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Introduction: Effective CAR T cell infiltration into solid tumors remains a major
barrier to therapy success. Despite their clinical potential, few studies have
evaluated phenotypes of CAR T cells successfully invading the tumor mass
following infusion. Phenotypic information would enrich our understanding of
the mechanisms governing CAR T cell migration into solid tumors. Here we
implemented an in vitro strategy to identify genes driving LICAM-CAR T cell
migration into a 3D tumor mass.

Methods: LICAM-CAR T cells were separated into 2 groups by their capability to
infiltrate (or not) a 3D bioprinted neuroblastoma model. Single-cell and bulk RNA
sequencing was performed, and infiltrating CAR T cells were compared to
noninfiltrating cells to seek genetic drivers of CAR T cell migration. CRISPR/
Cas9 technology was used to generate modified LICAM-CAR T cells.

Results: Tumor-infiltrating LICAM-CAR T cells expressed lower levels of the
selectin P ligand (SELPLG) glycoprotein and higher levels of the T cell-specific
adaptor protein, SH2D2A. Functional characterization of LICAM-CAR T cells
genetically modified to enforce these characteristics demonstrated that neither
trait negatively impacted LICAM-CAR T cell cytotoxicity, activation and cytokine
release upon coculture with neuroblastoma target cells. Transgenic SH2D2A
expression did not improve CAR T cell migration in an endothelial
transmembrane assay. SELPLG knockout benefited CAR T cell in vitro trans-
endothelial migration, but did not enhance anti-tumor efficacy in an
immunodeficient mouse model.
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Discussion: Our findings reveal a key limitation of murine xenograft models,
which are widely used as the gold standard for preclinical CAR T cell testing. The
lack of conservation between the human and murine SELPLG proteins likely
accounts for the discrepancy between enhanced in vitro migration of SELPLG-
deficient LICAM-CAR T cells and their lack of improved efficacy in the mouse
model. This underscores the need for more predictive human-relevant models to
better preclinically evaluate CAR T cell function.

migration, CAR T cells, neuroblastoma, SELPLG, SH2D2A

1 Introduction

Neuroblastoma is the most common extracranial tumor in
children (1). Despite significant advancements in treatment,
the prognosis for patients with high-risk disease remains poor,
with < 50% surviving 5 years (2). Immunotherapy in the form of
monoclonal antibodies targeting the GD2 disialoganglioside on the
neuroblastoma cell surface has entered trials for first-line treatment
regimens (NCT03363373, NCT02914405). Building on this approach,
chimeric antigen receptor (CAR) T cells were developed to target GD2,
and were the first CAR T cells tested in early clinical trials for children
with neuroblastoma (3). Disappointingly, their clinical success has been
limited particularly against cases with high tumor load (4).

The first challenge CAR T cells face is to infiltrate the solid
tumor mass (4-6). To extravasate from the blood stream and enter
the tumor site, (CAR) T cells sense chemokine gradients including
CXCL9, CXCL10 or CXCL11, which are released by tumor-related
stromal and endothelial cells and presented on the endothelial
surface. These chemokines bind to specific receptors, such as
CXCR3 on T cells, which also interact with selectins (P and E) on
the endothelium, slowing (CAR) T cell movement and initiating
rolling. Further binding to adhesion molecules such as ICAM and
VCAM, via integrin subunits, supports firm adhesion and induces
cell arrest (7-9). Transmigration through the endothelium depends
on the ability to constantly remodel T cell shape, which is
coordinated by integrating motility signals with actin cytoskeletal
reorganization [e.g. actin-myosin contractions (10, 11)]. Once
within the extracellular matrix, migration is directed by the
balance in signals mediating “stop” (adhesion- or TCR signaling-
related) and “go” [chemokine-mediated (12)].

Increased matrix cross-linking, fiber alignment and collagen
deposition in solid tumors stiffens the extracellular matrix (ECM),
and further impedes (CAR) T cell movement through the tumor
ECM. Our understanding of CAR T cells that successfully migrate
through the surrounding tissue stroma and enter the solid tumor
remains limited, since only a few studies have characterized CAR T
cells isolated from tumors after infusion (13-15). While circulating
CAR T cells isolated from the blood are regularly analyzed (4, 15,
16), particularly in pediatric patients, performing consecutive
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tumor biopsies is challenging and not ethical in cases that
primarily provide diagnostic material or treatment for the patient.
This data gap underlies several unknowns in the field. We do not
know what characteristics CAR T cells that reach the tumor site
specifically have or how many CAR T cells typically enter a tumor.
Whether CAR T cells proliferate or persist once they enter the
tumor or how long they remain functional are also unclear. This
data gap in the field could be filled by evaluating the phenotype and
activity of tumor-infiltrating CAR T cells.

Here we implemented a structured in vitro strategy, seeking
genetic drivers of CAR T cell migration into and through a 3D
tumor mass. We utilized neuroblastoma-specific LICAM-CAR T
cells, which we have developed and tested in an early clinical trial
[(17) NCT02311621], and an established 3D bioprinted
neuroblastoma model (18) for coculture experiments. The model
consists of SK-N-BE (2) neuroblastoma cells resuspended in
methacrylated gelatin and stereolithographically printed as
reproducible 4-mm (diameter) tumor masses. LICAM- CAR T
cells capable of infiltrating the tumor model were separately
analyzed using single-cell and bulk RNA sequencing, and
compared to CAR T cells that did not enter the 3D tumor model.
We genetically modified differentially regulated genes in LICAM-
CAR T cells to validate their impact on CAR T cell function and
migratory capacity in vitro and in vivo.

2 Materials and methods
2.1 In vivo studies in mice

Housing, handling and all mouse experiments were approved
by the regulatory agency (Landesamt fiir Gesundheit und Soziales
Berlin, approval number: Reg 0010/19) and were carried out in
compliance with the German Law of Animal Rights. Food and
water were provided ad libitum to mice housed at 23°C in a 12 h
light/dark cycle. Animal welfare was checked twice daily. Body
weights, tumor volume and general health conditions were recorded
throughout the study. EPO Berlin-Buch GmbH conducted animal
experiments in 6- to 8-week old female CIEA NOG® mice
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(nomenclature: NOD.Cg-Prkdcscid I12rgtm1Sug/JicTac; genotype:
sp/sp;ko/ko; Taconic Biosciences, Inc.). NOG mice were
subcutaneously injected with 5x10° SK-N-AS tumor cells
resuspended in a 50% matrigel in phosphate-buffered saline.
LICAM-CAR T cells (1 x 10°) expressing the firefly luciferase
gene were injected on day 7. CAR T cell expansion and tumor
homing was analyzed in anesthetized mice via bioluminescent
imaging with the NightOwl II LB983 in vivo imaging system at
the indicated times. Mice were anesthetized with isoflurane (Baxter,
San Juan, Puerto Rico) and intraperitoneally injected with 150
mg/kg D-luciferin (Biosynth, Staad, Switzerland) dissolved in PBS
for imaging. IndiGO 2.0.5.0 software was used for initial analysis,
color-coding the signal intensity and quantification. Tumor size was
measured by an electronic caliper along 3 orthogonal axes (a, b and
¢), and tumor volumes were calculated by V(mm?) = (a x b x ¢)/2.

2.2 CAR construct and CAR T cell
generation

The previously described LICAM-specific CE7-CAR (19) was
cloned into the SIN epHIV7 lentiviral vector then propagated in
293T cells and isolated as previously described (20). The single-
chain variable fragment (scFv) in the CAR construct was codon
optimized and subsequently linked to a 12-amino acid spacer
domain from the human IgG4-Fc hinge. The spacer domain
connects the antigen-binding domain to the CD28
transmembrane domain followed by the CD3zeta ({) signaling
module and either the CD28 or 4-1BB cytoplasmic costimulatory
domain (second generation CAR). CAR constructs were linked
downstream to a T2A self-cleaving peptide and a truncated
epidermal growth factor receptor (EGFRt), allowing CAR T cell
detection and enrichment (21). T cells were lentivirally transduced
on day one after activation with a multiplicity of infection (MOI) of
1. SELPLG knockout was generated in the LICAM-CAR T cells
(harboring CD28 costimulatory domain, day 2 after lentiviral
transfection) by nucleofecting SELPLG-specific guide RNA using
the P3 Primary T cell nucleofection kit (cat# V4XP-3032, Lonza)
according to manufacturer instructions. Briefly, the EO115 program
of the 4D nucleofector (Lonza) was used to nucleofect 1 x 10° T cells
resuspended in 20 pl P3 buffer and 1.38 pl (100 pM) precomplexed
CRISPR-Cas9 ribonucleoproteins consisting of synthetically
modified single guide RNA (sgRNA, Integrated DNA
Technologies, 15-50 kDa 100 pg/ul), 15-50 kDa poly(l-glutamic
acid) (Sigma) and recombinant SpCas9 protein (61 uM,
cat#1081058 Integrated DNATechnologies) in a 0.96:1:0.8 volume
ratio. Cells were expanded in T cell medium (changed every 2-3
days) supplemented with 0.5 ng/ml IL15 (cat# 130-095-765,
Miltenyi Biotec) and 5 ng/ml IL7 (cat# 130-095-362, Miltenyi
Biotec). Knockout efficiency was analyzed by immunostaining
with anti-SELPLG antibody before flow cytometric analysis.
CAR T cells were generated from healthy donors (Charité ethics
committee approval EA2/262/20) as previously described (19).
T cells used as controls alongside CAR T cells in experiments
were not lentivirally transduced. CAR and control T cells were
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cryopreserved until further use. Cryopreserved cells were thawed
and stimulated with irradiated peripheral blood mononuclear cells,
irradiated CD19" EBV-transformed lymphoblastoid cell line (TM-
LCL) and 30ng/mL antibody activating the CD3 complex (OKT3
clone, cat#130-093-387, Miltenyi Biotec). For rapid expansion, T
cells were maintained in RPMI 1640 media supplemented with 10%
fetal calf serum, 0.5ng/mL IL15 (cat# 130-095-765, Miltenyi Biotec)
and 5ng/ml IL7 (cat# 130-095-362, Miltenyi Biotec) according to a
rapid expansion protocol (22). Functional in vitro assays were
conducted between days 11 and 16 of culture.

2.3 Neuroblastoma cell culture

SK-N-BE (2) neuroblastoma cells (passaged <20 times from
stock cultures expanded in <10 passages from the source culture
obtained from ATCC) were propagated in Dulbecco’s Modified
Eagle Medium (Life Technologies, Karlsbad, CA, USA)
supplemented with 10% heat-inactivated fetal calf serum (Sigma-
Aldrich, St. Louis, MO, USA) to 80% density in 2D culture before
3D bioprinting or seeding for functional assays. The identity of the
SK-N-BE (2) neuroblastoma cell line was confirmed by Eurofins
(Luxemburg) and Mycoplasma-negative by a cell-based colometric
HEK-Blue Detection assay (Invivogen).

2.4 3D bioprinted tumor model and T cell
infiltration

Stereolithographic printing of 3D models was previously
described (18). To assess T cell infiltration, each 3D bioprinted
tumor was overlaid (in medium) with 3 x 10° T cells (either
untransduced as control or LICAM-CAR T cells utilizing CD28
or 4-1BB co-stimulation) at an effector to target ratio of 5:1 (E:
T=5:1). T cells were allowed to infiltrate for 24 h. The 3D printed
model was separated from the overlay medium containing T cells
that had not infiltrated, and washed twice with PBS to exclude
transfer of T cells on the 3D model surface. Each sample of T cell-
infiltrated 3D printed models was enzymatically digested into a
single-cell suspension as previously described (18), from which
viable CD3" cells were flow cytometrically sorted to obtain tumor-
infiltrated CAR T cells. Viable non-infiltrated CD3" T cells were
also sorted from the overlay medium. RNA sequencing was applied
to the sorted cell samples.

2.5 Cytokine release assays

For cytokine release assays, wells (48-well plates) were seeded
with 0.15x10° LICAM-CAR T or control T cells (untransduced T
cells, LICAM-CAR T cells overexpressing only the GFP tag to
control for enforced GFP-tagged SH2D2A expression) cells and
stimulator cells (SK-N-BE (2) neuroblastoma cell line) at an
effector:target ratio of 1:1. All data points were performed as
technical triplicates. After 24 h, conditioned medium was
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collected from the cocultures and stored at -80°C until IFNG
analysis using the OptEIATM Set (cat#555142, BD Biosciences)
ELISA Kkits according to the manufacturer’s instructions.

2.6 Flow cytometry

Cell surface expression of CD3 (clone Hit3a; Biolegend) and CD8
(clone SK1; Biolegend) were detected by fluorophore-conjugated
monoclonal antibodies on a Fortessa X-20 (BD Biosciences,
Franklin Lakes, NJ, USA) 4-laser flow cytometer. EGFRt expression
was detected using biotinylated cetuximab (Bristol-Myers Squibb)
and a phycoerythrin (PE)-conjugated streptavidin antibody
(Biolegend). Activation was assessed by fluorophore-conjugated
monoclonal antibodies detecting TNFRSF9 (formerly CD137,
clone 4B4-1; Biolegend) and inhibitory receptor expression was
assessed by using fluorophore-conjugated monoclonal antibodies
detecting CD366 (also TIM3, clone F28-2E2, Biolegend), CD179
(also PD1, clone EH12.2H7; Biolegend), CD223 (also LAGS3,
clone 11C3C65, Biolegend). Dead cells were excluded from
analyses using the LIVE/DEAD"™ Fixable Green Dead Cell Stain
Kit (Life Technologies). Flow cytometry data was processed using
FlowJo V10 Software (Tree Star Inc., Ashland, OR, USA).

2.7 Cytotoxicity assay

T cell cytotoxicity was measured via live cell imaging on the
IncuCyte platform (Sartorius, Goettingen, Germany, Models S3,
SX5). Target cells were transduced with the mKate nucleic red
fluorescent protein and were seeded 4 hours before adding LICAM-
CAR T cells at indicated effector-to-target ratios. Analysis was
performed using the IncuCyte software (Sartorius, version 2022B).

2.8 Migration assays

Migration assays used polycarbonate transwell inserts with a 5-
um pore size fitted for 24-well plate wells. An endothelial cell layer
was added by seeding 6x10* HMEC-1 endothelial cells onto the top
compartment of the transwell insert surface and labeled with
VibrantTM DiO (cat# V22886, Thermo fisher scientific)
overnight to enable visual cell detection. Confluency of
endothelial cell layer was confirmed on the following day, before
adding 5x10° un-/modified T cells in 100 ul RPMI supplemented
with 0.5% FCS to the top compartment, and adding 500 pl RPMI
supplemented with 10% FCS and 100 ng/ml CXCL11 (SELPLG;
cat# AF-300-46-20, Peprotec) or 100 ng/ml CXCL12 (SH2D2A;
cat# 300-28A, Peprotec) chemoattractant to the bottom of the wells.
Cell migration was imaged over 4 h using IncuCyte S3 instrument
(Essen Bioscience). The IncuCyte 2021B software calculated the
number of cells migrating through both the endothelial cell layer
and membrane at each time point. The time point at which 50% of
the T cells in a given experiment was determined using the time
point at which no further migration occurred as 100% migration
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(Mpmax) and the mean migrating cell number from sets of 3
consecutive measurements in the formula, M(t)=0.5XM,, .«

2.9 RNA sequencing and analysis

Bulk RNA was isolated from T cell samples using the Qiagen
RNeasy Microkit. The RNA library was prepared using SMARTer®
Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian Takara)
following the manufacturer’s protocol. RNA Sequencing was
performed using Hiseq4000. Sequencing reads were aligned with
STAR 2.7.1a against the human genome reference GRCh38, and
with bowtie2 against ribosomal RNA sequences to quantify rRNA
contamination. Transcript models from the GENCODE v30 catalog
were used to aid spliced alignments with STAR and to count
mapped reads at the gene and exon level using featureCounts.
Overall statistics on the alignment process were collected with
FastQC and all feature Counts were then aggregated into a single
Digital Gene Expression count-matrix and subjected to differential
gene expression analysis using the DESeq2 R package.
Transcription Factors were identified by membership in the GO:
TF list included in the R package topGO, which was also used for all
subsequent Gene Ontology enrichment analyses.

To perform HLA typing, mRNA sequencing reads were first
mapped with BWA-MEM 0.7.17-r1188 against an index of human
HLA genes to filter out relevant reads. These were then subjected to
HLA-typing analysis using the optitype python package.

10X Genomics single cell sequencing, T cell samples were
labeled with TotalSeq—C antibodies (Biolegend) according to
manufacturer’s protocol, allowing to include all samples in a
single sequencing run. T cell populations were flow cytometrically
sorted for CD3" cells. Libraries were prepared using Chromium
Next GEM Single Cell 5" Reagent Kits v2 (10X Genomics) according
to manufacturer’s protocol without B and T cell receptor profiling.
RNA Sequencing was performed using NovaSeq SPvlxp. Raw
sequencing reads were processed with CellRanger according to
official 10X protocol. The count matrix was further processed
with Seurat using standard sc-RNAseq practice. Briefly, genes that
were not expressed in at least one cell were discarded from the
analysis, cells with less than 10,000 UMIs, less than 1,000 detected
genes were discarded (cutoff chosen based on the distributions to
separate encapsulated cells from background). Highly variable
genes identified using nodelGeneCV2. Counts were then
normalized using logNormCounts.

2.10 Differential gene expression analysis
of public dataset

Publicly available single-cell RNA-sequencing data from Zheng
et al. (23) was processed to examine SH2D2A expression across
tumor types. Raw count matrices and metadata were obtained from
GEO (GSE156728) and processed with Seurat using standard
single-cell RNA-seq workflows. Cells with fewer than 5,000
detected genes or greater than 10% mitochondrial gene content
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were excluded. Counts were log-normalized, and differential gene
expression between tumor and healthy cells was computed using
the FindMarkers function, restricting analysis to genes expressed in
at least 25% of cells in either group and with a minimum absolute
log fold change of 0.25.

2.11 Statistical analysis

Student’s T-test was used for two-factor comparisons to
evaluate the mean values performed in GraphPad Prism 9
(GraphPad Software). All experiments were independently
repeated (n = 3-5). Data are presented as mean = SD and all
graphs were generated and analyzed using GraphPad Prism 9.
Expression of migration-related genes in distinct 3D-model-
infiltrating T cell subgroups from the 10X single-cell RNA
sequencing data were compared using a Kruskal-Wallis test.
Statistical significance was defined in all tests as p < 0.05.

3 Results

3.1 RNA bulk sequencing identifies
migration-related gene expression profiles
of CAR T cells

We employed our previously established 3D bioprinted
neuroblastoma model (18) as a substitute for the solid tumor
matrix to challenge CAR T cell migration and separate T cells
into groups capable or incapable of infiltration (Figure 1A). The 3D-
tumor models were cocultured with CD28- or 4-1BB-costimulated
LICAM-CAR T or untransduced T cells. T cells were present for 24
h before being isolated from the tumor (infiltrating T cells) or the
conditioned medium (non-infiltrating T cells) (Figure 1B). We
hypothesized that RNA profiling in the two groups (infiltrating
versus non-infiltrating T cells) should identify genes or signaling
networks essential for tumor infiltration. The different
costimulatory domains impacted LICAM-CAR T cell infiltration.
Nearly twice as many CD28-costimulated LICAM-CAR T cells
infiltrated (mean=196,839 T cells, range=190,276-201,389 cells) the
tumor model compared to 4-1BB costimulated LICAM-CAR T
cells (mean=104,381 T cells, range: 87,304-129,403; Figure 1C).
Untransduced T cells were able to migrate into the tumor model
(mean=22,334 cells, range=20,203-23,004 cells), but their numbers
corresponded to only about 10% of the CD28-costimulated and
25% of the 4-1BB-costimulated LICAM-CAR T cells that
infiltrated the 3D tumor model (Figure 1C). We speculate that
control cells entered the tumor model because gravity-assisted cell
interactions, and not active migration, since T cells were added on
top of the tumor model. We hypothesized that CAR T cell antigen
recognition may induce migratory pathways enabling superior CAR
T cell infiltration (compared to unactivated controls) and different
costimulatory domains may drive migration through distinct
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mechanisms, altering infiltrative abilities. We applied bulk RNA
sequencing to both populations (infiltrating and non-infiltrating) to
identify genes and potential signaling pathways that either
commonly or differentially regulate T cell migration. Bulk RNA
sequencing data underwent filtering for stringent quality control,
excluding 60% of reads in comparative analyses, due to low sample
RNA concentrations. Only samples with at least 2.0 x 10’ mapped
reads were used in analyses. Biological triplicates for each
experiment sample clustered closely together (principal
component analysis), excepting 2 outlier samples (sample 1542:
infiltrating 4-1BB-costimulated LICAM-CAR T cells, sample 1442:
non-infiltrating CD28-costimulated L1ICAM-CAR T cells;
Supplementary Figure 1A). This quality assessment indicates
experiments replicated the event being tested well. Gene
expression patterns in tumor-infiltrating T cells were distinct
from non-infiltrating cells (unsupervised clustering, all samples;
Figure 1D), indicating regulatory mechanisms may be different
between T cell populations. Distinct gene expression patterns were
differentially upregulated (1,390 genes) and downregulated (287
genes) in any T cell group infiltrating the tumor model (Figure 1E;
FDR-adjusted p-value <0.1, fold-change I >1.21), when the 3 T cell
populations entering the tumor model were compared (differential
gene expression analysis) to all 3 T cell populations (pooled) not
entering the tumor model (Figures 1E, F). Gene sets related to
hypoxia (gene set enrichment analysis; Supplementary Figure 1B),
glycose metabolism and cytokine-mediated signaling (gene set
enrichment analysis; Supplementary Figure 1C) were strongly
upregulated in infiltrating (CAR) T cells. Differential gene
expression suggests the infiltration processes may utilize multiple
signaling-distinct mechanisms. To better focus on mechanisms
used by each set of infiltrating LICAM-CAR T cells, differential
gene expression analysis was applied to samples paired according to
costimulatory mechanism and ability to infiltrate. We hypothesized
that this analysis could delineate discrete regulatory pathways or
gene expression used by migrating LICAM-CAR T cells. Infiltrating
(CAR) T cells differentially upregulated 118 and downregulated 116
genes compared to (CAR) T cells incapable of tumor infiltration
(FDR-adjusted p-value <0.1 fold, change I>1.2; Figure 2A). Gene
expression profiles in infiltrating LICAM-CAR T cells differed
somewhat for the costimulation method used (CD28 vs. 4-1BB;
38 genes upregulated, 50 genes downregulated; FDR-adjusted p-
value <0.1, fold change I>1.2I; Supplementary Figure 1D).
Costimulating domain may impact migration mechanisms used
to enter our 3D tumor model, at least in the first 24h. Given that
infiltrated LICAM-CAR T cells recognized the antigen at tumor
encounter, gene expression levels may be influenced by antigen-
dependent CAR T cell activation. To mitigate this bias, a meta-
analysis was conducted seeking differentially expressed genes using
the initial analysis for all infiltrating T cell groups against all T cell
groups (pooled) that did not enter the tumor model with the second
CAR-specific analysis (Figure 2B). This approach aimed to exclude
genes regulated by T cell activation (by including the untransduced
control cells), while identifying genes driving (CAR) T cell
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FIGURE 1

Bioprinted 3D tumor model-infiltrating T cells show distinct genetic features compared to non-infiltrating T cells. (A) Schematic of experimental set
up. LICAM-CAR T or untransduced (UT) T cells were cocultured for 24 h with a 3D bioprinted neuroblastoma model. Non-infiltrated T cells and 3D
bioprinted tumors were separated and enzymatically digested into single cell suspension before cells from each sample were sorted for CD3* cells.
Sorted cells were then used for RNA bulk and 10X single cell sequencing. Differential gene expression between infiltrated and non-infiltrated T cells
was analyzed for LICAM-CAR T cells and untransduced T cells separately. Common differentially expressed genes of 3D-tumor infiltrated LICAM-
CAR T cells and untransduced T cells were analyzed for genes regulating cell migration. (B) Schematic of LLCAM-CAR constructs used. (C) Number
of T cells isolated from the 3D bioprinted neuroblastoma model after 24 h of coculture. n=4, mean + SD. The values shown represent the absolute
proportion of infiltrated T cells relative to the total number of T cells seeded. (D) Heat map of 3D tumor model- infiltrated and non-infiltrated (CAR)
T cells indicating up- (blue) and downregulated (green) genes. (E) Volcano plot of differentially expressed genes between all 3D-tumor infiltrated

T cells (LLCAM-CAR + untransduced T cells) and non-infiltrated T cells. (F) Top 50 up- and downregulated genes in differentially expressed genes
comparing all samples from infiltrated versus non-infiltrated (CAR) T cells. CPM, count per million; UT, untransduced T cells; CD28, CD28-
costimulated LICAM-CAR T cells; 4-1BB, 4-1BB costimulated LICAM-CAR T cells.
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(A) Volcano plot of differentially expressed genes between all 3D-tumor infiltrated CAR T cells (CD28 and 4-1BB costimulated LICAM-CAR T cells)
and non-infiltrated CAR T cells. (B) Schematic of the meta-analysis approach filtering the genes of interest (GOI) that overlap in differentially
expressed genes in infiltrated LICAM-CAR T cells and untransduced T cells. Upregulated and downregulated genes found in meta-analysis. CPM,

count per million.

migration. Five genes functionally involved in cell migration
(upregulated: SH2D2A, TIAM2, MYH10; downregulated:
COROI1B, SELPLG; Table 1) were differentially regulated among
the total 24 upregulated and 32 downregulated genes (Figure 2B).
Bulk RNA sequencing from T cell groups capable or incapable of
infiltrating the 3D bioprinted neuroblastoma models revealed that
infiltrating T cells equipped with either CAR (or lacking a CAR)
differentially expressed migration-associated genes and strongly
upregulated gene sets related to glycose metabolism, cytokine-
mediated signaling and hypoxia.

3.2 Single-cell sequencing identifies
SH2D2A and SELPLG as candidate genetic
regulators of T cell migration

To reinforce and validate results obtained from bulk RNA
sequencing analysis prior to sequencing, we used TotalSeq
antibodies to label each sample with a unique oligonucleotide
barcode, enabling reliable de-multiplexing and cell assignment
after sequencing. We conducted single-cell RNA sequencing on
the best infiltrating LICAM-CAR T cells (CD28-costimulated) and

TABLE 1 Migration-associated genes found in infiltrating (CAR) T cells based on RNA-sequencing analysis.

Gene (Encoded protein) Function References
Upregulated
SH2D2A (T cell-specific adapter Essential for Chemokine-mediated signaling events that lead to T cell migration. Promotes migration by (31, 36)
protein, SH2D2A) CXCLI12-induced actin polymerization.
MYH10 (Non-muscle myosin I B) Non-muscle myosin II B (NM IIB) is a member of the motor protein family that generate forces for front- (50, 51)
back cell polarity of migrating cells by crosslinking and contracting actin, promoting linear structures of
bundled filaments.
TIAM2/STEF (T cell lymphoma Encodes a guanin nucleotide exchange factor that activates Racl and regulates invasion-related genes in (52-54)
invasion and metastasis 2) cancer. Plays an important role in regulating the perinuclear actin cap responsible for nuclear morphology
and re-orientation during front-back cell polarity. Co-localizes with NM IIB at the perinuclear actin cap to
regulate contractile forces.
Downregulated
CORO1B Actin-binding protein known to regulate cytoskeletal dynamics at the leading edge during cell migration. (55-58)
(Coronin 1b)
SELPLG Adhesion receptor that binds to P-, L-, and E-selectin and mediates cell adhesion to endothelium, platelets (38, 59, 60)

(SELPLG, P-selectin glycoprotein and in between cells.

ligand-1, PSGL-1),

Frontiers in Immunology

07

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1677361
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Andersch et al.

those LICAM-CAR T cells that did not enter the 3D bioprinted
model (plus untransduced T cell controls) in a new experiment.
Since bulk RNA sequencing assumes uniformity across cell
populations, cell heterogeneity would be masked and rare cell
profiles would not be identified. This may have been the reason
behind only minor differences among T cell groups being identified
by differential gene expression analysis from bulk RNA sequencing
data (Supplementary Figure 1B). This experiment yielded RNA
sequenced (mean: 28,709 reads/cell) from a total of 8,964 cells
(following preprocessing with Cell Ranger) including 4,320
infiltrating and 2,251 not infiltrating cells. Unsupervised
clustering of the single cells that were profiled identified 5
different clusters (Figure 3A). Non-infiltrating T cells clustered
into their own group, regardless of transduction, but infiltrating T
cells clustered into groups transduced with the LICAM-CAR and
untransduced. Two further clusters could not be assigned to a
functional group when transcriptional information and the labeling
antibodies were integrated. This clustering supported the idea that
L1ICAM-CAR T cells used separate mechanisms to enter the tumor
model compared to untransduced control T cells, and that non-
infiltrating T cells may not be entering the tumor model for
common reasons. The tumor-infiltrating T cell groups (LICAM-
CAR T and untransduced T cells) more strongly expressed
migration-associated gene sets related to lymphocyte migration
(Supplementary Figure 2A) and regulation of lymphocyte
migration (Supplementary Figure 2B) as analyzed in gene set
enrichment analysis. These findings indicate active processes,
although potentially different ones in CAR-transduced and
control T cells, are driving tumor model entry and migration. To
investigate whether the 5 candidate genes (MYHI10, TIAM?2,
COROIB, SH2D2A, SELPLG) identified by bulk RNA sequencing
were also among the differentially regulated genes in single
infiltrating (CAR) T cells that independently clustered compared
to the pooled (CAR) T cell groups incapable of tumor model entry,
we overlaid MYH10, TIAM2, COROIB and SH2D2A expression
levels and SELPLG onto the UMAP visualization (Figures 3B-F). To
assess unique features of 3D-tumor infiltrating T cells, we compared
expression levels of the 5 genes in UMAP clusters that corresponded
to 3D-tumor infiltrating (green and yellow clusters) or non-
infiltrating (red cluster) T cells (UMAP unsupervised clustering,
Figure 3A). Only a limited number of T cells expressed MYH10 and
TIAM2, but expression was not confined to any particular cluster
(Figures 3B, C). CORO1B expression was higher than for MYH10
and TIAM2, but was also not specific for any cluster (Figure 3D).
SH2D2A was specifically upregulated in infiltrating T cells (2.24-
fold change, adjusted p = 1.09e-192; Figure 3E), while SELPLG was
specifically downregulated (-2.19-fold change, adjusted p =
5.918613e-229; Figure 3F) in infiltrating T cells. Differential gene
expression was stronger in the LICAM-CAR T cell population than
the untransduced controls (Figures 3E, F). Infiltrating and non-
infiltrating T cells (pooled untransduced T cells and LIACM-CAR
T cells) were sub-divided into SELPLG-positive and SELPLG-
negative or SH2D2A-positive and SH2D2A-negative cell groups.
Expression analysis of key regulators of cell migration (CXCR3,
CCR7, CXCRS5 and ITGAL, which encodes LFAL, an alias protein

Frontiers in Immunology

10.3389/fimmu.2025.1677361

name) within these groups revealed significant upregulation of
CCR7 in a subset of tumor-infiltrating SH2D2A-positive T cells
and CXCR3 in infiltrating SH2D2A-positive T cells (Supplementary
Figure 2C). In contrast, no difference in CXCR5 expression was
detected between these samples and ITGAL was less expressed in
infiltrating SH2D2A-positive T cells. No differences in gene
expression were observed in non-infiltrating T cells. These
findings indicate that SH2D2A expression may enhance T cell
migration by upregulating receptors such as CCR7 and CXCR3.
In SELPLG-deficient tumor-infiltrating T cells, expression analysis
of the same selected genes revealed that CCR7 and ITGAL were
significantly upregulated in SELPLG-negative cells that infiltrated
the tumor model (Supplementary Figure 2D). In contrast, CXCR3
was less expressed in SELPLG-deficient infiltrating T cells and
CXCRS5 expression was similar across the samples
(Supplementary Figure 2D). CCR7 binds to the chemokines
CCL19 and CCL2, functionally directing T cells to and within the
lymph nodes (24) but also enhancing velocity of T cell migration
(25). ITGAL binds to the Intercellular adhesion molecule family
(ICAM) facilitating firm adhesion of leukocytes to the endothelium
(26). The upregulation of these receptors may suggest that SELPLG-
deficient T cells rely more heavily on these molecules for migration,
although this cannot be directly linked based on the current
analysis. Taken together, our single-cell RNA expression analysis
affirmed that SELPLG and SH2D2A are differentially regulated in
single tumor-infiltrating LICAM-CAR T cells, suggesting a
functional role, while TIAM2, CORO1B and MYH10 do not seem
to influence LICAM-CAR T cell migration.

3.3 LICAM-CAR T cell in vitro migratory
capacity unchanged by overexpressing
SH2D2A

To strengthen our findings from single-cell RNA profiling, we
re-analyzed publicly available datasets. Zheng et al. previously
compared tumor-infiltrating T cells to T cells circulating in blood
samples collected at surgery from the same patients in 316 patients
being treated for 21 solid tumor entities (23). We analyzed whether
SH2D2A was also upregulated in tumor-infiltrating T cells in this
dataset. SH2D2A was upregulated in T cells that infiltrated ovarian
and renal cancers and multiple myeloma, but was downregulated in
T cells infiltrating breast cancers (Table 2), supporting an inverse
mechanistic role for SH2D2A dependent on tumor type.

We aimed to functionally validate how SH2D2A impacts CAR
T cell migratory capacity using a gene modification approach.
SH2D2A encodes a T cell-specific adapter protein (TSAd) that
orchestrates several TCR-initiated cytoplasmic signaling pathways.
We overexpressed SH2D2A in L1ICAM-CAR T cells using an
SH2D2A expression construct inserted upstream of the P2A-
separated green fluorescent protein (GFP, serving as the
transduction marker) that was driven by the EFlo. promoter in
the epHIV7 lentiviral vector (Figure 4A, lentiviral vector expressing
only GFP served as control). The CD28 costimulated LICAM-CAR
was expressed via a second lentiviral vector that co-expressed a
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FIGURE 3

Single cell RNA sequencing verifies SH2D2A and SELPLG as candidate genes to regulate CAR T cell migration. (A) UMAP embedding and
unsupervised cell clustering based on 10X genomics scRNA sequencing data of the pooled T cell library following 24 h coculture with 3D
neuroblastoma model. Shown are data from 8,964 T cells clustering into 5 clusters, including LICAM-CAR T cells (2,228 cells) and untransduced

T cells (2,092) isolated from the tumor as well as non-infiltrated CAR and untransduced T cells (together 2,251). TIAM2 (B), MYH10 (C), CORO1B (D),
SELPLG (E) and SH2D2A (F) comparing 3D tumor-model infiltrating and non-infiltrated T cells. Darker colors in the color scale bar indicate stronger

gene expression. Grey indicates an absence of detectable expression.

P2A-separated truncated EGFR (EGFRt) as a transduction marker.
Reporter gene expression verified cotransduction of the LICAM-
CAR and SH2D2A construct in 55.2% of LICAM-CAR T cells and
co-transduction of the GFP control plasmid and the LICAM-CAR
in 91.1% of LICAM-CAR T cells. LICAM-CAR expression was
verified in 98% of single transduced T cells (Figure 4B). SH2D2A
overexpression was validated on the protein level in western
blotting (Figure 4C). Since TCR-activation induces protein
translation, we also assessed SH2D2A expression in all T cell
subtypes following 24-hour anti-CD3/CD28 stimulation. SH2D2A
and GFP protein expression markedly increased in the activated
SH2D2A-overexpressing LICAM-CAR T cells and to some extent
also the untransduced control T cells (Figure 4C, full western blot
image in supplementary Figure 3A). An unspecific protein signal
below 50 kDa was detected in all samples, consistent with previous
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observations (27). Proliferation capacity was comparable across all
T cell groups, demonstrating that SH2D2A overexpression does not
alter CAR T cell viability or proliferative capacity (Figure 4D).
Cytotoxicity to SK-N-BE (2) neuroblastoma cells (challenged 24h in
coculture) was comparable among LICAM-CAR T cells, LICAM-
CAR T cells co-transduced with GFP-tagged SH2D2A or co-
transduced with GFP alone (mean lysis: LICAM-CAR=77.18%,
L1ICAM-CAR co-transduced with GFP-tagged SH2D2A = 66.3%,
L1ICAM-CAR cotransduced with GFP = 68.19%; Figure 4E). Our
findings verify that overexpressing SH2D2A did not affect LICAM-
CAR T cell cytolytic activity in vitro. Likewise, SH2D2A
overexpression did not alter T cell activation, since IFNG and IL2
release was unaffected in cocultures (equal among the LICAM-CAR
T cell subtypes, untransduced T cells did not release IFNG or IL2;
Figure 4F). The CD137 activation marker was also equally
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TABLE 2 Differentially expression of SH2D2A in tumor-infiltrated T cells vs. T cells found in the blood from the same patient from 21 different solid

tumor entities (23).

Tumor entity avg_log2FC p_val
Ovarialcarcinoma 0.425 3,74E-21
Renal carcinoma 0.305 1,03E-58
Breast cancer -0.486 5,91E-28
Esophageal carcinoma -0.254 4,34E-24
Multiple myeloma 0.717 3,10E-96
Uterine corpus endometrial carcinoma -0.275 2,68E-52

pct.1 pct.2 p_val_adj
0.898 0.711 9,0216E-17
0.732 0.623 2,48E-54
0.570 0.696 1,43E-23
0.622 0.671 1,05E-19
0.672 0.426 8,94E-92
0.711 0.748 6,47E-48

We analyzed if SH2D2A is also down- or upregulated in tumor-infiltrated T cells compared to T cells isolated from blood of the same patient. Data sets from tumor entities are depicted in which

SH2D2A was significantly differentially expressed.

expressed in all LICAM-CAR T cell groups (mean % of cells in
group expressing CD137: L1ICAM-CAR=31.71%, L1ICAM-CAR
cotransduced with GFP-tagged SH2D2A = 28.99%, L1CAM-CAR
cotransduced with GFP = 28.76%; Figure 4G). Fewer than 2% of
untransduced T cells expressed CD137 in these experiments (mean
CD137" cells= 1.32%: Figure 4G). The TIM3, LAG3 and PD-1
inhibitory receptors were also equally expressed in the three
LICAM-CAR T cell groups (Figure 4G). Collectively, our data
imply that overexpressing SH2D2A does not interfere with
L1ICAM-CAR T cell mechanisms used to recognize and kill
tumor cells.

Migratory capacity of all T cell groups was assessed in
transendothelial-transwell in vitro assays. To model an
endothelial barrier, a monolayer of the HMEC-1 endothelial cell
line was plated onto the uncoated transwell insert, and T cells were
added to the upper chamber. Migration along a chemotactic
gradient to CXCLI12 added to the lower well was then assessed by
quantifying cells that migrated into the lower chamber.
Unexpectedly, all LICAM-CAR T cell groups (CAR alone, CAR
+GFP, CAR+ GFP-tagged SH2D2A) migrated with similar
dynamics, reaching an end to active migration at 3 h (Figure 4H).
The LICAM-CAR T cells co-expressing GFP-tagged SH2D2A
migrated the fastest, with 50% of cells migrating at 2h (Figure 4I).
The other T cell groups harboring the LICAM-CAR followed with
only the slightly longer migration velocity of 2h 9min (L1CAM-
CAR alone, LICAM-CAR+GFP; Figure 4I). Our data indicate only
a minor effect of SH2D2A overexpression on T cell migration in this
experimental setting. Since 34.8% of the population of LICAM-
CAR T cells co-transduced with GFP-tagged SH2D2A did not
contain the GFP-tagged SH2D2A construct, we hypothesized that
SH2D2A-overexpressing cells might be selectively enriched within
the migrating cell population. Contrary to expectations, no
enrichment with SH2D2A-overexpressing cells occurred in the
migrating population at any point during the experiment (flow
cytometric analysis of GFP-signal in T cells before experiment
intitation and in migrating T cells after 2 and 4 h, Supplementary
Figure 3B). This further indication that SH2D2A overexpression
did not improve migration made us look specifically at CXCR4/
CXCL12-mediated T cell migration, in which SH2D2A is known to
be involved. We hypothesized that overexpressing SH2D2A should
also upregulate CXCR4 on the LICAM-CAR T cell surface.

Frontiers in Immunology

However, CXCR4 was equally expressed on LICAM-CART cells
with or without GFP-tagged SH2D2A (50.6% and 54.1% CXCR4-
positive cells, respectively; Supplementary Figure 3C). CXCR4 was
downregulated 6.5-fold from initiation to the end of the experiment
in LICAM-CAR T cells overexpressing SH2D2A. Similar, but less
pronounced, CXCR4 expression was regulated in LICAM-CAR T
cells expressing endogenous SH2D2A levels. CXCR4 expression
decreased 3.3-fold from the start to the end of the experiment
(CXCR4 downregulation: 1.3-fold at 2 h and 3.3-fold at 4 h; (flow
cytometric analysis of CXCR4 surface expression in T cells before
experiment initiation and in migrating T cells after 2 and 4 h,
Supplementary Figure 3B). These results suggest that at least in this
experimental setting, LICAM-CAR T cells do not exploit the
CXCR4/CXCL12-mediated T cell migration axis. Our in vitro
findings support that SH2D2A does not improve or significantly
alter the invasive or migratory capacity of LICAM-CAR T cells.
Because SH2D2A (alias, TSAd protein) also plays a crucial role
in T cell signaling by interacting with signaling proteins, such as
LCK, a SRC family tyrosine kinase that is central to initiating TCR
signaling (28, 29), we investigated the possibility that SH2D2A may
be used as CAR T cell activation marker by comparing expression
belonging to single cells (RNA sequencing). Gene sets related to T
cell activation were more strongly expressed in SH2D2A-expressing
T cells (compared to SH2D2A-negative cells) that infiltrated the 3D-
tumor model (Supplementary Figure 3D). Gene sets associated with
T cell exhaustion were also upregulated in 3D-tumor infiltrating
SH2D2A-expressing cells (Supplementary Figure 3D). These
findings provide evidence that SH2D2A upregulation, resulting in
increased TSAd protein promotes T cell activation, that likely
accelerates T cell signaling and exhaustion. These data suggest
that SH2D2A could also be used as CAR T cell activation marker.

3.4 SELPLG downregulation enhanced
LICAM-CAR T cell migration in vitro but
not in vivo

Since our single-cell data indicated that SELPLG expression was
reduced in migrating cells, we functionally analyzed how knocking
out SELPLG would influence LICAM-CAR T cell migration.
SELPLG encodes for the glycoprotein cell adhesion ligand,
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FIGURE 4

Overexpression of SH2D2A does not affect LICAM-CAR T cell efficacy but fails to improve migratory capacity. (A) Schematic of constructs for
SH2D2A overexpression with GFP transduction marker (top), GFP control construct (middle) and the LICAM-CAR construct (bottom). LTR, long
terminal repeat; TM, transmembrane domain. (B) Dot plot of flow cytometry analysis of transduction efficacy for CAR*/GFP* cells upon enrichment.
Gating was applied for living CD3" cells. (C) Western blot confirms SH2D2A overexpression in untreated T cells (control) and after 24 h anti-CD3/
CD28 stimulation using anti-SH2D2A and anti-GFP antibody. GAPDH served as loading control. (D) Line graph showing expansion of different
LICAM-CAR T cells over 12 days. (E) Cytotoxicity of different LLCAM-CAR T cells against SK-N-BE (2) neuroblastoma cells over 24 h in an E:T-ratio
of 5:1. IFNG release after 24 h coculture with SK-N-BE (2) cells. n=3, mean + SD. (F, G) IFNG and IL2 release (F) and cell surface expression if CD137
activation marker and inhibitory receptors (G) after coculture in an E:T of 1:1. N = 3, ns= not significant unpaired t-test. (H) Schematic of the
transendothelial migration assay. HMEC-1 endothelial cells were cultured on a transwell insert. T cells were added to the upper chamber and
allowed to migrate through the endothelial barrier towards a CXCL12 chemoattractant gradient in the lower chamber. Line graph showing
percentage of migrated cells for the different T cell subtypes over time. (I) Calculated time points of 50% migration for the different T cell subtypes.
n=4 for two different T cell donors. Symbols indicate the individual biological replicates.
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selectin P (also known as PSGL-1), which is one of the high-affinity
cell adhesion receptor molecules (P, E and L selectins) on activated
endothelial cells (30). T cell rolling, the first step in transendothelial
migration, is facilitated by T cell engagement with P selectin on
activated endothelium at sites of inflammation. We generated T
cells lentivirally transduced with a LICAM-CAR (CD28-
costimlated, co-expressing EGFRt transduction marker) together
with guide RNAs targeting SELPLG for CRISPR/Cas9 knockout.
We obtained 60% SELPLG-deficient LICAM-CAR T cells, while
30% of LICAM-CAR T cells in the population retained SELPLG
expression (Figure 5A). In the control LICAM-CAR T cell
population retaining endogenous SELPLG expression, 88% of
cells expressed the CAR (Figure 5A). Untransduced T cells were
also used as a control for nonspecific T cell activity. SELPLG
expression levels in untransduced T cells were similar to LICAM-
CAR T cells (supplementary Figure 4A), indicating that the
presence of the CAR construct does not affect SELPLG cell
surface expression. SELPLG deficiency did not affect T cell
expansion over the 12-day time course (Figure 5B). Cytotoxicity
against SK-N-BE (2) neuroblastoma cells (challenged 24h in
coculture) was comparable between LICAM-CAR T cells with
and without SELPLG deficiency (Figure 5C). As expected,
untransduced T cells did not kill tumor cells (Figure 5C).
Similarly, IFNG or IL2 release were comparable between L1CAM-
CAR T cells with or without SELPLG-knockout (Figure 5D).
Expression levels of the CD137 activation marker or the TIM-3,
PD-1 and LAG3 inhibitory receptors were also comparable in
LICAM-CAR T cells with or without SELPLG (all shown in
Figure 5E). We conclude that SELPLG knockout did not alter any
L1ICAM-CAR T cell function, including T cell proliferation,
survival, activation, cytolytic activity, effector cytokine production
or exhaustion, in vitro.

Migratory capacity was assessed via in vitro transendothelial-
transfilter migration assays (Figure 5F). SELPLG-deficient LICAM-
CAR T cells migrated faster than LICAM-CAR T cells, achieving a
mean difference of 24 minutes in the 4-hour in vitro migration assay
(Figure 5G). The mean time at which 50% of the cell population
without SELPLG had migrated was reached after 1 h and 36 min in
comparison to 2 h for LICAM-CAR T retaining endogenous
SELPLG expression (Figure 5G). We hypothesized that SELPLG
cell surface expression would be downregulated in the control
LICAM-CAR T cells during active migration, since our findings
indicate that loss of SELPLG improves migratory capacity in
LICAM-CAR T cells. We confirmed this hypothesis using flow
cytometric analysis of SELPLG expression on the control LICAM-
CAR T cell population. The fraction of SELPLG-negative control
LICAM-CAR T cells increased 3-fold within the first 2 hours
(compared to cells from initial culture flask, reflecting the starting
condition; Figures 5H, I). Our findings verified that SELPLG
knockout significantly improved L1ICAM-CAR T cell migratory
capacity in vitro, without altering anti-tumor function, and
demonstrated that CAR T cells dynamically downregulate
SELPLG surface expression during migration.

We tested the in vivo capacity of LICAM-CAR T cells with and
without SELPLG to infiltrate a neuroblastoma xenograft tumor
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generated from the SK-N-AS cell line in an immunodeficient NOG
mouse model (Figure 6A). T cell homing to the tumor site was
comparable between the two LICAM-CAR T cell populations until
day 14 after adoptive transfer (Figure 6B). On day 14, the median
luminescent signal of SELPLG-deficient LICAM-CAR T cells was
significantly stronger in the tumor compared to LICAM-CAR T
cells retaining endogenous SELPLG expression (Figure 6C). Since T
cell homing to the tumor site occurs within the first few days after
adoptive transfer, the difference of CAR T cell signal on day 14 may
not be due to better homing capacity. SELPLG-deficient L1ICAM-
CAR T cells were not more effective at limiting tumor growth
(Figure 6D) or improving overall survival (Figure 6E) than LICAM-
CAR T cells retaining SELPLG expression. Taken together, while
loss of SELPLG enhanced migratory capacity in LICAM-CAR T
cells in wvitro, this function could not be verified in a NOG
mouse model.

Since SELPLG is also described as inhibitory receptor in T cells,
we analyzed whether SELPLG expression affects T cell activation
and exhaustion within our experimental set up. Interestingly,
enrichment analysis of gene sets related to T cell exhaustion
revealed that SELPLG deficiency reduced inhibitory gene
expression only in 1 out of 5 tested gene sets (Supplementary
Figure 4). These data indicate that SELPLG might not regulate the
expression of inhibitory receptors within 24 hours, or that it does
not impact T cell exhaustion in vitro.

4 Discussion

Our understanding of tumor-infiltrated CAR T cells is limited
by scarcity of data assessing CAR T cell trafficking through serial
imaging or analysis of post-infusion biopsies. Consequently,
fundamental questions to improve CAR T cell tumor infiltration
and efficacy remain unanswered. Here we aimed to gain insights
into the cell interactions and signaling pathways that assist
migration into and through the tumor using our 3D bioprinted
neuroblastoma model and LICAM-CAR T or untransduced T cells
as a simplified system. The in vitro setting allowed specific
separation of cells that infiltrated the tumor model or remained
in the culture medium, supporting both bulk and single-cell
transcriptional profiling in cell groups that acted differently.
Analyses from this in vitro set-up showed that SELPLG
expression was low in T cells that entered the 3D model, while
SH2D2A expression was high. Manipulating LICAM-CAR T cells
with CRISPR/Cas9 to knock out SELPLG expression or enhance
SH2D2A expression did not affect CAR T cell functions necessary
for anti-tumor activity in vitro. Only SELPLG deficiency enhanced
the migratory capacity of CAR T cells in vitro. However, these
modifications did not translate into superior tumor infiltration or
enhanced anti-tumor efficacy in a NOG mouse model.

Transcriptional profiling in CAR T cells capable of entering our
3D bioprinted model indicated SH2D2A and SELPLG as candidates
driving T cell migration. SH2D2A encodes the T cell-specific
adaptor protein (TSAd), known to act within the CXCR4/
CXCLI2 signaling axis and to play a role in laminin-dependent T
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FIGURE 5

SELPLG-deficiency improves migratory capacity of LICAM-CAR T cells in vitro. (A) Flow cytometry analysis of CAR transduction and SELPLG-
knockout (also known as PSGL-1) efficacy after enrichment for EGFRt-positive cells. (B) Expansion in fold-change is shown for untransduced, CAR
and CARSELPLGKO T cells upon stimulation. Viable cells were counted manually using trypan blue. n=3, mean + SD. (C) Tumor cell count over time in
a coculture experiment with LICAM-CAR T cells or untransduced T cells (UT). E:T=5:1, n=4, mean + range. (D) IFNG and IL-2 release after 24 h
coculture with SK-N-BE (2) cells. (E) Cell surface expression of CD137 activation marker and inhibitory receptors in LLICAM-CAR T cells or UT T cells
after 24 h coculture (E:T=1:1; n=3, mean + SD, unpaired t-test, ns= not significant) (F) Schematic of the transendothelial migration assay. HMEC-1
endothelial cells were cultured on a transwell insert. T cells were added to the upper chamber and allowed to migrate through the endothelial
barrier towards a CXCL11 chemoattractant gradient in the lower chamber.T cell migration over time in transendothelial migration assay shown for
different T cell subtypes. (G) Mean time point of 50% migration shown for two different donors. Symbols indicate individual replicated experiments
(I). (n=5, mean + range; paired t-test, *p<0.05, effect size = mean difference = 0.27). (H) Exemplary dot plot and summary of flow cytometry analysis
of SELPLG cell surface expression before (flask) start of experiments as well as depicted in a bar graph for indicated time points during the
experiment (n=5).
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SELPLG-deficiency does not improve tumor infiltration and anti-tumor efficacy of LICAM-CAR T cells in vivo. (A) Time line of the experimental set
up. (B) Exemplary images of bioluminescent analysis of T cell trafficking on indicated time points. (C) Summary of T cell signals from each individual
mouse (n=8 mouse per group; unpaired t-test*p<0.05). (D) Tumor growth over time for individual mice. (E) Kaplan-Meier-curve of mice treated with
LICAM-CAR T cells, SELPLG-deficient LICAM-CAR T cells and untransduced T cells.

cell migration, assisting attachment to laminin present in tumor  phosphinsitol-3-kinase and SRC kinase in response to CXCLI12
stroma and activating the focal adhesion kinase, a central regulator ~ binding by CXCR4. ITK induces actin polymerization, which is
of cell migration, adhesion and survival (31, 32). Within the  necessary for T cell migration (33-35). The role for SH2D2A in
CXCR4/CXCL12 signaling cascade, SH2D2A primes the IL2-  regulating CXCL12-induced T cell migration and actin cytoskeletal
inducible T cell kinase (ITK) for phosphorylation by remodeling was demonstrated in Jurkat T cells (36). Furthermore,
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TSAd-deficient murine thymocytes had impaired responses to
CXCL12, characterized by reduced Itk phosphorylation,
diminished actin polymerization and decreased cell migration
(36). We hypothesized that raising the amount of SH2D2A in the
L1ICAM-CART cells would cause more rapid migration toward the
CXCLI12 chemokine gradient that we synthetically re-established in
the in vitro assay. However, enhancing SH2D2A expression did not
cause more CAR T cells to migrate through an endothelial layer in a
4-hour transendothelial migration assay. These findings suggest
SH2D2A does not play a key role in regulating CAR T cell tumor
infiltration and migration. Targeting SH2D2A expression is
unlikely to produce an improved CAR T cell product against
solid tumors.

We observed elevated expression of T cell activation-related
gene signatures in SH2D2A-positive cells and higher TSAd protein
levels in SH2D2A-overexpressing T cells upon CD3/CD28
stimulation. The TSAd adapter protein function in T cell
signaling also promotes LCK activation to regulate TCR-initiated
cytoplasmic signaling pathways (28, 37). Within this context, our
data support a mechanistic link between SH2D2A expression and T
cell activation. These findings suggest that SH2D2A is closely
associated with T cell activation and may serve as a T cell
activation marker rather than directly promoting T cell migration.

The function of SELPLG in migration remains controversial.
Earlier studies found SELPLG to be essential for T cell tethering and
rolling onto selectins expressed on the endothelium (30, 38), a
process preceding T cell extravasation to leave the blood vessel and
enter the surrounding tissue. Most recent findings define SELPLG
as a T cell inhibitory receptor and demonstrate that eliminating or
blocking SELPLG promotes tumor infiltration and the capacity for
T cells to migrate in immunocompetent mouse tumor models (39-
42). Our findings that LICAM-CAR T cells crossed an in vitro
endothelial layer more rapidly after SELPLG knockout are in line
with SELPLG being a negative regulator of T cell migration.
Although, the mechanism behind this enhanced infiltration
remains unclear. T cell numbers in melanomas harbored in
Selplg-/- mice were shown to be higher and gene signatures for T
cell activation and survival enhanced in previous work (39).
However, we could not reproduce the improved anti-tumor
efficacy and survival in our immunodeficient NOG mouse model
treated with human LICAM-CAR T cells lacking functional
SELPLG. Human and murine SELPLG share 46% homology,
which together with species-specific functional differences, may
explain our result in the immunodeficient NOG mouse model.
We can speculate that in the absence of SELPLG, an alternative
pathway of T cell adhesion is exploited or that SELPLG is
molecularly redundant in T cell migration and some other
protein takes over its role. In mice for example, Selectins P and E
(Selp and Sele, respectively) have overlapping and partially
redundant functions, indicating that a further ligand for these
selectins exists, at least in mice (43, 44). Selectin P (SELP) is the
only receptor for SELPLG (45) known to date in humans. It is
possible that SELPLG expression may increase T cell retention.
While SELPLG is important for initial leukocyte tethering and
rolling (30, 38, 45), it can also promote adhesion and retention (46).
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High SELPLG expression might act as a “brake” to T cell movement.
This slowing or even arresting of T cell migration would prolong
their interactions with endothelial or stromal selectins. SELPLG-
deficient T cells might, therefore, transit more freely into the tumor
because they are not retained at vessel walls or stromal structures.
SELPLG has been described as an inhibitory receptor (41, 42, 47).
While it is possible that SELPLG could promote a terminally
exhausted T cell state that is less migratory and less responsive to
chemokines, exhaustion-related genes were not upregulated in
SELPLG-positive cells in our data set, which does not support
this option.

We employed the NOG mouse to assess SELPLG-deficient
LICAM-CAR T cell migration in vivo because it's a common
model used in CAR T cell studies. It enables engraftment of
human tumor and (CAR) T cells. A deficiency of the NOG model
is that it does not provide the human cytokine support necessary for
optimal T cell function. The low homology between the human and
murine SELPLG protein presents a further deficiency that may limit
the translatability of the in vivo findings between mice and humans.
This limitation may have underestimated LICAM-CAR T cell
migratory capacity in a human tumor, as well as their true
therapeutic potential and efficacy in humans. Our findings here
indicate that mouse models are unsuited for discovery purposes of
specific ligand-receptor interactions involved in mechanisms for T
cell tumor invasion. Mouse models may not be able to replicate
certain mechanistic features of human T cell migration into tumors.
Here, we cannot exclude a potential role for SELPLG in human
CAR T cell migration and invasion under more physiologically
relevant conditions.

We conclude from our findings that our basic bioprinted 3D
tumor model is appropriate for the purposes of initial screening. It
provides a rapid, cost-effective and reproducible system that can
serve as a functional filter to identify genes relevant to T cell
migration. We identified a set of candidate genes potentially
involved in this process using RNA sequencing. From these, five
genes were prioritized based on expression profiles and putative
functional roles, and the top two, SELPLG and SH2D2A, were
selected for experimental validation. SELPLG emerged as the most
promising candidate in vitro but failed our subsequent in vivo
evaluation. For more detailed mechanistic studies or to evaluate the
impact of complex tumor microenvironment interactions, the use
of a more advanced and physiologically representative model will be
essential. A more advanced fully human 3D tumor model would
better support validation of the migration-promoting function of
SELPLG. To better reflect tumor complexity, such models should
incorporate immunosuppressive factors, stromal elements and the
structural barriers characteristic of solid tumors in patients. Recent
developments, such as the synthetic generation of vascular
structures within bioprinted tumor models (48) and the
incorporation of spatially organized tumor microenvironment
components, including fibroblasts and regulatory immune
populations (49), highlight the potential of more physiologically
relevant bioprintable 3D tumor and tissue models. Despite these
advances, current in vitro and murine model systems still fail to
fully represent the cellular diversity and the spatial organization of
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human tumors, underscoring the urgent need for next-generation
3D fully human tumor models. Development of these models is
essential to accurately predict therapeutic responses and guide the
design of immune cell-based therapies, such as CAR T cells.
Discovery and validation of receptor-ligand interactions active in
the mechanisms controlling T cell tumor infiltration and migration
within the tumor would be highly supported by these new entirely
human 3D tumor and tissue models. We expect this innovation to
assist research to improve CAR T cell efficacy.

Here, we demonstrate that SELPLG-deficient LICAM-CAR T
cells exhibit enhanced migratory capacity in vitro without
compromising CAR T cell functionality. However, these in vitro
results did not translate to increased anti-tumor efficacy in an
immunodeficient mouse model. This discrepancy underscores the
complexity of translating in vitro findings into improvement for
CAR T cell therapies. Our results support advancing all-human
complex 3D tumor models to incorporate the physiologically
relevant structures and cell populations as better models than
mice to advance CAR T cell development and validation.
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SUPPLEMENTARY FIGURE 1

(A) Principal component analysis (PCA) of RNA libraries of each sample. Each
dot represents gene expression of infiltrated and non-infiltrated LICAM-CAR T
cells harboring the 4-1BB (brown and yellow) or the CD28 (pink and grey) co-
stimulatory domain or untransduced T cells (turquoise and green). (B, C) Gene
set enrichment analysis of MSigDB C2 data sets (B) and gene sets derived from
the gene ontology term “biological process” (C) upregulated in 3D-tumor
infiltrated (CAR) T cells following 24 h coculture. (D) Volcano plot of
differentially expressed genes in LICAM-CAR T cells (CD28 and 4-1BB
costimulated) isolated from 3D tumor model versus non-infiltrated CAR T
cells. J. Volcano plot showing DEG between 3D tumor model-infiltrated
L1ICAM-CAR T cells harboring the CD28 versus 4-1BB co-stimulatory domain.

SUPPLEMENTARY FIGURE 2

Distribution of cells expressing the gene sets of GO term “lymphocyte
migration” (A) and “regulation of lymphocyte migration” retrieved from
MSigDB gene set C5 (B) within the UMAP embedding. Violin Plots show
comparing gene expression between different T cell clusters. (C, D) Tumor-
infiltrated untransduced and CAR T cells were categorized in SH2D2A- (C)
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(A) Full image of Westernblot gel. SH2D2A overexpression in untreated T cells
(control) and after 24 h anti-CD3/CD28 stimulation using anti-SH2D2A and
anti-GFP antibody. GAPDH served as loading control. Westernblot images
were captured in two sequential steps at the same membrane position and
orientation. Molecular weight marker (ladder) was imaged prior to substrate
application and subsequent chemiluminescent detection of protein bands.
The marker image was then overlaid onto the chemiluminescent image using
VisionCapt_v16.16d software (Fusion system). (B, C) Exemplary dot plot of
flow cytometry analysis showing GFP expression (B) or cell surface expression
of CXCR4 (C) of the different T cell subtypes cells before experiment (flask)
and after 2 h and 4 h upon start of transwell migration assay in the migrated
cell fraction. Gating was applied for living cells.

SUPPLEMENTARY FIGURE 4

(A) SELPLG expression in untransduced (UT), LLICAM-CAR-T cells (CAR) and
SELPLG-deficient LICAM-CAR T cells (CARSE-E6K9) a5 measured via flow
cytometry. (B) Tumor-infiltrated untransduced and CAR T cells were
categorized in SELPLG- positive and negative cells. Gene set enrichment
analysis of indicated T cell were analyzed. Kruskal-Wallis test, ns: p>0.05,
*p<=0.05, **p<=0.01, ***p<=0.001, ****p<= 0.0001.
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