = 5 mice/arm. (g) Images of T cell BLI of mice
treated asin (f), 3 days after infusion. Top: nLuc (total T cells). Bottom: fLuc

CAR T treated

(activated T cells). n = 5mice/arm. (h) Representativeimages of BLI from organs
extracted from mice treated asin (f), four days after CAR T administration. Left:
nLuc (total T cells). Right: fLuc (active T cells). Representative of n = Smice/arm.
(i) Representative hematoxylin and eosin (H&E) stained images of lung tissue
collected frommicetreated asin (f), four days after CAR T administration.
Right panelis a higher magnification view of the boxed region in the middle
panel.Images arerepresentative of n =3 mice/arm. (j - I) Representative
images of (j) mice demonstrating GvHD derived alopecia (day 48 post-CART
infusion), (k) spleens from mice (.yjeceq ©N day 48 post-CAR T infusion), and (1)
H&E staining of skin sections (collected on day 48 post-CAR T infusion) from
mice treated with CD19.BBZ-CAR T + B6H12. Representative of n = 5mice/arm.
[(c), (d), (F)] Two-way analysis of variance (ANOVA) test with Tukey’s multiple
comparison test.
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Extended DataFig. 6 | Engineered variants of CD47 retain SIRPa binding

and demonstrate aloss of binding to some, but not all, anti-CD47 antibodies.

(a) Engineered CD47 (47;) mechanism: aCD47 antibodies bind tumour cells,
butnot 47T cells, triggering tumour-specific phagocytosis. The diagram was
created using BioRender. (b) Cartoon of yeast displayed CD47 Ig-like domain
using the pPCTCON2 vector. CD47 is displayed as an N-terminal fusion.

(c) Binding of 100 nM B6H12 to yeast displayed CD47 in pCTCON2 by flow
cytometry. Representative of n =3independent experiments. (d) Binding
curveof B6H12 to yeast displayed CD47in pCTCON2, measured over multiple
concentrations by flow cytometry. MFlof n =1 experiment. (e) Binding of

300 nM human (top) and mouse (bottom) SIRPa to yeast displayed CD47in
pCTCON2by flow cytometry. Dataare representative of n =3 independent
experiments. (f) Binding of 500 nM CV-1to yeast displayed CD47in pCTCON2
by flow cytometry. Data are representative of n =3 independent experiments.
(g) Flow cytometry sorting plots of all six sorts of the CD47 library, indicating
negative sorts to B6H12 and positive sorts to CV-1. Collected population
indicated by the black box in each plot. (h) Binding of 500 nMB6H12 or 100 nM
CV-1totheyeast displayed CD47 library population collected after sort 6 or
yeast displayed WT CD47. Data are representative of n=2independent

experiments. (i) Binding of 1pM B6H12 or 100 nM CV-1to CD47 variants
displayed onyeast using the pPCTCON2 vector. Mean = SD of n =3 individual
yeast clones, normalized to MFIfrom binding to 47,,;. (j) Cartoon of yeast-
displayed CD47 Ig-like domain using the pFreeNTerm (pFNT) vector. CD47 is
displayed as a C-terminal fusion, along with GFP to monitor protein expression.
(k) Binding of 100 nM human and mouse SIRPa to yeast displayed CD47in pFNT
by flow cytometry. Representative of n =3 independent experiments. (I) Crystal
structure of CD47 (yellow) binding SIRPa (orange) [PDB: 2JJS], identifying

the CD47BCloop (green), containing CD47 residues T26 - Q31. (m) Crystal
structures of CD47 (red) binding SIRPa (dark pink, left) [PDB: 2JJS]and B6H12
(lightblue, right) [PDB: 5TZU], identifying residues A30 (gold) and Q31 (blue),
andtheBCand FGloops of CD47.Structures are enlargements of the boxed
regionsinthe full structures showninFig. 4c. (n) Binding of 100 nM B6H12,
TJC4,Hu5F9, and hSIRPa to yeast displayed 471,64, 47n27a, aNd 47,54 Variants.
Mean £ SD of n =3 individual yeast clones, normalized to MFI from binding to
47+ [(i), (n)] Two-way analysis of variance (ANOVA) test with Tukey’s multiple
comparison test. ns =notsignificant. Comparisonis betweenindicated group
and binding to CD47 WT expressing cells.
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Extended DataFig.7|Expressionof47.onT cells mitigates B6H12 induced
phagocytosis due tolack ofantibody bindingin vitroandin vivo.

(a) Representative flow cytometry histograms of 50 nM hSIRP«, 50 nM
mSIRP«, 500 nMB6H12,500 nM TJC4, and 50 nM Hu5F9 binding to 47+,

47 308 47 @310 AN 4753059314 OVET-expressed on primary human T cells. Dataare
representative of n =3 different T celldonorsinindependent experiments.

(b) Left: Representative flow cytometry histograms of 100 nM hSIRPa, 100 nM
mSIRPa, and 500 nM B6H12 binding to 47y, 47,305, and 473, expressed on
Jurkats with endogenous 47,,. Right: Binding of B6H12, hSIRPa, and mSIRPa to
full-length 471, 47,505, and 473, expressed on Jurkat cells with endogenous
47¢o-Mean £ SD of n =3 independent experiments, normalized to fraction
binding to 47,. (c) Phagocytosis by primary human macrophages from
multiple donors of CFSE labelled Jurkats with endogenous 47,,, expressing

47 w1, 4730 OT 47 g3pp Variants after one hour of co-culture + B6H12. Mean + SD of
n=3triplicate wells. (d) Phagocytosis by primary human macrophages from
two donors of pHrodo Red labelled primary human CD19.28-CAR-T cells from
three donors withendogenous 47,,, expressing 47, or 47, (473) after three
hours of co-culture + B6H12. Mean + SD of n = 3 triplicate wells. (e) Images of
Tcell BLIfollowing treatment with 47 y- or 47;-CD19.28¢-nLuc-CAR-T cells
B6H12innon-tumour bearing mice. (f) T cell BLI before and after aCD47

treatment, of mice treated asin (e). Mean + SD of n = 5mice. (g) hCD8"and
hCD4' Tcellsintheblood on day 6 by flow cytometry of mice treated asin (e).
Mean £ SD of n = 5mice. (h) Representative flow plots and gating strategy for
detection of CFSE* macrophages and T cellsin dissociated 143B tumour samples
intheinvivo phagocytosis modeltreated with Her2.BBZ-CAR T cells + B6H12.
Representative of n =5mice/arm. (i) Representative flow plot and gating
strategy for detection of CFSE" cells of adissociated 143B tumour from a mouse
thatdid notreceive CART cells. (j) mF4/80*/CD11b* macrophages identified

by flow cytometry of dissociated tumours treated asin (h). Mean + SD of
n=>5mice. (k) hCD3"/hCD45" human T cellsidentified by flow cytometry of
dissociated tumours treated asin (h). Mean + SD of n = 5 mice. (I) Percentage

of phagocytosed T cellsidentified in each dissociated tumour, treated asin

(h), calculated as the number of CFSE* macrophages per 100,000 lives cells
persample divided by the total number of CFSE* macrophages and T cells
per100,000 live cells per sample, identified by flow cytometry. Mean + SD

of n=>5mice. [(b), (c), (d), (f), (g)] Two-way analysis of variance (ANOVA) test
with Tukey’s multiple comparison test. ns = not significant. (b) comparison
isbetweenindicated group and binding to 47, expressing cells. [(j), (k)]
Unpaired two-tailed Student’s t test. [(1)] Two-tailed Mann-Whitney Test.
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Extended DataFig. 8| CAR-T treatmentincreases tumour infiltration of
macrophages. (a) hCD45" T cells identified by flow cytometry of dissociated
143B tumoursin the 143B correlative model, treated with no T cells, mock, 47 -
or47.-Her2.BBZ-CAR-T cells + B6H12. Mean of n =2 (47.-CAR + B6H12) or

mean +SD n =3 (all other samples) mice. (b) Percent positivity forhCD3 T cells
identified by IHC from tumour sections treated asin (a). Meanofn=2

(47-CAR + B6H12) or mean + SD n =3 (all other samples) mice. (c) Correlation
of hCD3 and mF4/80 staining in IHC sections of tumours treated asin (a).

Data points are representative of individual tumours, coloured by treatment
group (n=23).R?calculated by simple linear regression. (d) Percent positivity

200 pm
for hCD3 (T cells), mArgl (M2 macrophages), and mF4/80 (total macrophages)
cellsidentified by IHC from tumour sections treated as in (a). Meanof n =2
(47 y-CAR:F4/80;47.-CAR + B6H12: CD3; 47;-CAR + B6H12: Argl) or mean = SD
of n=3(all others) mice. (e) Correlation of hCD3 and mArgl percent positivity
by IHC of tumour sections treated asin (a). Datapoints are representative of
individual tumours, coloured by treatment group (n =23).R*calculated by
simplelinear regression. (f) Representative images of IHC tumour sections
stained for mF4/80, mArgl,and hCD3, treated as in (a). Representative of
tumour sections collected from n =3 mice/arm.[(a), (b)] Two-way ANOVA test
with Tukey’s multiple comparison test. ns = not significant.
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Extended DataFig.9|CAR-T treatmentincreases tumour infiltration of
distinct macrophage populations. (aand b) scRNA-seq profile of dissociated
tumour and infiltratingimmune cellsin the 143B correlative model, treated
withno T cells, mock, 47,,- or 47;-Her2.BBZ-CAR-T cells  B6H12. Dots represent
individual cells.n=53,062 cells from 8 experimental conditions with three
mice per treatment group, coloured by (a) cell type (left eight plots; UMAPs
represent distinct treatment conditions), species (far right), or (b) gene
expression level. (c) Composition of murine cells identified viascRNA-seq from
143B tumours treated asin (a). Dataare derived fromn = 53,062 cells pooled
from 8 experimental conditions with three mice per treatment group. Cell
typesassigned using SingleR automated cell type recognition. (d) Dot Plot
depicting scRNA-seq expression of selected T cell subset markers, cytokines,
and chemokines.n=11,044 human tumour infiltrating T cells from treatments
describedin (a). (e) Comparison of differentially expressed genes between
CAR-T cells of different treatment groups described in (a). Statistical
significance was determined with Seurat; *Padj <0.05. (f) Comparison of
differentially expressed genes between macrophages of different treatment
groupsdescribedin (a). Statistical significance was determined with Seurat;

*Padj<0.05. (g) Enrichr pathway analysis of the top 100 upregulated genes in
tumour infiltrating macrophages [macrophage/monocyte populationin (a)] in
47.-CAR + B6H12treated tumours compared with untreated controls. Results
depictthe Pvalue (two-sided Fisher’s exact test) of each pathway. (h) UMAP
oftheidentified macrophage/monocyte populationin (a), subsetted and
re-clustered, coloured by cluster (cluster identities on the left). Dots represent
individual cells. n=13,082 cells from 8 experimental conditions. (i) UMAPs of
theidentified macrophage/monocyte population, subsetted and re-clustered,
colouredby cluster (clusteridentitiesin (h)). UMAPs represent distinct
treatment conditions. Dots representindividual cells.n =13,082 cells from

8 experimental conditions described in (a). (j) UMAP of the re-clustered
macrophage/monocyte population from (m), coloured for red ifhCD3¢e

mRNA expression >0.Dots representindividual cells.n=13,082 cells from

8 experimental conditions, with n =350 total cellsidentified ashCD3e mRNA".
UMAPs represent distinct treatment conditions describedin (a). (k) Dot plot
depicting scRNA-seq expression of selected cluster-defining genes within the
macrophage populationsidentified in (h). Padj.<0.0001for eachselected gene.
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Extended DataFig.10|Pairing of 47,;-CAR T and anti-CD47 therapy enhances
tumour controlinan aggressive osteosarcomamodel, even at low doses.
(a-b)hCDS8" (left,a) and hCD4" (right,a&b) T cells derived from two
independentdonors (represented by panelsa &b) inthe blood on day 14 by
flow cytometry after B6H12 treatmentin 143B tumour bearing mice, treated
with 47,,;- or47.-Her2.BB{-Antares-CAR-T + B6H12.Mean + SD of n = 5 mice.
(c)hCD4"and hCD8' T cellsin the blood on day 14 and day 27 of tumour growth
in143B tumour bearing mice, treated with 47.-Her2.BB{-Antares-CAR-T + B6H12.
Datapointsrepresentindividual mice, with values from the same mouse
connected by lines between time points. (d) T cell BLI prior to B6H12 treatment
inmicetreated asin (a). Mean + SD of n =5mice. (e) T cell BLI after B6H12
treatment onday13inmice treated asin (a). Mean + SD of n = 5 mice. (f) 47 -
or47.-Her2.BBC-Antares-CAR-T + B6H12 treated 143B tumour survival.

20 30
Days after tumor engraftment

n=>5mice/arm.(gand h) 47 ;- or 47;-Her2.BB{-Antares-CAR-T + B6H12 treated
143B tumour (g) growthand (h) survival, using T cells derived from a different
donor than (f). Mean + SEM (g) or representative (h) of n=5mice. (i) hCD8"
(left) and hCD4" (right) T cells derived fromin the blood on day 12 by flow
cytometry after treatment with 47,,- or 47.-Her2.BBZ-CAR-T + low-doses of

75 ugor25ugB6H12treatmentin143B tumour bearing mice.Mean+SDofn=35
mice. (j) 47:-Her2.BB-CAR-T £ low-dose B6H12 (75 pg or 25 pug) treated 143B
tumour growth, using T cells derived from two different donors (left and right
panels, respectively). Mice treated with mock T cells were co-treated + 250 pg
(-10 mg/kg) B6H12 (left panel) or 75 ng (-3 mg/kg) B6H12 (right panel).

Mean + SEMof n=5mice.[(a), (b), (d), (e), (g), (i), (j)] Two-way ANOVA test with
Tukey’s multiple comparison test. ns = not significant. [(f), (h)] Log-rank
Mantel-Cox test. ns = not significant.
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Extended DataFig.11| Expression of 47, on tumour-targeting T cells permits
pairing with anti-CD47 therapy and results inimproved tumour control.

(a) hCD8" (left)and hCD4" (right) T cells by flow cytometry from the blood of
CAR-T treated mice onday 15in CHLA-255 tumour bearing mice, treated with

47 wr-or 47,;-B7H3.BBC-nLuc-CAR-T + B6H12. Mean + SD of n = 5mice. (b) T cell
BLIonday 14 in CHLA-255 tumour bearing mice, treated asin (a). Mean + SD of
n=>5mice. (c) Images of CHLA-255 tumour progression (top four rows) and
Tcellsonday14 (bottom) by BLI, treated asin (a). (d) 47,,;- or 47;-B7H3.BB{-nLuc-
CAR-T £ B6H12treated CHLA-255 tumour growth by BLI. Mean + SEMofn=35
mice/arm. (e) 47 - or 47,;-CD19.28C-CAR-T + B6H12 treated Nalmé6 tumour growth
by BLI. Mean + SEM of n = 5mice/arm. (f) 47 ;- or 47;-CD19.28C-CAR-T + B6H12

treated Nalmé survival.n=5mice/arm.(g) T cellby BLIin A375 tumour bearing
mice, treated with 47.-NY-ESO-1-Antares-TCR-T cells  B6H12, before (day 9, left)
and after (day 14, right) aCD47 treatment. Mean + SD of n = 5 mice. (h) hCD4"*
(left) and hCD8* (right) T cells by flow cytometry from the blood in the A375
tumour bearing mice, treated as in (g). Mean + SD of n = 5mice. (i) 47;-NY-ESO-
1-TCR-T £ B6H12 treated A375 tumour growth. Data are individual tumour
growth traces of n=5mice/arm. (j) 47;-NY-ESO-1-TCR-T + B6H12 treated A375
tumour growth, with T cells derived from a different donor than shownin (i).
Mean + SEM of n = 5 mice/arm. [(a), (b), (d), (e), (g), (h), (j)] Two-way ANOVA test
with Tukey’s multiple comparison test. ns = not significant. [(f)] Log-rank
Mantel-Cox test. ns=notsignificant.
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Data collection FACSDiva ver 8.0.1 (BD Biosciences): Flow cytometry data acquisition
BD Accuri C6 software ver 1.0.264.21 (BD Biosciences): Flow cytometry data acquisition
IncuCyte S3 ver 2019B Rev2 Software (Sartorius): Cytotoxicity data acquisition
Livinglmage ver 4.7.3 (Perkin Elmer): In Vivo Bioluminescence data acquisition
Aura ver 4.0.7 (Spectral Instruments Imaging): In Vivo Bioluminescence data acquisition
SH800S cell sorter software ver 2.1.5 (SONY): Cell sorting data acquisition
Gen5 ver 2.00.18 (BioTek): ELISA quantification
Imaris ver 10.0 (Oxford Instruments): confocal microscopy
cellSens ver 3.2 (Olympus Life Science): histology microscopy
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Data analysis FlowJo ver 10.8.1 (BD): Flow cytometry data analysis
Excel ver 16.64 (Microsoft): Analysis of bulk data
Prism ver 9.5.1 (GraphPad): Generation of graphs and statistical analysis
SnapGene ver 6.0.2 (Dotmatics): DNA vector design and molecular cloning
Aura ver 4.0.7 (Spectral Instruments Imaging): In Vivo Bioluminescence data quantification
Imaris ver 10.0 (Oxford Instruments): confocal microscopy
PyMol ver 2.5.8 (Schrodinger, LLC): protein structure modeling
Aperio ImageScope ver 12.3.2.8013: IHC positivity score analysis
CellRanger ver 6.0: demultiplexing and alignment of sequencing reads to host reference genomes
Seurat ver 4.2.0: cell type identification, differential gene expression analyses, and visualizations
R ver 4.2.2: statistical 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.
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All data associated with this paper are included in the manuscript and the supplementary materials. All raw data are provided in the source data files. The scRNA-
seq dataset has been deposited in the NCBI Gene Expression Omnibus (GEO) and is accessible through the GEO series accession number GSE261475. Data used to
generate scRNA-seq UMAP plots from patient data (Fig. 2d) were obtained from publicly available data sets using the GEO series accession numbers GSE168940
(Good Z., et. al., Nature Medicine, 2022) and GSE186802 (Majzner, R.G., et. al., Nature, 2022). For protein crystal structure modeling, the following publicly availably
PDB files were used: 2JJS (hCD47 - hSIRPa) and 5TZU (hCD47 - B6H12).
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collected. Human T cells were isolated from buffy coats or leuokopaks from anonymous healthy donors (male and female;
gender information was not collected) purchased from the Stanford Blood Center or STEMCELL Technologies, respectively.

Population characteristics Patient characteristics can be found in previous publications where the datasets we re-analyzed were originally published:
(Good, Z. et. al. Nature Medicine, 2022 and Majzner, R.G., et. al., Nature, 2022). Human T cells were isolated from buffy coats
or leuokopaks from anonymous healthy donors (male and female, under 45) purchased from the Stanford Blood Center or
STEMCELL Technologies, respectively.

Recruitment Patient recruitment information can be found in previous publications where the datasets we re-analyzed were originally
published: (Good, Z. et. al. Nature Medicine, 2022 and Majzner, R.G., et. al., Nature, 2022). Written informed consent was
obtained from all healthy T cell donors by the Stanford Blood Center and STEMCELL Technologies.

Ethics oversight Both studies we re-analyzed data from (Good, Z. et. al. Nature Medicine, 2022 and Majzner, R.G., et. al., Nature, 2022) were
approved by the Stanford University IRB. Ethical approval pertaining to T cell donors was obtained by the Stanford Blood
Center and STEMCELL Technologies. Blood cells used were exempt from IRB approval as there was no identifiable
information provided about blood donors.
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Sample size (1,2)

1. Labanieh, L., et al., Enhanced safety and efficacy of protease-regulated CAR-T cell receptors. Cell, 2022. 185(10): p. 1745-1763.e22.
2. Theruvath, J., et al., Anti-GD2 synergizes with CD47 blockade to mediate tumor eradication. Nature Medicine 2022 28:2, 2022. 28(2): p.
333-344.

Data exclusions  In the experiments described in Figure 1I,m, one mouse in the macrophage depletion group died prematurely and was excluded from the
study. In the IHC and flow analysis described in Figure 5a and Extended Data Figure 8a-e some data were excluded due to lack of detectable
tumor after dissociation, notably in the 47E-CAR treated group.

Replication At least 2 different donor T cells were used for every experiment with primary T cells (save for those noted below) and each experiment was
performed independently. For experiments where one representative donor was shown, data were representative of all donors. Experiments
with Jurkat cells were performed independently at least 3 times and with different donor derived macrophages. Experiments with yeast were
performed with three different clones and were performed independently. All attempts at replication were successful. Only one T cell donor
was used for the CHLA-255 metastatic model described in Extended Data Figure 11a-d, the 143B correlative study described in Figure 5a-d
and Extended Data Figures 8 and 9, the in vivo phagocytosis model described in Extended Data Figure 7h-l, and the low-dose CD19 CAR-Nalm6
model described in Extended Data Figure 1, Figure 1h,i, and Extended Data Figure 11e,f. A single donor was used in these cases due to
practical experimental limitations (such as for single cell RNA sequencing experiments), similar prior experiments with different donors and
different doses, but similar results (such as Nalm6 experiments), or confirmation of replication though smaller scale prior pilot studies (such as
for CHLA-255, in vivo phagocytosis, and 143B tumor dissociation experiments).

Randomization  For in vivo experiments, cages of mice that were previously engrafted with tumor were randomly assigned CAR T cell and anti-CD47
conditions for infusion, ensuring roughly equal distributions of tumor size between groups prior to treatment. Experiments with primary
human T cells were performed using T cells isolated from healthy T cell donors (under age 45) chosen at random. Transformed yeast clones
were chosen at random for each condition. Otherwise, all other experiments were not randomized, but instead included controls to account
for covariates (such as mock transduced T cells derived from the same donor as CAR T cells or yeast cells stained with only secondary
antibodies).

Blinding In vivo tumor engraftment and T cell infusion were performed by a technician who was blinded to treatments and expected outcomes.

Otherwise, fully informed data analysis was performed. Fully blinded experiments were not possible due to personnel availability to
accommodate such situations.
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Antibodies

Antibodies used From Abcam:
Goat anti-chicken Alexa Fluor 647 (polyclonal; catalog: NC0928213)
Anti-Calreticulin-phycoerythrin (clone: FMC 75; catalog: ab83220)
Anti-CD3 (clone: SP7; catalog: ab16669)
mlgG1 isotype control - PE (clone: B11/6; catalog: ab91357)

From BD:

Anti-hCD4-BUV395 (clone: SK3, catalog: 563550)
Anti-hCD8-BUV-805 (clone: SK1, catalog: 612889)
Anti-hCD47-BV711 (clone: B6H12; catalog: 563761)
Anti-hCD3-BUV737 (clone: SK7; catalog: 612752)
Anti-CD11b-BUV395 (clone: M1/70; catalog: 563553)
Anti-mCD45-BUV805 (clone: 13/2.3; catalog: 752415)
Anti-CD19-BUV496 (clone SJ25C1; catalog: 612938)
Anti-hCD62L-BV605 (clone: DREG-56; catalog: 562719)
Anti-hCD47-PE (clone: B6H12; catalog: 556046)

From BioLegend:
Anti-hTCR VB13.1-APC (clone: H131; catalog: 362408)
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Validation

Anti-CD11b-APC (clone: M1/70; catalog: 101212)
Anti-mF4/80-BV605 (clone: BMS; catalog: 123133)
Anti-DYKDDDDK Tag (FLAG Tag)-BV421 (clone: L5; catalog: 637322)
Anti-hCD69-BV421 (clone: FN50; catalog: 310930)
Anti-hCD39-BV605 (clone Al; catalog: 328236)

Anti-hTIM3-BV510 (clone F38-2E2; catalog: 345030)
Anti-hCD45RA-BV785 (clone HI100; catalog: 304140)

From Bio X Cell:

Anti-hCD47 (clone: B6H12; catalog: BEO019-1)
Anti-mCSF1R (clone: AFS98; catalog: BE0213)

mlgG1 isotype control (clone: MOPC-21; catalog: BEOO83)

From Cell Signaling Technology:
Anti-mF4/80 (clone: D2S9R; catalog: 70076)
Anti-mArg1 (clone: D4E3M; catalog: 93668)

From Jackson ImmunoResearch:
Goat anti-rabbit (polyclonal; catalog: 111-005-008)

From Vector Laboratories:
Goat anti-rabbit (polyclonal; catalog: BP-9100-50)

From Invitrogen:

Anti-hCD45-PerCP-Cyanine5.5 (clone: HI30, catalog: 45-0459-42)
Chicken Anti-c-myc (polyclonal; catalog: A21281)

Goat anti-Chicken-Alexa Fluor 488 (polyclonal; catalog: A11039)
Goat anti-mouse Alexa Fluor 488 (polyclonal; catalog: A11029)
Goat anti-mouse Alexa Fluor 647 (polyclonal; catalog: A32728)
Goat anti-human Alexa Fluor 488 (polyclonal; catalog: A11013)
Goat anti-human Alexa Fluor 647 (polyclonal; catalog: A21445)
Anti-CD47-APC (clone: B6H12; catalog: 17-0479-42)

Fixable Viability Dye eFluor 780 (catalog: 65-0865-14)
Anti-hLAG3-PE (clone: 3DS223H; catalog: 12-2239-42)
Anti-hPD1-PE-Cy7 (clone: J105; catalog: 25-2799-41)

Annexin V Apoptosis Detection Kit - APC (catalog: A35110)

Custom antibodies and proteins:

Sourced from the National Cancer Institute: Anti-14G2a CAR (detection of GD2 and HA CARs; clone 1A7, conjugated to Dylight 650
using Thermo Scientific Dylight 650 Labeling Kit; catalog: 84535)

Sourced from Genscript via custom prep: Anti-CD19 CAR (clone FMC63, conjugated to Dylight 650 using Thermo Scientific Dylight 650
Labeling Kit; catalog 84535)

Sourced from R&D: hB7H3-Fc (catalog: 1027-B3-100) and hHer2-Fc (catalog: 1129-ER-050)

Sourced from Sino Biological: hSIRPa-mFc (catalog: 11612-H38H) and mSIRPa-hFc (catalog: 50956-MO02H)

Sourced from the Cochran lab: HUSF9 and TJC4

Sourced from ALX Oncology: CV-1-Fc

Custom produced proteins (anti-14G2a-CAR, anti-CD19-CAR, Hu5F9, TJC4, and CV-1) were validated by binding to target protein on T
cells and displayed on yeast (for CD47 binders), by comparing antibody specific staining to isotype, secondary only, and unstained
controls.

All commercial flow cytometry and immunohistochemistry antibodies were validated by manufacturers at the websites listed below:

Goat anti-chicken Alexa Fluor 647: https://www.fishersci.com/shop/products/goat-anti-chicken-igy-h-1-15/NC0928213
Anti-Calreticulin-phycoerythrin: https://www.abcam.com/products/primary-antibodies/pe-calreticulin-antibody-fmc-75-
ab83220.html

Anti-CD3: https://www.abcam.com/products/primary-antibodies/cd3-antibody-sp7-ab16669.html

mlgG1 isotype control - PE: https://www.abcam.com/products/primary-antibodies/pe-mouse-igg1-b116-isotype-control-
ab91357.html

Anti-hCD4-BUV395: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-
color-antibodies-ruo/buv395-mouse-anti-human-cd4.563550

Anti-hCD8-BUV-805: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-
color-antibodies-ruo/buv805-mouse-anti-human-cd8.612889

Anti-hCD47-BV711: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-
color-antibodies-ruo/bv711-mouse-anti-human-cd47.563761

Anti-hCD3-BUV737: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-
color-antibodies-ruo/buv737-mouse-anti-human-cd3.612753

Anti-CD11b-BUV395: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-
color-antibodies-ruo/buv395-rat-anti-cd11b.565976

Anti-msCD45-BUV805: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/
single-color-antibodies-ruo/buv805-rat-anti-mouse-cd45.752415

Anti-CD19-BUV496: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-
color-antibodies-ruo/buv496-mouse-anti-human-cd19.612938

Anti-CD62L-BV605: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-
color-antibodies-ruo/bv605-mouse-anti-human-cd621.562719

Anti-CD47-PE: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
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antibodies-ruo/pe-mouse-anti-human-cd47.556046

Anti-hTCR VB13.1-APC: https://www.biolegend.com/nl-be/products/apc-anti-human-tcr-vbetal31-antibody-15532
Anti-CD11b-APC: https://www.biolegend.com/en-us/products/apc-anti-mouse-human-cd11b-antibody-345
Anti-mF4/80-BV605: https://www.biolegend.com/fr-fr/products/brilliant-violet-605-anti-mouse-f4-80-antibody-8702
Anti-DYKDDDDK Tag (FLAG Tag)-BV421: https://www.biolegend.com/en-gb/products/brilliant-violet-421-anti-dykddddk-tag-
antibody-16139

Anti-hCD69-BV421: https://www.biolegend.com/de-de/products/brilliant-violet-421-anti-human-cd69-antibody-7141
Anti-hCD39-BV605: https://www.biolegend.com/de-de/products/brilliant-violet-605-anti-human-cd39-16501
Anti-hTIM3-BV510: https://www.biolegend.com/de-de/products/brilliant-violet-510-anti-human-cd366-tim-3-antibody-12009
Anti-hCD45RA-BV785: https://www.biolegend.com/fr-ch/cell-health/brilliant-violet-785-anti-human-cd45ra-antibody-7972
Anti-hCD47 B6H12: https://bioxcell.com/invivomab-anti-human-cd47-be0019-1

Anti-mCSF1R: https://bioxcell.com/invivomab-anti-mouse-csflr-cd115-be0213

mlgG1 isotype control: https://bioxcell.com/invivomab-mouse-igg1-isotype-control-unknown-specificity-be0083
Anti-mF4/80: https://www.cellsignal.com/products/primary-antibodies/f4-80-d2s9r-xp-rabbit-mab/70076

Anti-mArg1: https://www.cellsignal.com/products/primary-antibodies/arginase-1-d4e3m-xp-rabbit-mab/93668

Jackson ImmunoResearch Goat anti-rabbit: https://www.jacksonimmuno.com/catalog/products/111-005-008

Vector Laboratories Goat anti-rabbit: https://vectorlabs.com/products/rtu-biotinylated-goat-anti-rabbit-igg
Anti-hCD45-PerCP-Cyanine5.5: https://www.thermofisher.com/antibody/product/CD45-Antibody-clone-HI30-
Monoclonal/45-0459-42

Chicken Anti-c-myc: https://www.thermofisher.com/antibody/product/Myc-Tag-Antibody-Polyclonal/A-21281

Goat anti-Chicken-Alexa Fluor 488: https://www.thermofisher.com/antibody/product/Goat-anti-Chicken-IgY-H-L-Secondary-
Antibody-Polyclonal/A-11039

Goat anti-mouse Alexa Fluor 488: https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-IgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-11029

Goat anti-mouse Alexa Fluor 647: https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-IgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A32728

Goat anti-human Alexa Fluor 488: https://www.thermofisher.com/antibody/product/Goat-anti-Human-lgG-H-L-Cross-Adsorbed-
Secondary-Antibody-Polyclonal/A-11013

Goat anti-human Alexa Fluor 647: https://www.thermofisher.com/antibody/product/Goat-anti-Human-lgG-H-L-Cross-Adsorbed-
Secondary-Antibody-Polyclonal/A-21445

Anti-CD47-APC: https://www.thermofisher.com/antibody/product/CD47-Antibody-clone-B6H12-Monoclonal/17-0479-42
Fixable Viability Dye eFluor 780: https://www.thermofisher.com/order/catalog/product/65-0865-14

Anti-hLAG3-PE: https://www.thermofisher.com/antibody/product/CD223-LAG-3-Antibody-clone-3DS223H-Monoclonal/12-2239-42
Anti-hPD1-PE-Cy7: https://www.thermofisher.com/antibody/product/CD279-PD-1-Antibody-clone-eBioJ105-J105-
Monoclonal/25-2799-41

Annexin V Apoptosis Detection Kit - APC: https://www.thermofisher.com/order/catalog/product/A35110

hB7H3-Fc: https://www.rndsystems.com/products/recombinant-human-b7-h3-fc-chimera-protein-cf_1027-b3

hHer2-Fc: https://www.rndsystems.com/products/recombinant-human-erbb2-her2-fc-chimera-protein-cf_1129-er
hSIRPa-mFc: https://www.sinobiological.com/recombinant-proteins/human-sirp-alpha-11612-h38h

mSIRPa-hFc: https://www.sinobiological.com/recombinant-proteins/mouse-sirp-alpha-50956-m02h
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The Nalm6 B-ALL cell line was provided by David Barrett (Children’s Hospital of Philadelphia) and retrovirally transduced to
express GFP and firefly luciferase. 143B osteosarcoma cells were acquired from the American Type Culture Collection (ATCC,
Manassas) and then retrovirally transduced with human CD19. CHLA-255 neuroblastoma line was obtained and provided by
Robert Seeger (Children’s Hospital Los Angeles) and retrovirally transduced with GFP and firefly luciferase. MG63.3 was
provided by Chand Khanna (National Cancer Institute, National Institutes of Health) and retrovirally transduced with GFP and
firefly luciferase. D425 was provided by S. Chesier (Stanford University, Stanford, CA) and retrovirally transduced to express
GFP and firefly luciferase. Nalm6 and MG63.3 were originally obtained from ATCC. D425 was originally obtained from Sigma
Aldrich. A375 melanoma cells and Jurkat cells (clone E6-1) were obtained from ATCC. The 293GP retroviral packaging line was
provided by the Surgery Branch (National Cancer Institute, National Institutes of Health). 293T lentiviral packaging cells were
obtained from ATCC. Expi293 protein production cells were obtained from ATCC.

Authentication Engineered cell lines were verified to express proteins of interest via flow cytometry. All cell lines were previously
authenticated via STR fingerprinting prior to use in this manuscript. Cell lines were also authenticated by the commercial
vendor, authentication techniques can be found on the vendor website: https://www.atcc.org/ and https://
www.emdmillipore.com/.

Mycoplasma contamination Cells were frequently tested for mycoplasma using the Lonza MycoAlert Mycoplasma Detection kit. All experiments reported
in this study used cells that tested negative for Mycoplasma.

Commonly misidentified lines  no commonly misidentified cell 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 NOD/SCID/IL2Ry-/- (NSG; NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ) male and female mice were used for all in vivo experiments. Mice were




Laboratory animals 6-10 weeks old at the time of tumor or T cell engraftment. Mice were housed at 22 °C and 50 % humidity with a 12 hour light/12
hour dark cycle.

Wild animals No wild animals were used in this study

Reporting on sex Findings apply to both sexes

Field-collected samples  No field samples were used.

Ethics oversight All animal studies were undertaken under Stanford University APLAC-approved protocols. Animals were housed in the Stanford

Veterinary Service Center (VSC) Barrier Facility at 22 °C and 50 % humidity with a 12-hour light/12 hour dark cycle. Mice were
monitored daily by VSC staff and euthanized if endpoint criteria were met.

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

Flow Cytometry

o]
Q
==
=
(D
°
©)
=,
g
>
®
o
©)
=
-]
Q
wn
C
3
3
Q
=
<

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
|X| 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).
g All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation For surface staining: as per methods, cells were washed with FACS buffer (PBS + 2% FBS), stained with fluorophore-
conjugated antibodies in FACS buffer (100ul total staining volume per sample) for 30 minutes on ice, washed again with FACS
buffer, and then analyzed, or stained with secondary antibody (in 100uL total staining volume) for 30 minutes on ice, before
washing again, and then analyzing.

Instrument BD Fortessa X-20, BD LSR II, BD Accuri, SONY SH800S

Software FACSDiva ver 8.0.1 (BD Biosciences), BD Accuri software (BD Biosciences), SH800S cell sorter software ver 2.1.5 (SONY), and
FlowJo ver 10.8.1 (BD Biosciences)

Cell population abundance Purity of sorted yeast cells was determined by flow cytometry. Sorted cells were grown up, and run via flow cytometry for
binding. Purity of sorted populations was estimated at >90% in all samples.

Gating strategy Samples were gated on lymphocytes (FSC-A/SSC-A), single cells (FSC-H/FSC-A), and relevant markers (CD47, CAR, CD4, CDS,
etc. as specified in the manuscript main text). For cells that were stained with live/dead staining, live cells were also gated
into the population of interest (live/dead staining was performed using Fixable Viability Kit eFluor 780 [eBioscience catalog
#65-0865-14]). Fluorescence minus one (FMO) and isotype controls were used to determine gating where necessary.

QuantiBrite-PE (BD Biosciences; catalog 340495) and LegendPLEX Th1 Panel (BioLegend; catalog: 741035) beads were gated
following the manufacturer's instructions.

For in vivo murine blood analysis, samples were gated on lymphocytes and single cells as above, with further gating on
human CD45hi cells. CountBright absolute counting beads were used to validate absolute cell numbers.

Yeast were first gated for forward scatter vs side scatter (FSC-A vs SSC-A), then gated for singlets using forward scatter (FSC-H
vs FSC-A). Finally, expressing yeast were identified via c-myc-tag staining or GFP expression, with the c-myc or GFP positive
population defined by running uninduced and no-secondary controls. In all cases a clear negative and positive population
were observed in induced yeast.

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