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euthanized upon reaching the humane endpoint, which included a
significant reduction of locomotion, significant weight loss, and mild-
to-severe neurologic symptoms, according to approved scoring cri-
teria detailed in Supplementary Table 5. In subcutaneous (s.c.) lym-
phoma models, the study protocol restricted maximal tumor volume
to 1500 mm?®. This limit was not breached for any animal in the study.
Sex was not explicitly considered in our study design for human or

IBA1* cells

CD206" cells CD206/IBA1 ratio

Bl aEGFRVIII CAR

Bl aEGFRVIII CAR +aCD47

animal experiments due to GBM affecting people of the male and
female sex.

SGRP engineering

To generate SGRP, nineAA substitutions were made to the endogenous
human SIRPy binding domain (hSIRPy-V1) AA sequence, as previously
described by Ring and colleagues® (Supplementary Fig. 1a). A human
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Fig. 5| EGFRvIII-speci ¢ CAR T cells persist within the tumor, but only anti-
EGFRVIII-SGRP CAR T cells eradicate EGFRvIII-mosaic GBM in histological
brain sections. a Brain and spleen collection at an intermediate post-therapeutic
time point for multiplex immunofluorescence (IF). Created in BioRender. Hutter, G.
(2024) BioRender.com/t61q547. b Histomorphological brain tumor size assess-
ment on day 21 post-tumor implantation. The boxes’ central line represents the
median, with the 75th percentile at the upper bound, the 25th percentile at the
lower bound, and the whiskers representing all samples from min to max values. All
comparisons were non-significant using a two-sided one-way ANOVA with Dun-
nett’s multiple comparisons. ¢ H&E-stained sections of representative tumor-
burdened brains on day 21 post-tumor implantation and seven days after the sec-
ond treatment. Coronal sections of cerebrum from different treatment groups;
Scale bars: 1000 um. d DAPI-stained (yellow) stitched assemblies of coronal brain
sections used for subsequent IF multiplexing with inserts and arrowheads

highlighting regions magnified in (e); Scale bars: 1000 um. b-d The data were
pooled from two independent experiments (aEGFRVIII CAR +aCD47 n =5; others
n=6), and stainings were performed individually for each histological slide and
staining cycle. e Representative micrographs of multiplexed IF assessments (n =3
per condition); Left column: Overlays of 7 TME/tumor and proliferation markers;
Center column: Overlays of DAPI and EGFRVIII staining; Right column: Overlays of
CD206 and IBAI staining; Scale bars: 50 um. The data were pooled from two
independent experiments, and stainings were performed individually for each
histological slide and staining cycle. f Pie charts displaying relative comparisons of
the percentage of marker-positive cells per all cells within the whole tumor or in the
tumor core across experimental conditions (aCD19 CAR n=1; aCD47 n=3; others
n=2). No tumors were detected in any of the aEGFRVIII-SGRP CAR-treated brains
analyzed. Source data are provided as a Source Data file and Supplementary Data 3.

IL-2 signal peptide (IL2sig) sequence was added to the N-terminus of
SGRP to allow its secretion by T cells to the extracellular space (Fig. 1c).
The SGRP AA sequence was codon-optimized using GenSmart Codon
Optimization (GenScript Biotech, USA) with ‘Human T-cell’ set as the
expression host organism. The resulting optimized AA sequence was
then reverse-translated into a nucleotide (nt) sequence. AA and nt
sequences are listed in Supplementary Table 1.

Protein interaction modeling

Protein structures of SGRP, human SIRPa binding domain (hSIRPa-V1),
murine SIRPa binding domain (mSIRPa-V1), and human CD47 (hCD47)
were predicted by AlphaFold®*, using the source code, trained
weights and inference script available under an open-source license
[https://github.com/deepmind/alphafold]. AA sequences of SGRP,
hSIRPa-V1, mSIRPa-V1, and hCD47 were entered and folded using the
multimer model. Sequences were superimposed against a genetic
database to generate multiple sequence alignment statistics. Predic-
tions ran on ‘relax mode without GPU’ and generated 3D interaction
models for SGRP and hCD47, hSIRPa-V1 and hCD47, or mSIRPa-V1 and
hCD47 (Supplementary Fig. 1b). Predicted local distance difference
tests (pLDDT) were calculated to evaluate local distance differences of
all atoms in each model and validate stereochemical plausibility (data
not shown). All AA and nt sequences are listed in Supplementary
Table 1.

CAR construct and lentiviral expression vector design

For human T cell transduction, replication-defective lentiviruses were
produced using a second-generation lentiviral system with transfer
plasmids encoding a 3C10.BBz”*° (anti-EGFRVIII) or FMC63.BBz**%°
(anti-CD19) CAR, an mCherry fluorescence reporter protein, and, in
some iterations, SGRP**?°, The CAR structure consisted of a CD8«
leader, a single-chain variable fragment (scFv), CD8a hinge and
transmembrane domains, a 4-1BB costimulatory domain, and a CD3(
signaling domain. Transgene expression was driven by the EFIA pro-
moter, and polyprotein sequences were cleaved by T2A or P2A pep-
tides. All sequences were assembled with Vector Design Studio
(VectorBuilder, USA). The vectors included an ampicillin resistance
gene to positively select transformed Escherichia coli. The lentiviral
plasmids were purchased as bacterial glycerol stocks from Vector-
Builder (VectorBuilder, USA). CAR constructs and lentiviral vector
maps are illustrated in Fig. 1d and Supplementary Fig. 1c, respectively.
CAR construct and CAR domain sequences are listed in Supplementary
Table 2.

Lentivirus production

Plasmid DNA was extracted with a QIAprep Spin Miniprep kit
(#27104, QIAGEN, Netherlands) from bacterial cultures grown
overnight in the presence of 100 pg/mL ampicillin (#A5354, Sigma-
Aldrich, USA). Lentiviral particles were generated by co-delivery of a
transfer plasmid, a plasmid encoding a VSV-G envelope (pMD2.G;

#12259, Addgene, USA), and an empty backbone plasmid (psPAX2;
#12260, Addgene, USA) into HEK293T cells. Cells were maintained in
DMEM (#11995065, Gibco, USA) supplemented with 10% inactivated
fetal bovine serum (FBS; #P30-3302, PAN-Biotech, Germany), 1% pen
strep (#15140-122, Gibco, USA) and 2 mM GlutaMAX-I (#35050-038,
Gibco, USA). They were cultured as adherent monolayers at 37 °C in
a 5% CO, atmosphere and regularly subcultured when reaching
~70-80% confluence. For the transfections, 5x10° HEK293T cells
were seeded per well in a 6-well plate and rested for 24 h. Growth
media were replaced with antibiotic-free growth media and DNA
plasmids were complexed with polyethyleneimine (PEI; #408727,
Sigma-Aldrich, USA) for 15min and added dropwise to the cells,
followed by a 48 h incubation. The viral supernatants were collected
and cleared from cells and debris by centrifugation at 500 x g for
10 min, followed by filtration through a 0.45um polyethersulfone
filter (#SLHPM33RS, MilliporeSigma, USA). Virus particles were
precipitated with Lenti-X Concentrator (#631232, Takara Bio, Japan),
suspended in phosphate buffer saline (PBS; #D8537, Sigma-Aldrich,
USA), quantified with Lenti-X GoStix Plus (#631280, Takara Bio,
Japan), aliquoted and stored at -80 °C.

Healthy donor T cell and monocyte isolation

Peripheral blood mononuclear cells (PBMCs) were isolated with Ficoll
Paque-PLUS (#GE17-1440-02, Cytiva, Germany) and density cen-
trifugation. After up to 2 rounds of ACK-lysis (#A10492-01, Gibco, USA)
to remove erythrocytes, PBMCs were washed with PBS. CD3" T cells
were magnetically separated by negative selection witha Human Pan T
cell isolation kit (#130-096-535, Miltenyi Biotec, Germany) and stored
long-term in Bambanker serum-free cell freezing medium (#BB01, GC
Lymphotec, Japan) in liquid nitrogen (LN,). CD14" cells used in pha-
gocytosis assays were magnetically separated by positive selection
using Human CD14 MicroBeads (#130-050-201, Miltenyi Biotec, Ger-
many) and stored in Bambanker serum-free cell freezing medium
in LN,.

CAR T cell production

CAR T cells were produced from HD PBMCs, depleted for non-T
cells, and frozen in batches. CAR T cells were freshly made from
frozen HD T cell batches for every experiment. Upon thawing, T cells
were washed with PBS and rested in X-VIVO 15 (#BE02-060F, Lonza,
Switzerland) at a density of 1x10° cells per mL at 37 °C in a 5% CO,
atmosphere. After 24 h, the T cells were activated in X-VIVO 15
containing 150 p/mL of human IL-2 (#Ro 23-6019, Roche, Switzer-
land), 10 ng/mL of recombinant IL-7 (#200-07, PeproTech, USA),
10 ng/mL of recombinant IL-15 (#200-15, PeproTech, USA), 20 ng/mL
of recombinant IL-21 (#200-21, PeproTech, USA) and Dynabeads
human T-activator CD3/CD28 (aCD3/CD28; #11131D, Gibco, USA) in a
1:1 cell-bead ratio®. After 48 h, aCD3/CD28 beads were magnetically
removed, and T cells were resuspended in X-VIVO 15 with 5 ug/mL
polybrene (#TR-1003-G, Sigma-Aldrich, USA) at a density of
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analyzed across two plates, and 16 samples from the first dataset were
included in the second dataset for reference sample normalization.
Samples with good detection that passed QC and provided a wide
range of the input data of the first dataset were selected using the
‘olink_bridgeselector’ function from the ‘Olink Analyze’ R package as
bridging samples for the second dataset. Analysis of the bridging
procedure consisted of calculating the median of the paired normal-
ized protein expression levels (NPX) differences per protein between
the overlapping samples to determine the adjustment factors to be
applied between the two datasets. For the overlapping samples, the
mean value was kept. A cyclic loess normalization was applied. Since
data below the limit of detection may be non-linear, the differential
expression for the contrasts of interest was assessed by a
Mann-Whitney U test with Benjamini-Hochberg correction. Source
data is available as Supplementary Data 2.

Mouse brain immunofluorescence multiplexing

Staining. The protocol was adapted from Gut and colleagues”. FFPE
brains were sectioned in 5 um-thick sections using a microtome. Slides
were deparaffinized three times for 5min with ROTI Histol (#6640,
Carl Roth, Germany) and 30 s with 100% EtOH, 95% EtOH, 70% EtOH,
50% EtOH and dH,O washing steps. For antigen retrieval, slides were
exposed to pre-heated 1X Citrate Buffer (#C9999, Sigma-Aldrich, USA),
followed by a washing step with PBS for 10 min. Tissue sections were
permeabilized in PBS with 0.2% Tween-20 (#P5927, Sigma-Aldrich,
USA) twice for 15 min. After that, the slides were washed with PBS twice
for 10 min, followed by blocking for 1 h in a dark, humid chamber with
10% normal donkey serum (#017-000-121, Jackson ImmunoResearch,
USA) diluted in PBS. Afterward, the slides were stained in different
cycles overnight at 4 °C with the following antibodies: anti-CD3 (clone
CD3-12; #MCA1477, Bio-Rad, USA), anti-CD206 (clone E6T5); #24595S,
Cell Signaling Technology, USA), anti-EGFRVIII (clone RM419; #MAS5-
36216, ThermoFisher Scientific, USA), anti-GFAP (clone DIF4Q;
#12389S, Cell Signaling Technology, USA), anti-IBAl1 (polyclonal;
#NB100-1028, Novus Biologicals, USA), anti-Ki67 (clone SolAlS; #14-
5698-82, ThermoFisher Scientific, USA) and anti-TMEM119 (clone 28-3;
#ab209064, Abcam, UK). After each primary antibody staining cycle,
the slides were washed three times for 5 min with PBS and stained with
the respective secondary fluorescent antibodies and DAPI for 1h in a
dark, humid chamber at RT. Antibodies, dyes, and their final dilutions
are listed in Supplementary Table 4. The slides were washed three
times for 5 min with PBS and mounted with imaging buffer at pH 7.4
(700 mM N-Acetyl-Cysteine (NAC; #160280250, ThermoFisher Scien-
tific, USA) in ddH,O +20% HEPES solution (#H0887, Sigma-Aldrich,
USA)). For antibody elution after each imaging cycle, the slides were
treated three times for 15 min with elution buffer containing 0.5M
L-Glycine (#3790.2, Carl Roth, Germany), 1.2 M Urea (#U5378, Sigma-
Aldrich, USA), 3 M Guanidium chloride (#G3272, Sigma-Aldrich, USA),
and freshly added 70 mM TCEP-HCI (#C4706, Sigma-Aldrich, USA),
followed by a ddH,O wash and restaining.

Acquisition. Images were acquired using an ECLIPSE Ni upright
microscope (Nikon, Japan) equipped with 395, 470, 561, and 640 nm
lasers with a Prior PL-200 robotic slide loader equipped with Micro-
scan MiniHawk (Omron Microscan Systems Inc., Japan) and the Pho-
tometrics Prior 95B camera (Teledyne Photometrics, USA). The
acquisition was done using JOBS automation in NIS-Elements v5.11.00
Software. 4X Plan Apo NA 0.2 (Nikon, Japan) objective was used to
make a slide overview, and ‘general analysis3’ with ‘Otsu’ threshold was
used to detect the tissue. The focus surface was created by performing
software autofocus every 2 points based on the DAPI signal with Plan
Apo A 20X NA 0.8, and the tissue was scanned with the same objective.
Slides were scanned after each staining cycle, with blank (unstained)
cycles used to evaluate autofluorescence. The exposure time of each

channel was constant for all cycles, and corresponding blank channels
(GFP, Cy3, and Cy5) were subtracted from the signal cycle.

Image preprocessing. Fiji v2.9.0”* was used for image preprocessing.
Single tiles were stitched using Grid/Collection Stitching”. Stitched
tissues were registered based on the DAPI channel in consecutive
cycles using the MultiStackReg plugin’®, and the same correction was
propagated on the remaining channels. Images were saved as pyr-
amidal files using the Kheops plugin’, available under an open-source
license [https://github.com/BIOP/ijp-kheops/releases].

Cell segmentation and quantification. Cells were segmented based
on DAPI staining with the StarDist2D plugin’? within QuPath v0.4.3"
using the following parameters: Probability threshold: 0.5; Pixel size:
0.5um; Cell expansion: 2.0um; using a pre-trained model
‘dsb2018_heavy_augment.pb’. Object classification in QuPath defined
cell positivity for CD3, CD206, EGFRVIII, and IBAL. All images were
prepared using OMERO.web app [http://www.openmicroscopy.org/
omero/figure/]. Cell population ratios per treatment condition were
quantified using GraphPad Prism v10 Software. Source data are pro-
vided as Supplementary Data 3.

Post-therapy toxicity monitoring

Spleen size measurement. The coronal oblique length of FFPE spleen
cross-sections was measured and plotted as the ratio of spleen length
to mouse bodyweight at the spleen collection time point. Source data
are provided as Supplementary Data 3.

Mouse weight monitoring. Animals were weighed weekly, starting
from the tumor-implantation day until endpoint.

Plasma IL6 and CRP. Plasma IL6 was assessed from the Olink pro-
teomics dataset described in the “Olink proteomics of mouse plasma”
section. Mouse CRP levels in plasma were investigated with a Mouse
C-Reactive Protein ELISA kit (#41-CRPMS-EO1, ALPCO Diagnostics,
USA), following the manufacturer’s instructions. The chromogenic
reactions were stopped by adding 50 uL per well of 10% sulfuric acid
(H,SO,), and absorbance values were measured by a Synergy Hl
Hybrid microplate reader (BioTek, USA). Absolute CRP concentrations
in test samples were interpolated from a standard curve and repre-
sented using GraphPad Prism v10 Software.

Automated hematology analysis. Longitudinal analysis of hemato-
logical parameters was performed after a single CAR treatment using
20 uL of mouse blood collected from the tail vein into 1.5 mL Eppen-
dorf tubes prefilled with 120 uL of 1mM EDTA diluted in PBS. Blood
samples from multiple time points (1, 3, 6, 13, and, 20 days after
treatment) were immediately acquired on a XN-1000 benchtop
hemocytometer (Sysmex, Japan). Values were normalized and scaled
to allow multiple time point comparisons.

Myelin quantification. Brain sample collection and processing and
the myelin staining procedure were described above in the “Mouse
brain immunohistochemistry” section. Images were color-
deconvolved” to separate luxol and cresyl violet staining using
QuPath v0.5.0”". The Random Trees Classifier was trained to detect
brain tissue and myelin area with the following parameters: Pixel
size: 7.07 um; Channels: luxol and cresyl violet; Features: Gaussian,
structure_tensor_eigenvalue_max, and hessian_determinant”; Scales:
1.0 and 4.0; no normalization. The positive area of myelin (luxol
staining) was quantified within brain tissue as an area above the
threshold. Results were visually verified. The relative myelin area per
sample was plotted using GraphPad Prism v10 Software. Source data
are provided in Supplementary Data 3.
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Human GBM tissue processing. GBM tissue samples were trans-
ported on ice to the laboratory for dissociation into single-cell sus-
pensions within 2-3 h after surgical resection. Human brain tissue was
mechanically minced using razor blades and enzymatically dissociated
as described in the “Mouse tissue collection and processing” section,
with the difference that debris and myelin were removed by a 0.9 M
sucrose (#84100, Sigma-Aldrich, USA) density gradient centrifugation.
After ACK-lysis, the single-cell suspensions were washed with PBS,
resuspended in Bambanker at an approximate density of 2 x10° live
cells per mL, and stored long-term in LN,.

Pharmacoscopy. Frozen patient SCSs were thawed and resuspended
in (DMEM #11995065, Gibco, USA) supplemented with 10% FBS, 25 mM
HEPES, and 1% pen strep. They were seeded at 8 x 10° cells per well in
50 pL per well into clear-bottom, tissue-culture treated CellCarrier-384
Ultra Microplates (#50-209-8071, Perkin EImer, USA). mCherry-labeled
CAR T cells were added and co-cultured with the patient single cell
suspensions for 48 h at 37 °C, 5% CO,. Every CAR T cell co-incubation
condition was tested with five technical replicate wells and six tech-
nical replicate wells for the PBS control. After the co-incubation period,
the cells were fixed with 4% PFA, blocked with PBS containing 5% FBS,
0.1% Triton-X, and 4 pg/mL DAPI (#422801, BioLegend, USA) for 1h at
RT and stained with two staining panels: (1) anti-CD3 (clone UCHTI;
#300415, BioLegend, USA) and anti-CD14 (clone HCD14; #325612,
BioLegend, USA); and (2) anti-NESTIN (clone 10C2; #656802, BioLe-
gend, USA) and anti-EGFRVIII (clone RM419; #MA5-36216, Thermo-
Fisher Scientific, USA) overnight at 4 °C. The wells were washed, and
the cells stained with primary antibodies were incubated with the
secondary fluorescent antibodies for 1 h at RT in the dark. The staining
panels are summarized in Supplementary Table 4. The plates were
imaged with an Opera Phenix automated spinning-disk confocal
microscope at 20X magnification (Perkin Elmer, USA). Single cells were
segmented based on nuclear DAPI staining with CellProfiler v2.2.0
Software. Downstream image analysis was performed with MATLAB
VvR2021b. Marker-positive cell counts for each condition were identi-
fied based on each channel’s linear threshold, averaged across each
well, and compared between CAR T cell co-incubation conditions. Cell
counts per staining per replicate of patient-derived tumor co-cultures
with CAR T cells are provided as Supplementary Data 4.

Lymphoma mouse models and survival assessment. All experiments
involving lymphoma models were performed on NSG mice of the
female sex, aged 8-12 weeks, were anesthetized with isoflurane and
injected with 5x10° CD19-expressing Raji cells s.c. in the right flank.
Raji cells were suspended in BD Matrigel Basement Membrane
Matrix High Concentration (#354248, BD Biosciences, USA) diluted 1:1
in phenol red-free DMEM (#31053028, Gibco, USA) without additives
in a total volume of 100 uL. Three days after tumor inoculation,
each mouse received 8 x 10° CAR T cells suspended in 200 uL of PBS or
PBS alone, i.v. via the tail vein. Tumor-bearing mice injected with
unspecific CAR T cells or PBS were used as controls. For survival
experiments, tumor cell implantation was set as day 0, and the survival
time was set as the day of euthanasia. Tumor size was measured
three times per week using a caliper. Animals were sacrificed
before reaching a tumor volume of 1500 mm? or when reaching an
exclusion criterion (ulceration, severe weight loss, severe infection, or
bite wounds). Tumor volume was calculated using the formula:
Tumor volume(mm3) = (d2 x D)/2, with D and d being the longest and
shortest tumor parameter in mm, respectively.

SGRP detection by mass-spectrometry alternatives. CAR T cells
were plated 3 days before the experiment, incubated with complete
growth medium and allowed to expand until reaching the cell density
of 1x10° cells/mL. On the day of the experiment, the cells were cen-
trifuged at 300 xg for Smin and the supernatants were carefully

removed and used in downstream assays. Experiments involving ELISA
assays were performed using a CD47:SIRP alpha Biotinylated Inhibitor
Screening ELISA Assay Pair (#EP-102, ACROBiosystems, USA) or
Human SIRP alpha DuoSet ELISA (#DY4546-05, R&D Systems, USA).
The assays to generate the standard curves and supernatant analysis
were performed following the manufacturer’s instructions. For Wes-
tern Blot assays involving cell lysates, the cell pellets were resuspended
and lysed using RIPA cell lysis buffer supplemented with protease
inhibitor cocktail and phosphatase inhibitors on ice for 30 min. The
cells were centrifuged at full speed for 15 min at 4 °C. Both cell lysates
and supernatants were supplemented with Laemmli buffer 4X
(#1610747, Bio-Rad, USA) and loaded on SDS-PAGE gels (4-15% Mini-
PROTEAN TGX Precast Protein Gels, 15-well, 15 uL; #4561086, Bio-Rad,
USA). The proteins were then transferred onto nitrocellulose mem-
branes (TransBlot Turbo Mini 0.2um Nitrocellulose Transfer Packs;
#1704158, Bio-Rad, USA). The membranes were blocked for 1 h with 5%
non-fat dry milk (#M7409, Sigma-Aldrich, USA) in TBS buffer supple-
mented with 0.05% Tween-20 (TBST) at RT for 1h and then probed
with the primary antibody (HRP-conjugated 6*His, His-Tag Monoclonal
antibody; #HRP-66005, Proteintech, USA) diluted 1:1000 in blocking
buffer and incubated overnight at 4 °C. After five times washing with
TBST, the membranes were exposed using ECL substrate (SuperSignal
West Pico PLUS Chemiluminescent Substrate; #34578, ThermoFisher
Scientific, USA) and imaged with a Fusion-FX (Vilber, France). For
mCherry imaging, the blots were imaged in the same instrument with a
595 Y3 filter.

Statistics and reproducibility

Data analysis and visualization were performed using Microsoft Excel
v16.14.1 Software (Microsoft, USA) and GraphPad Prism v10 Software.
Graphs represent either group mean values +SD (for in vitro experi-
ments), or +SEM (for in vivo experiments), or individual values. For
statistical tests, P<0.05 was considered statistically significant. Sig-
nificance is shown directly within Figures or Supplementary Figs. with
P or adjusted P values. All experiments were repeated once with similar
results unless otherwise stated in Figure or Supplementary Fig.
legends.

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

Data availability

The protein mass spectrometry data generated in this study have been
deposited in the MassIVE database under accession code PXD054059
[https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=
a1b0183b582548eda092f2487ba065fb]. The remaining data are avail-
able within the Article, Supplementary Information, or Source Data
file. Source data are provided with this paper.

Code availability

All code used for data analysis is referenced in the relevant Methods
subsections. Original R scripts used in the study are available in a
GitHub repository under https://doi.org/10.5281/zenodo.13819903
[https://github.com/BTITLab/SGRP_CART]”.
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