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ABSTRACT
Background Adoptive cell therapy (ACT) has shown 
promising results for the treatment of cancer and viral 
infections. Successful ACT relies on ex vivo expansion of large 
numbers of desired T- cells with strong cytotoxic capacity and 
in vivo persistence, which constitutes the greatest challenge 
to current ACT strategies. Here, in this study, we present a 
novel technology for ex vivo expansion of antigen- specific 
T- cells; artificial antigen- presenting scaffolds (Ag- scaffolds) 
consisting of a dextran- polysaccharide backbone, decorated 
with combinations of peptide- Major Histocompatibility Complex 
(pMHC), cytokines and co- stimulatory molecules, enabling 
coordinated stimulation of antigen- specific T- cells.
Methods The capacity of Ag- scaffolds to expand antigen- 
specific T- cells was explored in ex vivo cultures with 
peripheral blood mononuclear cells from healthy donors 
and patients with metastatic melanoma. The resulting T- 
cell products were assessed for phenotypic and functional 
characteristics.
Results We identified an optimal Ag- scaffold for expansion 
of T- cells for ACT, carrying pMHC and interleukin- 2 (IL- 2) and 
IL- 21, with which we efficiently expanded both virus- specific 
and tumor- specific CD8+ T cells from peripheral blood of 
healthy donors and patients, respectively. The resulting T- cell 
products were characterized by a high frequency of antigen- 
specific cells with high self- renewal capacity, low exhaustion, 
a multifunctional cytokine profile upon antigen- challenge and 
superior tumor killing capacity. This demonstrates that the 
coordinated stimuli provided by an optimized stoichiometry of 
TCR engaging (pMHC) and stimulatory (cytokine) moieties is 
essential to obtain desired T- cell characteristics. To generate 
an ‘off- the- shelf’ multitargeting Ag- scaffold product of 
relevance to patients with metastatic melanoma, we identified 
the 30 most frequently recognized shared HLA- A0201- 
restricted melanoma epitopes in a cohort of 87 patients. By 
combining these in an Ag- scaffold product, we were able to 
expand tumor- specific T- cells from 60–70% of patients with 
melanoma, yielding a multitargeted T- cell product with up to 
25% specific and phenotypically and functionally improved T 
cells.

Conclusions Taken together, the Ag- scaffold represents a 
promising new technology for selective expansion of antigen- 
specific CD8+ T cells directly from blood, yielding a highly 
specific and functionally enhanced T- cell product for ACT.

INTRODUCTION
Adoptive cell therapy (ACT) in cancer 
involves the ex vivo expansion and potential 
enrichment of tumor- reactive T cells, derived 
from an endogenous source (tumor or 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Ex vivo expansion of endogenous tumor- specific T- cells 
from blood represents a promising alternative strategy 
to rapidly expanded tumor- infiltrating lymphocytes for 
adoptive cell therapy in cancer. However, most existing 
technologies fail to selectively target antigen- specific 
T- cells and represent very complex structures and cum-
bersome procedures.

WHAT THIS STUDY ADDS
 ⇒ This study presents a simple and highly flexible new 
technology to mediate coordinated stimulation of 
antigen- specific T- cells to drive their selective expan-
sion from blood peripheral blood mononuclear cells 
(PBMCs). Using the antigen- presenting scaffolds (Ag- 
scaffold) technology, we can expand both virus- specific 
and tumor- specific T cells from healthy donors and pa-
tient PBMCs, resulting in T- cell products with favorable 
phenotypic and functional characteristics.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ This study demonstrates the importance of precise and 
coordinated stimulation of T cells to achieve favorable 
characteristics. The Ag- scaffold technology has direct 
applicability in adoptive cell therapy strategies for treat-
ment of cancer.
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peripheral blood) or from genetic modification of autol-
ogous lymphocytes (with synthetic T- cell receptor (TCR) 
or chimeric antigen receptor (CAR)).1 Genetically engi-
neered T- cell therapies have provided remarkable clinical 
success in several hematological malignancies, such as 
acute lymphoblastic leukemia. However, their achieve-
ment in solid tumors is limited since they typically only 
target a single antigen and are associated with great risk 
of severe or fatal adverse effects due to increased target 
affinity and cross- reactivity.2 In contrast, endogenous 
T- cell therapies are considered safer, since endogenous 
cells have gone through negative selection and thus are 
unlikely to cross- react with healthy cells.3

ACT based on autologous tumor infiltrating lympho-
cytes (TILs; TIL- ACT) has shown promising results in 
various malignancies, particularly in metastatic mela-
noma, where phase III data has demonstrated improved 
progression- free survival compared with standard 
immune checkpoint inhibition (NCT02278887).4 Despite 
the clinical success of TIL- ACT, the current cell manufac-
turing protocols have limitations. The process is lengthy 
and includes a massive unselective T- cell expansion step, 
that drives T cells towards a terminally differentiated and 
exhausted state.5 6 This negatively influences the (poly)
functionality and persistence of infused T cells which is 
critical for achieving successful clinical outcome.7

Although tumor biopsies are considered a rich source 
of tumor- reactive T cells, recent reports have shown 
that the majority of TILs are bystander T cells.8 Consis-
tently, TIL expansion has been shown to preferentially 
expand co- infiltrated virus- specific T cells, resulting in 
clinical- grade TIL infusion products containing only a 
fraction of tumor- reactive T cells.9 Finally, TIL- ACT is 
only applicable to the minority of patients who are able 
to undergo surgical resection of a metastatic lesion and 
many TIL cultures fail to yield a usable infusion product, 
in particular when extending to solid cancers other than 
melanoma.

To circumvent these challenges and provide an alter-
native source of tumor- reactive T- cells for ACT, we here 
pursue the expansion of endogenous tumor- reactive 
T- cells to therapeutic levels from peripheral blood mono-
nuclear cells (PBMCs). Circulating tumor- reactive T- cells 
do not reside in the immune- suppressive tumor environ-
ment with exposure to chronic TCR stimulation; thus, 
they are potentially less functionally impaired.10 Recent 
data suggest that the majority of tumor- specific T- cells 
responsible for tumor- rejection under checkpoint inhib-
itor therapy are recruited from the peripheral blood and 
lymphatic system, while not being present in the tumor 
prior to treatment.11

Circulating tumor- reactive T- cells are rare and their 
selective expansion requires targeted delivery of growth 
and co- stimulatory signals, while limiting bystander prolif-
eration. To achieve this, we designed a simple and easily 
modifiable antigen- presenting scaffold (Ag- scaffold) for 
the selective stimulation of antigen- specific T- cells ex vivo. 
The Ag- scaffold is composed of a dextran polysaccharide 

backbone, to which any functional molecule can be 
attached via streptavidin- biotin interactions. Dextran is an 
attractive biomaterial, since it is naturally biodegradable 
and already widely used in commercial drug formulations.12 
Here we have focused on Ag- scaffolds carrying the three 
fundamental signals required for optimal T- cell activa-
tion: peptide- Major Histocompatibility Complex (pMHC) 
complexes for specific TCR engagement, co- stimulatory 
molecules (eg, B7.2) and cytokines (eg, interleukin (IL)- 
15, IL- 2 and IL- 21)13. This Ag- scaffold is designed to bind 
specific T- cells via pMHC- TCR interaction and provide 
fine- tuned co- stimulatory and growth signals exclusively to 
pMHC- engaged T- cells. Interestingly, we observe that the 
coordinated interaction of both TCR- engaging and T- cell 
stimulatory signals is required to expand T- cells with stem- 
like phenotypic characteristics.

Other strategies have been pursued to obtain 
selective expansion of antigen- specific T- cells. These 
include patient- derived autologous dendritic cells 
(DCs) pulsed or transfected with antigens of interest; 
however, the generation of autologous DCs is prone 
to variability depending on patient characteris-
tics and cumbersome handling procedures.14 In an 
effort to overcome these challenges, various cellular 
and acellular systems have been used to mimic DCs, 
also referred to as artificial antigen presenting cells 
(aAPCs).15 Cellular aAPCs have been made from 
human leukemia or melanoma cell lines, insect 
cells, and mouse fibroblasts. However, these systems 
require genetic modifications to effectively present 
antigens and represent an allogenic component in 
the cell culture and final cell product (reviewed in 
a study conducted by Hasan et al14). Among acel-
lular aAPCs, commercial microbeads with activating 
antibodies towards CD3 and CD28 are the most 
commonly used and clinically relevant.16 Despite 
their wide use, the rigid beads fail to fully replicate 
the complex properties of APCs, resulting in subop-
timal expansion rates and dysregulated T- cell func-
tions.17–19 In addition, the beads require removal 
prior to clinical use, providing additional stress 
and handling of the T- cell product. The same holds 
true for the more recently developed paramagnetic 
nanoparticle- based aAPCs.20 21 To overcome above- 
mentioned challenges, a number of biomaterial- 
based aAPCs have been developed over the past years, 
however, many represent rather complex structures, 
and most do not offer a pMHC- TCR- driven interac-
tion with antigen- specific T- cells (reviewed in a study 
conducted by Isser et al22).

Taken together, we demonstrate a novel clinically 
applicable technology for the expansion of both virus- 
specific and tumor antigen- specific T- cells ex vivo. Using 
Ag- scaffolds, endogenous antigen- specific T- cells can 
be expanded from peripheral blood to obtain a T- cell 
product with a phenotypic and functional profile that is 
favorable for ACT.
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MATERIALS AND METHODS
Samples and cell lines
PBMCs from healthy donors were isolated from buffy 
coats, available from the Central Blood Bank of the 
Copenhagen University Hospital (Rigshospitalet) and 
were purified by density centrifugation using Lymphoprep 
(Axis- Shield PoC). PBMCs or tumor fragment/digest 
from patients with metastatic melanoma were obtained 
from the National Center for Cancer Immune Therapy 
(CCIT- DK) at Herlev University Hospital, Denmark. 
Patients in cohort 1 (MM1, n=9) were treated with check-
point inhibitors at the Department of Oncology at Herlev 
Hospital and enrolled in a non- interventional biomarker 
study registered at the Capital Region Ethics Committee 
(H- 15007985). Patients in cohort 2 (MM2, n=10) were 
enrolled in a trial of combination therapy with nivolumab 
and PD- L1/IDO peptide vaccine (NCT03047928). HLA- 
A0201- negative FM45 (ESTDAB- 011) and HLA- A0201- 
positive FM3 (ESTDAB- 007) and FM93/2 (ESTDAB- 033) 
melanoma tumor cell lines were purchased from the Euro-
pean Searchable Tumor Cell Line Database (ESTDAB) 
(online supplemental table 1).23 HLA- A0201- positive T2 
lymphoblast cells (CRL- 1992) were purchased from Amer-
ican Type Culture Collection (ATCC). All samples were 
cryopreserved in fetal calf serum (FCS) with 10% Dimethyl 
sulfoxide (DMSO) and stored in liquid N2 until use.

pMHC and tetramer generation
Peptides were purchased from Pepscan (Pepscan Presto 
BV) and dissolved to 10 mM in DMSO. Recombinant 
Human Leukocyte Antigen (HLA) heavy chains and 
human β2 microglobulin light chain were produced 
in Escherichia coli. For HLA- A0101, HLA- A0301 and 
HLA- B0702, heavy and light chains were refolded with 
ultraviolet (UV)- sensitive ligands and purified as previ-
ously described.24 pMHC complexes were generated by 
UV- mediated exchange.25 For HLA- A0201, we used a 
functionally empty disulfide- stabilized variant which is 
peptide- receptive and can be loaded by incubation with 
peptide for 15 min at room temperature.26 Exchanged 
pMHCs were centrifuged for 5 min at 3300 g to exclude 
unwanted aggregates.

Tetramers were generated by adding 9.02 uL (online 
supplemental table 1, Stock concentration 0.2 mg/mL) 
or 18.04 uL (online supplemental table 1, Stock conc. 
0.1 mg/mL) streptavidin fluorochrome conjugate per 
100 uL of pMHC monomers (100 ug/mL) and incu-
bating for 30 min at 4°C, followed by addition of D- Biotin 
(Avidity, BIO- 200) at a final concentration of 25 uM to 
block any free binding sites.

PBMCs from healthy donors and patients with meta-
static melanoma were screened for T- cell recognition 
of virus or cancer epitopes, respectively, using combina-
torial encoded tetramers27 28 or DNA- barcoded pMHC 
multimers.29

Ag-scaffold generation
Ag- scaffolds were assembled, using a streptavidin- 
conjugated dextran backbone (500 kDa) (Fina 

Biosolutions) mixed with biotinylated MHC class I mole-
cules holding a given peptide, and biotinylated co- stimu-
latory molecules (B7.2/CD86- mulg- biotin,  Mybiosource. 
com MBS666812) and/or cytokines (IL- 15, Peprotech 
200–15, IL- 2 Avitag, Acro IL- 2H82F3, IL- 21 Avitag, Acro 
IL- 21- H82F7), followed by incubation at 4°C for 30 min. 
Ag- scaffolds were incubated with D- Biotin at 4°C for 
20 min to block potential free streptavidin- sites on the 
dextran backbone. To remove any unbound molecules, 
Ag- scaffolds were filtered through 100 kDa spin columns 
(Vivaspin6, Sartorius). Ag- scaffold were stored in a 
humid chamber at 4°C during the 2- week expansion or 
supplemented with 10× Freeze Buffer (5% Bovine Serum 
Albumin (BSA)+50% Glycerol) and stored at −80°C up to 
15 months.

Antigen-specific T-cell expansion
Pre- existing T- cell responses were expanded from PBMCs, 
by culturing them for 2 weeks in X- VIVO 15 media 
(Lonza, BE02- 060Q) supplemented with 5% human 
serum (Sigma Aldrich Heat Inactivated H3667) and Ag- s-
caffold (0.16 nM prefiltration) or specific peptide (5 µM), 
soluble IL- 2 (40 U/mL, Peprotech 200–02) and soluble 
IL- 21 (25 ng/mL, Peprotech 200–21). Ag- scaffold or free 
components were added on culture initiation and two 
times per week until harvest.

T-cell staining and flow cytometry
Antigen- specific T- cell populations were stained by incu-
bation with R- phycoerythrin (PE)- labeled or Fluorescein 
isothiocyanate (FITC)- labeled dextran backbone (Fina 
Biosolutions) or tetramer for 15 min at 37°C, followed 
by staining for live cells (LIVE/DEAD Fixable Near- IR, 
Invitrogen 2451278) and surface markers CD3 and CD8 
(online supplemental table 2) at 4°C for 30 min. For 
further characterization of the antigen- specific T- cell 
population, an antibody panel was included in the surface 
marker staining (online supplemental table 2). Stained 
samples were analyzed on a Fortessa LSR flow cytometer 
(BD) and data analysis was carried out using the FlowJo 
V.10 software. The multidimensional analysis, including 
uniform manifold approximation and projection illustra-
tion and FlowSOM unsupervised clustering analysis, was 
performed within the FlowJo application.

Intracellular cytokine staining
Expanded T- cells were incubated with peptide- pulsed 
T2 target cells (E:T 1:1) for 4–10 hours in X- VIVO 15 
media supplemented with αCD107a- PE antibody (online 
supplemental table 1) and GolgiPlug (BD Bioscience, 
550583). A negative and positive control was incubated 
with non- pulsed T2 cells and leukocyte activating cocktail 
(LAC, Vendor, 550583), respectively. Harvested T- cells 
were stained for dead cells and surface markers (αCD3- 
FITC and αCD8- BV480, online supplemental table 2) 
as described above, fixed and permeabilized (Invit-
rogen, 88- 8824- 00) and stained for intracellular markers 
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(TNFα-PE- Cy7 and IFNγ-APC, online supplemental table 
1) at 4°C for 30 min followed by flow cytometry analysis.

Single-cell transcriptomic and phenotypic analysis
Expanded T- cells were incubated 1 hour at 4°C with PE/
APC tetramers for staining of the relevant antigen- specific 
T- cells. Subsequently, cells were washed three times in phos-
phate buffered saline (PBS)+0.5% BSA and stained with 
the TotalSeq- C Human Universal Cocktail (BioLegend # 
399905) phenotype panel and individual TotalSeq- C0251 
(BioLegend # 394661) hashing antibodies according to 
manufactures’ instructions. After 15 min incubation at 
4°C, cells were co- stained with CD8- BV480 and dump 
channel antibodies (online supplemental table 1) and a 
dead cell marker and incubated 30 min, 4°C. Cells were 
washed three times through sedimentation at 390 g and 
resuspended in PBS+0.5% BSA before sorting single, 
live, CD8+ and tetramer positive cells on a BD FACS 
Melody cell sorter. Tetramer- positive T- cells (n=2500) 
from each sample were sorted into a common tube and 
centrifuged on 390 g for 10 min at 4°C. The supernatant 
was removed, and cells were loaded onto Chromium 
according to the manufacturer’s instructions. We used 
the 10×5’ v2 chemistry that allows the cell barcode to be 
appended at the 5’-end of transcripts, which is essential 
for capturing the CDR3 region of the V(D)J transcripts. 
Downstream processing of messenger RNA (mRNA) and 
DNA barcodes are performed according to manufactur-
er’s instructions (Chromium Next GEM Single Cell 5' 
Reagent Kits v2 (Dual Index), with the Feature Barcode 
technology for Cell Surface Protein & Immune Receptor 
Mapping) (10x Genomics, USA). Overall, ~13 750 cells 
were loaded (based on 55% recovery from 25,000 sorted 
cells) to yield a maximum of 8,000 cells with an interme-
diate/high doublet rate (6.9%). Targeted amplification 
was performed for 13 cycles and the products were sepa-
rated according to size into <400 bp (DNA barcode- tags) 
and >400 bp (the TCR sequences) using 0.6× SPRIselect 
beads (Beckman Coulter, B23318). Separate processing of 
the >400 bp bead- bound TCR sequences and the <400 bp 
in solution DNA barcodes was conducted according to 
manufacturer’s instruction and the TCR amplification 
products were sequenced on a NovaSeq running a 150 
paired- end program. DNA barcodes, TCR sequences and 
mRNA were sequenced to a depth of 6,181, 6,598 and 
32,136 mean reads per cell, respectively.

The raw FASTQ files were processed using the Cell-
Ranger multi pipeline (10x Genomics, V.6.1.1) and the 
filtered gene- barcode matrices were used for further 
analysis using the R software (V.4.1.0) with the Seurat 
package (V.4.1.0). Following filtration, a total of 2,649 
cells; 1,832 cells for donor BC- 349 (209 unexpanded, 773 
Free peptide- expanded, and 850 Ag- scaffold- expanded T 
cells) and 817 cells for donor BC- 357 (350 unexpanded, 
66 Free peptide- expanded and 401 Ag- scaffold- expanded 
T- cells) were included in further analyses. For the TCR 
analysis we used the filtered TCR diversity metric and only 
cells with at least one productive TCR α-chain and one 

productive TCR β-chain were kept for further analysis. 
Cell Hashing was used to place a sample barcode on each 
single cell, enabling different samples to be multiplexed 
together and run in a single experiment. To demultiplex 
the samples the HTODemux (positive.quantile=0.99) 
from Seurat was used and only cells labeled as Singlets 
were used.

For the gene expression analysis, only genes detected in 
>3 cells and cells with >200 detected genes were selected. 
Low- quality cells were removed if they had: (1) <6,000 
genes detected in each cell, (2) <25,000 molecules detected 
within a cell, and (3) >5% Unique Molecular Identifiers 
(UMIs) derived from the mitochondrial genome. After 
the removal of low- quality cells, gene expression matrices 
were normalized using the SCTransform function and the 
effect of the cell cycle was removed by regressing out the 
S scores and G2/M scores during data scaling. The cell 
surface protein analysis was performed with cell surface 
proteins from the TotalSeq- C library, and the phenotype 
data were normalized using the SCTransform function.

For differential expression analysis, we used the Find-
AllMarkers function to identify positive markers of each 
group and compared this to all other cells from the 
remaining groups (online supplemental figure 3). For 
comparing T- cells expanded using Ag- scaffold and free 
peptide, we used the FindMarkers function. Heatmaps 
were generated using the DoHeatmap function from 
Seurat and volcano plots were generated using Enhanced-
Volcano V.1.10.0. The gene set enrichment analysis was 
performed with enrichplot V.1.12.3 and clusterPro-
filer V.4.0.5, using Benjamini- Hochberg for adjusting p 
values.30

The dysfunctional score for each Gel Bead- in Emul-
sions (GEM) was calculated as the mean expression of 
a set of dysfunctional genes identified by Li et al. Only 
23 out of the original 30 published dysfunctional genes 
were included in our data set, since 7 genes were not 
among the top 2000 most differentially expressed genes 
according to SCTransform.31

moDC-mediated expansion of antigen-specific T-cells
Monocyte- derived dendritic cells (moDC) were gener-
ated from autologous PBMCs using Dendritic Cell Gener-
ation media (PromoCell) according to manufacturer’s 
instructions. Briefly, adherent cells, including mono-
cytes, were first enriched from PBMCs by incubation in 
Monocyte attachment media (PromoCell). The enriched 
cells were next incubated in dendritic cell generation 
media supplemented with component A. After 6 days 
(with media change halfway), cultures were supple-
mented with component B, and the cells incubated for 
another 24–48 hours, whereafter mature moDCs were 
collected after washing. Mature moDCs were pulsed with 
the specific peptide for 2 hours at room temperature. 
Autologous specific T- cells were expanded from PBMCs 
by culturing for 10 days with peptide- pulsed moDCs at a 
1:10 ratio (500,000 moDCs to 5,000,000 PBMCs) in X- vivo 

https://dx.doi.org/10.1136/jitc-2023-006847
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supplemented with 5% human serum, with addition of 
new peptide- pulsed moDCs after 5 days of culture.

Tumor cell killing
FM3, FM93/2 and FM45 melanoma cells were seeded at 
a density of 20,000 cells/well in preheated RPMI- 1640 
media with 10% FCS into an E- plate 96 PET (Agilent 
300600900).32 Post- seeding, the E- plate was transferred to 
an xCELLigence RTCA SP or eSight instrument (Agilent) 
inside a cell incubator and incubated for 24 hours. Data 
recording was set to 1 hour intervals over 72 hours and 
changes in impedance were reported as a Cell Index 
(CI). After 24 hours, tumor cell CI was set to 1 and 
expanded T- cells were added to the tumor cell cultures 
with an effector:target ratio of 4:1. Negative control wells 
contained tumor cells alone and positive control wells 
were treated with Triton X- 100. Tumor and expanded 
T- cells were co- cultured for another 48 hours. The CI at 
each time point was normalized to CITriton and expressed 
as the percentage of survival compared with tumor alone.

Bulk TCR sequencing
Expanded T cells were incubated 15 min at 37°C with 
PE/APC tetramers for staining of the relevant antigen- 
specific T cells followed by staining with surface markers 
(αCD3- FITC and αCD8- BV480) and a dead cell marker 
for 30 min at 4°C. Tetramer- positive CD8+ T- cells were 
sorted into PBS+2% FCS + 0.025M HEPES buffer on a 
BD FACS Melody cell sorter and centrifuged at 390 g for 
10 min and the supernatant was removed. Pellets were 
snap frozen and sent for DNA purification and TCR 
β-chain sequencing using the ImmunoSEQ platform at 
Adaptive Biotechnologies.

Statistical analysis
The sample size for all experiments were chosen on the 
basis of sample availability and what was sufficient for statis-
tical analysis. All statistical analyses were performed using 
the GraphPad Prism 7 software. All data are presented 
as individual data points including grand median or as 
means±SD. Technical replicates were averaged and treat-
ment groups were compared using a paired or unpaired, 
non- parametric Wilcoxon or Mann- Whitney test, respec-
tively, as indicated in figure legends.

RESULTS
Ag-scaffold-based expansion is pMHC-dependent
Ag- scaffolds are designed to ensure pMHC- directed expan-
sion of specific T- cells, while avoiding unspecific expansion 
of bystander T- cells. Therefore, it is critical that the Ag- scaf-
fold interaction with T- cells is mediated by attached pMHC 
elements. First step in designing a specific Ag- scaffold is to 
determine the amount of pMHC molecules required on 
the dextran backbone to ensure specific pMHC- TCR- driven 
binding to T- cells. pMHC (cytomegalovirus (CMV) 65kDa 
phosphoprotein (pp65) YSE- peptide on HLA- A0101) was 
titrated onto fluorescently- labeled dextran, to evaluate 

binding to CD8+ T- cells from healthy donor PBMCs with 
a known T- cell response against this peptide (~4% of CD8 
T- cells). Based on mean fluorescence intensity (MFI) of the 
Ag- scaffold- binding population and Staining Index (SI), we 
demonstrated optimal T- cell binding using a molar ratio 
of approximately 10 pMHC molecules per dextran back-
bone (figure 1A,B). Similarly, we determined the amount 
of co- stimulatory molecules and cytokines that could be 
co- attached to the 1:10 Dex:pMHC without compromising 
the pMHC- TCR interaction, using the CD28- ligand B7.2 
and IL- 15. We thereby identified an optimal molar ratio for 
a Dex:pMHC:B7.2:IL- 15 Ag- scaffold (1:10:5:5) (figure 1C). 
The optimal ratio for a given Ag- scaffold, depends on the 
dextran backbone and co- attached pMHCs and stimula-
tory molecules and should ideally be determined for every 
new composition (online supplemental figure 1A,B). The 
optimal ratio for Ag- scaffolds not carrying a fluorescent label 
can be determined based on expansion capacity (online 
supplemental figure 1C).

To show that the interaction between the Dex:pM-
HC:B7.2:IL- 15 Ag- scaffold and specific T- cells was in 
fact directed by the pMHCs and not the co- stimula-
tory molecules nor cytokines, Ag- scaffolds comprizing 
only dextran and B7.2 or IL- 15 failed to bind the 
specific T- cells (figure 1D). Finally, using the 1:10:5:5 
Dex:pMHC:B7.2:IL- 15 Ag- scaffold, we expanded a 
population of HLA- A0101- restricted Influenza poly-
merase basic protein (BP) VSD- specific CD8+ T- cells 
from PBMCs from healthy donor PBMCs (precursor 
frequency~0.1%). During the expansion- process, Ag- s-
caffold and fresh media was provided to the culture four 
times, on days 0, 3, 7 and 10 (figure 1E). After 2 weeks, 
the population of Influenza BP VSD- specific T- cells had 
expanded to 6.3%, while no expansion was observed 
when providing a similar Ag- scaffold with an irrelevant 
pMHC (figure 1F). In addition, only limited bystander 
expansion of a predetected population of HLA- A0201 
Influenza M1 58–66- specific CD8+T cells (~0.2%) was 
observed, during Ag- scaffold- directed expansion of 
HLA- A0201 CMV BRLF1- specific T- cells (online supple-
mental figure 1F).

To show that multiple antigen- specific T- cells can 
be expanded simultaneously from a single culture by 
adding a mix of Ag- scaffolds, each containing different 
pMHCs, we expanded CMV pp65 NLV- specific and 
Epstein- Barr virus (EBV) latent membrane protein 
2 (LMP2) FLY- specific T- cells from healthy donor 
PBMCs, using a pool of 10 Ag- scaffolds including 
only one carrying a relevant pMHC. The expansion 
capacity of a relevant Ag- scaffold, was not affected by 
the presence of nine irrelevant Ag- scaffolds (online 
supplemental figure 2A). Similarly, five antigen- 
specific T- cells populations could be expanded in a 
single culture using a mix of 5 relevant and 25 irrel-
evant Ag- scaffolds. The resulting T- cell product was 
composed of 66.3% antigen- specific T- cells, compared 
with 0.23% prior to expansion (online supplemental 
figure 2B,C).
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Taken together, this demonstrates that Ag- scaffolds are 
capable of binding antigen- specific T- cells via pMHC- TCR 
interaction and drive their selective expansion from low 
precursor numbers in a mixture of irrelevant lympho-
cytes, by delivering co- stimulatory and growth signals. 
This allows expansion of multiple antigen- specific T- cell 
populations, simultaneously in a single culture using a 
mix of Ag- scaffolds.

An Ag-scaffold with IL-2 and IL-21 is superior in expansion-
efficiency and expanded T-cell functionality
The Ag- scaffold technology is highly flexible; it only requires 
a site- directed biotinylation of a molecule of choice and 

attachment to the streptavidin- decorated dextran backbone. 
Thus, an endless variety of Ag- scaffolds can be designed to 
support many different biological needs. In order to identify 
an optimal combination of cytokines and co- stimulation for 
expansion of antigen- specific T- cells for ACT, we assembled 
66 individual Ag- scaffolds, using different combinations of 
cytokines and co- stimulatory molecules and compared them 
in terms of expansion efficiency (frequency of antigen- 
specific T- cells post expansion) and the functional capacity 
of expanded T- cells. For all Ag- scaffold compositions not 
containing IL- 2, low concentrations of IL- 2 (40 U/mL) 
was supplemented to the culture media. The frequency of 

Figure 1 Ag- scaffolds bind to specific T- cells via attached pMHC I and delivers co- attached co- stimulation and cytokines. 
(A) Schematic drawing of an Ag- scaffold comprizing a dextran backbone to which MHC class I molecules carrying peptide 
(pMHC), co- stimulatory molecules and cytokines can be attached. The Ag- scaffold bind to T- cells via pMHC- TCR- interaction 
and forms an artificial immunological synapse. (B) Binding of FITC- labeled dextran- backbone with varying amounts of pMHCs, 
to HLA- A0101 CMV pp65 YSE- specific T- cells (~4%). Ratios were compared in median fluorescent intensity (MFI in black) and 
staining index (SI in white). CD8+ T- cells were labeled with PECy5. (C) T- cell binding of a 1:10 dextran:pMHC in combination with 
either 5:5 or 10:10 of B7.2:IL- 15. (D) Ag- scaffolds comprizing only dextran:B7.2 (1:30) or dextran:IL- 15 (1:30) could not direct 
T- cell binding. (E) Schematic representation of a 2 week Ag- expansion where Ag- scaffold and fresh media is supplemented to 
the culture on day 0, 3, 7 and 10. (F) Only Ag- scaffolds (dextran:pMHC:B7.2:IL- 15) containing HLA- A0101 carrying the Influenza 
BP VSD- peptide and not an irrelevant pMHC, could expand a population of HLA- A0101 Influenza BP VSD- specific T- cells from 
PBMCs from a healthy donor. Specific cells were stained with a PE/APC- tetramer. Ag- scaffolds, antigen- presenting scaffold; 
APC, Allophycocyanin; BP, polymerase basic protein, CMV, cytomegalovirus, dex, dextran; FITC, Fluorescein isothiocyanate; 
HLA, human leukocyte antigen; IL, interleukin; MHC, Major Histocompatibility Complex; PBMCs, peripheral blood mononuclear 
cells; PE, R- phycoerythrin; TCR, T- cell receptor; VSD, the first three aminoacids of the peptide.
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antigen- specific T- cells out of CD8+ T cells was evaluated 
for all Ag- scaffold compositions (figure 2A, online supple-
mental table 3). We further evaluated the functional poten-
tial of expanded T- cells using intracellular cytokine staining 
on co- culture with target cells pulsed with cognate antigen 
and defined it as the frequency of T- cells expressing a 
combination of pro- inflammatory cytokines tumor necrosis 
factor (TNF)α, interferon (IFN)γ and CD107a, a marker 
of degranulation33 34 (figure 2B). Using this matrix- based 
approach, we identified several novel Ag- scaffold composi-
tions with capacity to drive antigen- specific T- cell expansion 
and produce multifunctional T- cells. We selected the five 
compositions (Inducible T- cell COStimulator (ICOS:IL- 2, 
ICOS:IL- 21, ICOS:IL- 1, IL- 2:IL- 21, IL- 1:IL- 12) that demon-
strated the strongest T- cell expansion capacity, while also 
providing a good functional profile (figure 2A,B).

We further evaluated the performance of the top- five 
Ag- scaffold compositions, either with or without addi-
tion of a B7.2 co- stimulatory molecule (figure 2C,D, 
online supplemental table 3). While no further benefit 
was gained from the addition of B7.2 co- stimulation to 
the Ag- scaffold in the current setting, Ag- scaffolds with 
ICOS:IL- 2 and IL- 2:IL- 21 were superior when comparing 
post- expansion frequency of antigen- specific T- cells 
(figure 2C). Considering the functional capacity of 
expanded T- cells, the Ag- scaffold with IL- 2 and IL- 21 
demonstrated superior properties (figure 2D). This scaf-
fold design has the further advantage that no soluble 
cytokines were added to the media, reducing the level 
of bystander T- cell stimulation in the culture. In the 
following analyses presented here, we will focus on the 
selected Dex:pMHC:IL- 2:IL21 Ag- scaffold.

Figure 2 An Ag- scaffold with IL- 2 and IL- 21 is superior in terms of expansion capacity and functionality of expanded cells. 
(A) Frequency of HLA- A0201 EBV BRLF1 YVL- specific CD8+ T- cells from PBMCs from one healthy donor after a 2- week 
expansion with 66 different dextran:pMHC:molecule 1:molecule 2 Ag- scaffold- combinations. (B) Frequency of T- cells with 
simultaneous expression of IFN-γ, TNF-α and CD107a (Triple+T cells) out of the total CD8+ T- cell population on antigen- 
challenge. IL- 2 (40 U/mL) was supplemented to the media in cultures expanded with Ag- scaffold not containing IL- 2. The best 
performing five Ag- scaffold combinations were marked in dashed red boxes. (C) Frequency of HLA- A0101 CMV pp50 VTE- 
specific CD8+ T- cells from PBMCs from one healthy donor after a 2- week expansion with the five selected combinations in 
a dextran:pMHC:molecule 1:molecule 2 (Ag- scaffold –B7) or a dextran:pMHC:B7.2:molecule 1:molecule 2 (Ag- scaffold+B7). 
(D) Frequency of Triple+ (IFN-γ+TNF-α+CD107a+) T- cells out of the total CD8+ T- cell population on antigen- challenge. Red and 
blue scaling represent the highest and lowest frequency of CD8+ T- cells, respectively. Ag- scaffolds, antigen- presenting scaffold; 
EBV, Epstein- Barr virus; HLA, human leukocyte antigen; ICOS, Inducible T- cell COStimulator; IFN, interferon; IL, interleukin; 
MHC, major histocompatibility complex; PBMCs, peripheral blood mononuclear cells; pp50, 50kDa phosphoprotein, pMHC, 
peptide- MHC; TNF, tumor necrosis factor.
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Evaluation of the wide range of Ag- scaffold composi-
tions demonstrates the flexibility of the Ag- scaffold tech-
nology and introduces several functional Ag- scaffold 
combinations that can be of potential interest in various 
immunological settings. For the purpose of generating 
antigen- specific T- cell products for ACT, the Ag- scaffold 
with IL- 2 and IL- 21 showed the greatest expansion effi-
ciency and production of multifunctional T- cells, which is 
desired for such setting.

Ag-scaffolds efficiently expand virus-specific T-cells and 
render a multifunctional T-cell product
To further evaluate the capacity of Ag- scaffold- directed 
T- cell expansion, the expansion efficiency and func-
tional profile of expanded T- cells was compared with 
free peptide- based expansion, in which all components 
attached to the Ag- scaffold was added to the T- cell culture 
in a non- orchestrated manner, that is, soluble specific 
peptide co- administered with soluble IL- 2 and IL- 21. The 
two strategies were compared across a total of 15 virus- 
specific T- cell populations in PBMCs from 11 healthy 
donors. During expansion, Ag- scaffold or soluble peptide 
and cytokines were supplemented to the culture media 
at initiation (day 0) and two times per week (days 3, 7 
and 10) until harvest. While no difference between free 
peptide- based and Ag- scaffold- expansion was observed 
in terms of total viable cell count on harvest, Ag- scaffold- 
directed expansion yields both a higher frequency and 
absolute number of antigen- specific T- cells (figure 3A–C).

In order to compare the phenotype of T- cells expanded 
with either Ag- scaffold or free peptide, we stained 
the antigen- specific population with a panel of T- cell 
markers covering different stages of CD8+ T- cell differ-
entiation. Clustering analysis of free peptide based and 
Ag- scaffold- expanded CMV pp50 VTE- specific T cells in 
two healthy donors showed that the two strategies yield 
very different T- cells products. Ag- scaffold- expanded 
T- cells expressed higher levels of TCF1, a transcription 
factor typically expressed by previously activated CD8+ 
T- cells with self- renewal capacity, and co- stimulatory and 
early effector- memory markers CD27 and CD28, and 
lower levels of markers associated with terminal differen-
tiation and exhaustion; Thymocyte selection- associated 
high mobility group box protein (Tox), Programmed 
cell death protein 1 (PD- 1) and granzyme B (GzmB), 
when comparing with free peptide- expanded T- cells 
(figure 3D, online supplemental figure 3A). This was 
further supported when comparing both the expres-
sion level (MFI) of the individual markers and their 
combined expression on expanded T cells, in a total of 
four different virus- specific T- cell populations expanded 
in duplicate from four healthy donors (figure 3E,F), 
suggesting that Ag- scaffold- expanded T- cells are less 
exhausted and maintain stem- like features. In addition, 
the phenotypic characteristics of Ag- scaffold- expanded 
T- cells were compared with antigen- specific T- cells 
expanded with peptide- pulsed autologous moDCs. 
The moDC- expanded and Ag- scaffold- expanded T- cells 

demonstrated very similar phenotypic characteristics, 
while moDC- directed expansion seemed to provide a 
higher number of antigen- specific T- cells (online supple-
mental figure 3B).

In accordance with observed differences between 
Ag- scaffold- directed and free peptide- directed expan-
sion in terms of frequency and phenotype of antigen- 
specific T- cells, Ag- scaffold- expanded T- cells had a higher 
frequency of cytokine- producing T- cells (triple- positive, 
double- positive and single- positive for TNFα, IFNγ and 
CD107a) of CD8+ T- cells when challenged with cognate 
antigen (figure 3G).

Single- cell transcriptomic and phenotypic analysis 
of unexpanded, free peptide- expanded or Ag- scaffold- 
expanded HLA- A0301 Influenza NP IRL- specific and 
HLA- B0702 CMV pp65 TPR- specific T cells from two 
healthy donors further elucidated differences between 
the resulting T- cell products (figure 3H, online supple-
mental figure 3C–E). On the transcriptional level, 
Ag- scaffold- expanded T- cells showed a higher expression 
of genes linked with transitional and cytotoxic effector 
T- cells (GZMH/K, FGFBP2, KLF2),35 TCR signaling 
(IFITM1/2, GIMAP4/7, TRAV17, TRAB7- 9, LIME1)36–38 
and T- cell survival (KLF2, BATF)39 compared with 
free peptide- expanded T- cells. Conversely, Ag- scaffold- 
expanded T- cells had a lower expression of genes that 
have been linked with T- cell dysfunction (ENTPD1, 
CCL3/4, FAM3C, TSC22D3),35 40 activation- induced cell 
death (PHLDA)41 and T- cell signal transduction (MAL, 
SLC1A5) (online supplemental figure 3C,D). On the 
phenotypic level, Ag- scaffold- expanded T- cells again 
showed a higher expression of CD27 and CD28, along with 
proteins associated with central T- cell memory (CD62L), 
late stage effector phenotype (CD16, CD5, KLGR1)42 and 
antigen- experience (CD49d, CD244, Fas)43 44 and a lower 
expression of proteins associated with terminal differ-
entiation/activation- induced cell death (CD25)45 46 and 
exhaustion (CD39)8 47 when compared with free peptide- 
expanded T- cells (figure 3H, online supplemental figure 
3E). Accordingly, free peptide- expanded T- cells showed 
higher activity of a recently described dysfunctional gene 
module (dysfunctional score) compared with unex-
panded and Ag- scaffold- expanded T- cells (figure 3I).31 
When evaluated individually, most of the genes included 
in the dysfunctional score were expressed at a higher 
level in free peptide- expanded T- cells, compared with 
Ag- scaffold- expanded T- cells (online supplemental figure 
3F). Finally, single- cell TCR sequencing showed that 
Ag- scaffold- expanded and free peptide- expanded HLA- 
A0301 Influenza NP IRL- specific and HLA- B0702 CMV 
pp65 TPR- specific T- cell populations from healthy donors 
BC349 and BC357, respectively, comprised of multiple 
TCR clones and that the selection of TCR clones between 
the two expansion strategies was very similar (online 
supplemental figure 3G)

This shows that Ag- scaffold- directed expansion yields 
a greater frequency of virus- specific T- cells, with a 
younger phenotype and greater cytotoxic potential on 
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Figure 3 Ag- scaffolds efficiently expand virus- specific T- cells and render a multifunctional T- cell product. (A) Number of viable 
cells at culture initiation (Unexp.) and following 2- week expansion with either dextran:pMHC:IL- 2:IL:21 Ag- scaffold or free 
peptide- based expansion, adding specific peptide, IL- 2 and IL- 21 directly to the media, across 12 healthy donors in duplicate 
cultures. (B) Post- expansion frequency and (C) number of virus- specific T- cells from 15 parallel expansions in duplicate, 
covering 9 different virus- specific T- cell populations in PBMCs from 12 healthy donor buffycoats (BC), with either Ag- scaffold 
or free peptide- based expansion. (D) UMAP plot of HLA- A0101 CMV p50 VTE- specific T- cells expanded in duplicate from two 
healthy donors with either Ag- scaffold or free peptide. Specific T- cells were identified by tetramer- staining and stained with an 
antibody panel including markers of self- renewing (TCF- 1, CD28, CD27) and terminally differentiated/exhausted (Tox, PD- 1, 
GzmB) T- cells. The expression of these markers on Ag- scaffold (red) and free peptide (blue)- expanded T- cells were compared 
in MFI histograms. (E) Broadened phenotypic comparison between Ag- scaffold and free peptide- expanded T- cells (Log(MFIAg- 

Sc/MFIFP) across four different virus- specific T- cell populations expanded in duplicate from four healthy donors. (F) Frequency 
of TCF- 1+CD28+CD27+ and PD- 1+GzmB+Tox+ T- cells out of antigen- specific T- cells expanded with either Ag- scaffold and free 
peptide. (G) Frequency of Triple+, Double+ and Single+ for IFN-γ, TNF-α and CD107a+ out of the total CD8+T- cell population 
on challenge with cognate antigen in expansions of HLA- A0201 CMVpp65 NLV- specific and EBV BRLF1 YVL- specific T- cells 
from eight healthy donors. (H) Single- cell phenotypic analysis and (I) dysfunctional score in a UMAP plot of unexpanded or free 
peptide- expanded and Ag- scaffold- expanded HLA- A0301 Influenza NP IRL- specific and HLA- B0702 CMV pp65 TPR- specific T 
cells from two healthy donor BCs, respectively. Duplicate- means were compared in a paired, non- parametric Wilcoxon test and 
p<0.05, p<0.01, p<0.0001 is indicated as *, ** and ****, respectively. Ag- scaffolds, antigen- presenting scaffold; BCs, buffycoats; 
CMV, cytomegalovirus; EBV, Epstein- Barr virus; GzmB, granzyme B; HLA, human leukocyte antigen; IL, interleukin; IFN, 
Interferron; MFI, mean fluorescence intensity; NLV, first three amino acids of peptide; PBMCs, peripheral blood mononuclear 
cells; pMHC, peptide- MHC; PD- 1, Programmed cell death protein 1;TCF, transcription factor T- cell factor 1; TNF, tumor necrosis 
factor; Tox, Thymocyte selection- associated high mobility group box protein; UMAP, uniform manifold approximation and 
projection; VTE, first three amino acids of peptide
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antigen- challenge, when compared to conventional 
expansion with free peptide and cytokines.

Ag-scaffolds expand tumor-specific T-cells from patient with 
cancer PBMCs
The Ag- scaffold technology presents a potential improve-
ment to the T- cell expansion step preceding ACT in 
anticancer immunotherapy. We therefore investigated 
the capacity of Ag- scaffolds to expand tumor- specific 
T- cells from PBMCs from patients with metastatic mela-
noma. In six patient samples (MM1.06 and MM1.32, 
evaluation 3 and 5 and MM1.12 and MM1.29, evaluation 
3), we compared Ag- scaffold- directed and free peptide- 
directed expansion of a total of seven previously observed 
responses against HLA- A0201- restricted tumor shared 
antigens (TSAs). Consistent with our observation when 
expanding virus- specific CD8+ T- cells from healthy donors, 
Ag- scaffold- directed expansion yielded a greater number 
of viable cells and antigen- specific T cells compared with 
free peptide- directed expansion (figure 4A–C).

Clustering analysis of free peptide- expanded and 
Ag- scaffold- expanded gp100/Pmel17 YLE- specific T- cells 
from one patient with metastatic melanoma, similarly 
showed that Ag- scaffold- expanded and free peptide- 
expanded tumor- specific T- cells were phenotypically 
distinct (figure 4D, online supplemental figure 4A). When 
comparing the expression of individual markers of terminal 
differentiation/exhaustion and self- renewal on expanded 
tumor- specific T- cell populations (gp100/Pmel17 YLE 
and KTW) from four patient PBMC samples, along with 
the frequency of cells expressing a combination of these 
markers, we observed more self- renewal characteristics in 
the populations expanded with Ag- scaffolds (figure 4E,F).

To further evaluate the functional capacity of 
Ag- scaffold- expanded T- cells, Ag- scaffold or free peptide- 
expanded tumor- specific T- cells from patient MM1.06- E3 
and MM1.32- E3 were co- cultured for 48 hours with 
HLA- A0201- positive FM3 and FM93/2 melanoma cells. 
FM3 and FM93/2 express a range of shared melanoma 
antigens, including those used for antigen- directed 
T- cell expansion (online supplemental table 2).23 48 
The Ag- scaffold- expanded and free peptide- expanded 
T- cell products from MM1.06- E3, consisted of 12.7 and 
7.15% Gp100/Pmel17 YLE- specific T- cells, 18.4 and 
33.9% Gp100/Pmel17 KTW- specific T- cells and 1.18 
and 0.5% Melan- A/MART- 1 EEA- specific T- cells, respec-
tively (figure 4B), while the Ag- scaffold- expanded and 
free peptide- expanded T- cell products from MM1.32- E3 
consisted of 42.6 and 29.6% Gp100/Pmel17 IMD- specific 
T- cells and 7.7 and 11.9% Gp100/Pmel17 KTW- specific 
T- cells, respectively (figure 4B). Ag- scaffold- expanded 
T- cells from both MM1.06- E3 and MM1.32- E3 exhibited 
a higher level of killing of both FM3 and FM93/2 cells 
compared with free peptide- expanded T- cells (figure 4G). 
This is despite the higher frequency of specific T- cells in 
the free peptide- expanded T- cell product from patient 
MM1.06- E3, further supporting the improved func-
tional capacity of Ag- scaffold- expanded T- cells. All T- cell 

products showed minimal killing of HLA- A0201- negative 
FM45 melanoma cells, indicating that the killing was 
primarily mediated by tumor- antigens displayed on HLA- 
A0201 (online supplemental figure 4B).

The highly flexible composition of Ag- scaffolds makes 
the technology applicable in many disease settings. The 
range of antigen- specific T- cell populations that can be 
targeted by Ag- scaffolds, is only limited by availability of 
cognate pMHCs. Accordingly, the Ag- scaffold technology 
also allows expansion of previously identified neoantigen- 
specific T- cells up to several 1000- fold in PBMCs from 
bladder cancer patients49 (online supplemental figure 
4C). In addition, Ag- scaffolds efficiently expand tumor- 
specific TILs from tumor fragment or digest from patients 
with melanoma (online supplemental figure 4D).

Taken together, this shows that Ag- scaffold- directed 
expansion yields a greater number of tumor- specific 
T- cells, with desired phenotypic characteristics of self- 
renewal and improved tumor cell killing, when compared 
to conventional expansion with free peptide and 
cytokines.

Expansion of tumor-specific T-cells from patient PBMCs using 
a multitargeting shared melanoma Ag-scaffold
In order to design a multitargeting ‘off- the- shelf’ Ag- scaf-
fold for ACT in melanoma, we identified a set of HLA- 
A0201- restricted TSA- derived epitopes most commonly 
recognized by T- cells in retrospective screening of either 
TILs or PBMCs from a total of 87 HLA- A0201- positive 
patients with metastatic melanoma.9 50 51 Patients were 
screened for T- cell reactivity using overlapping libraries 
of 145–168 HLA- A0201- restricted TSAs using either 
combinatorial encoded or barcode- labeled pMHC 
multimers,28 29 from which we selected the top 30 most 
frequently recognized TSAs in the evaluated patients 
(figure 5A, online supplemental figure 5A). T- cell recog-
nition of at least one of the 30 selected TSAs was found 
in >80% of patients, with T- cell recognition of >3 TSAs 
in >30% of patients. As a single epitope, MAGE- A2 
LVHFLLLKY was by far the most detected specificity, with 
T- cell reactivity observed in >31% of patients (figure 5A). 
Thus, combining 30 Ag- scaffolds targeting the selected 
TSA- specific T- cell populations, would allow expansion of 
TSA- specific T- cells in the majority of patients with HLA- 
A0201- positive melanoma (online supplemental figure 
2B,C).

Using a set of multitargeting shared melanom 
a Ag- scaffolds, we could significantly expand TSA- 
specific T- cells more than 10- fold from six out of 
nine patients with HLA- A0201- positive metastatic 
melanoma (MM1, figure 5B–D). When screening 
Ag- scaffold- expanded T- cells for reactivity against 
the individual 30 TSAs using combinatorial encoded 
pMHC multimers, the same six patients showed reac-
tivity against at least two of the 30 TSAs, with patient 
MM1.06 and MM1.32 showing reactivity against eight 
and seven, respectively (figure 5E). TCR sequencing 
of Ag- scaffold- expanded T- cells from MM1.06 and 
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Figure 4 Ag- scaffolds efficiently expand tumor- specific T- cells and render a multifunctional T- cell product. (A) Number of 
viable cells at culture initiation (Unexp.) and following 2- week expansion with either dextran:pMHC:IL- 2:IL- 21 Ag- scaffold or free 
peptide- based expansion, adding specific peptide, IL- 2 and IL- 21 directly to the media, targeting melanoma shared antigens in 
six patients with metastatic melanoma samples (PBMC). (B) Post- expansion frequency and (C) number of tumor- specific T- cells 
(seven specificities) from 17 expansions from six patients with metastatic melanoma samples, with either dextran:pMHC:IL- 
2:IL- 21 Ag- scaffold or free peptide- based expansion adding specific peptide, IL- 2 and IL- 21 to the media. (D) UMAP plot of 
HLA- A0201 gp100/Pmel17 YLE- specific T- cells expanded from patient MM1.06- E5 with either Ag- scaffold or free peptide. 
Specific T- cells were identified by tetramer- staining and stained with an antibody panel including markers of self- renewing 
(TCF- 1, CD28, CD27) and terminally differentiated/exhausted (Tox, PD- 1, GzmB) T- cells. The expression of these markers 
on Ag- scaffold (red) and free peptide (blue)- expanded T- cells were compared in MFI histograms. (E) Extended phenotypic 
comparison between Ag- scaffold and free peptide- expanded T- cells (Log(MFIAg- Sc/MFIFP) across two different tumor- specific 
T- cell populations expanded from four patient samples. (F) Frequency of TCF- 1+CD28+CD27+ and PD- 1+GzmB+Tox+ T- cells out 
of antigen- specific T- cells expanded with either Ag- scaffold and free peptide. (G) Survival of A0201- positive FM3 and FM93/2 
melanoma tumor cells (Cell Index as a relative measure of impedance presented as % of tumor alone) on co- culture with Ag- 
scaffold (light/dark red) or free peptide- expanded (light/dark blue) tumor- specific T- cells from MM1.06- and 32- E3 in a 4:1 E:T 
ratio. Duplicate- means were compared in a paired, non- parametric Wilcoxon test and p<0.05 and p<0.01 are indicated as * and 
**, respectively. Ag- scaffolds, antigen- presenting scaffold; GzmB, granzyme B; HLA, human leukocyte antigen, IL, interleukin; 
MFI, mean fluorescence intensity; PBMCs, peripheral blood mononuclear cells; PD- 1, Programmed cell death protein 1; pMHC, 
peptide- MHC; Tox, Thymocyte selection- associated high mobility group box protein; UMAP, uniform manifold approximation 
and projection.
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Figure 5 Expansion of tumor- specific T- cells using a multitargeting shared melanoma Ag- scaffold. (A) Percentage of patients 
showing reactivity towards the library of HLA- A0201- restricted TSAs. Marked in red are the top 30 most commonly recognized 
shared melanoma antigens among the evaluated patients. To the right, a schematic representation showing that 43/87 (~49%) 
patients showed reactivity against 1–3 of the selected 30 shared melanoma antigens and 28/87 (~32%) showed reactivity 
against >3. (B) PBMCs from a cohort of nine patients with metastatic melanoma (MM1) were expanded with the multitargeting 
shared melanoma Ag- scaffold, comprizing 30 Ag- scaffolds carrying the 30 selected TSAs on HLA- A0201. (C) Number of TSA- 
specific T- cells pre- expansion (Day 0) and post- expansion (Day 14) were compared in a paired, non- parametric Wilcoxon test 
and p<0.01 is indicated as **. (D) Fold expansion (FE = Day 14/Day0). (E) Post- expansion T- cell populations among the 30 
shared melanoma antigens. (F) Frequency of Triple+, Double+ and Single+for IFN-γ, TNF-α and CD107a+ out of the total CD8+ 
T- cell population on challenge with cognate- antigen (identified in Figure 6E) in the six patients with successful expansion of 
melanoma- specific T- cells. (G) Survival of HLA- A0201- positive FM93/2 melanoma tumor cells (Cell Index as a relative measure 
of impedance presented as % of tumor alone) when co- cultured with Ag- scaffold- expanded T- cells from the six patients with 
melanoma in a 4:1 E:T ratio. Ag- scaffolds, antigen- presenting scaffold; E:T, effector:target; HLA, human leukocyte antigen; IFN, 
Interferon; PBMCs, peripheral blood mononuclear cells; TNF, tumor necrosis factor; TSA, tumor shared antigen.
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MM1.32 revealed that the TSA- specific T- cell popu-
lation comprise of 58 and 32 clones, although a 
smaller set of dominating clones contribute to 81.8% 
and 90.5% of the TCR recognition, respectively 
(online supplemental figure 5C). TCR sequencing 
of Ag- scaffold- expanded Gp100/Pmel17 YLE- specific 
and IMD- specific T- cells from MM1.32 showed that 
multiple clonal T- cell populations are maintained 
throughout the expansion period (online supple-
mental figure 5D).

To investigate the functionality of TSA- specific T- cells, 
Ag- scaffold- expanded T- cells from the six patients 
showing reactivity, were challenged with a pool of cognate 
TSA- derived peptides corresponding to the ones iden-
tified in figure 5E. All patients showed some level of 
functional reactivity upon antigen- challenge measured 
by expression of TNFα, IFNγ and CD107a (figure 5F), 
and the frequency of triple- positive correlated with the 
frequency of melanoma- specific T- cells among the six 
patients (online supplemental figure 5B). Expanded 
TSA- specific T- cells from five of the six patients showed 
capacity to kill FM93/2 cells in co- culture, to a greater 
extent than HLA- A0201- negative FM45 cells (figure 5G, 
online supplemental figure 6A).

Strengthening its clinical applicability, the multitar-
geting shared melanoma Ag- scaffold showed similar 
efficiency in one additional cohort of 10 patients with 
HLA- A0201- positive melanoma (MM2), with 70% of 
patients showing >10- fold expansion and 9 of 10 patients 
displayed capacity to kill FM3 cells in co- culture (online 
supplemental figure 6B–F).

Taken together, we identified the top 30 most common 
TSAs in a cohort of patients with metastatic melanoma, 
allowing us to design a shared multitargeting Ag- scaffold 
product for expansion of TSA- specific T- cells from periph-
eral blood PBMCs from HLA- A0201- positive patients. This 
multitargeting shared melanoma Ag- scaffold can expand 
TSA- specific T- cells from peripheral blood PBMCs in 68% 
of evaluated patients, yielding a multifunctional T- cell 
product with in vitro tumor cell killing capacity.

DISCUSSION
Adoptive transfer of ex vivo expanded T- cells has emerged 
as a powerful tool in the treatment of cancer and viral 
infections. Clearly, response to ACT is dependent on the 
quality of the final T- cell infusion product. This should 
ideally contain a high frequency of T- cells with relevant 
specificity and capacity to persist, proliferate and respond 
to their targets in vivo.52 53 A major challenge in ACT 
is to expand T- cells while maintaining their capacity to 
self- renew and persist upon infusion.5 6 Depending on 
the strength and quality of stimulatory signals received 
during expansion, T- cells transition through progres-
sive stages of differentiation characterized by a stepwise 
loss of functional and therapeutic potential.54 55 Thus, 
inducing a strong activation signal should not be the 
focus when designing technologies for antigen- specific 

T- cell expansion. Instead, appropriate stimulation levels, 
that ensure desired T- cell activation while preventing 
exhaustion, should be achieved.

Here we present a new, simple and easily modifiable 
technology to selectively expand antigen- specific T- cells 
ex vivo. The Ag- scaffold consists of a commercially avail-
able streptavidin- dextran conjugate backbone to which 
any molecule, carrying a biotinylation, can be attached 
via strong non- covalent interaction. By co- attaching 
specific pMHCs and stimulatory molecules, the Ag- scaf-
fold can selectively deliver stimulation to virus- specific or 
tumor- specific T- cells in ACT strategies for treatment of 
infectious diseases or cancer, respectively. Reciprocally, 
Ag- scaffolds can be adapted to deliver inhibitory signals 
to self- reactive T- cells in autoimmune disease, by co- at-
tachment of pMHC and inhibitory molecules. Besides 
targeting specific T- cells via attached pMHC, Ag- scaffolds 
can be modified to target a range of other cell types simply 
by attaching alternative ligands/antigens, for example, 
CAR- T cells (CD19) and Mucosal- associated invariant T 
cells (MAIT cells) (MR- 1).

Dextran is a very attractive biomaterial, as it is a biode-
gradable polymer producing biocompatible degradation 
products that are not accumulated in the body. Accordingly, 
dextrans are already widely used in clinical settings, for 
example, as plasma volume expanders and anticoagulants.12 
Ag- scaffolds are degraded during culture with T- cells and 
are no longer detectable in the washed cell product. Thus, 
unlike other aAPCs, this technology bypasses the need for a 
removal step prior to clinical use, which is both costly and 
adds additional stress and handling of the T- cell product.14 
Furthermore, Ag- scaffolds could potentially also be applied 
to directly target T- cells in vivo to bypass the need for ex 
vivo expansion or to support transferred T- cells after ACT. 
Supportively, filamentous or rod- like particles like the Ag- s-
caffold, show longer in vivo circulation times compared with 
spherical particles.56

Natural APCs have the ability to conform to the T- cell 
surface topography, enabling dynamic movement of 
receptor- ligand complexes and proper synapse forma-
tion. Thus, aAPC shape is a key parameter that impacts 
T- cell activation. Compared with spherical bead- based or 
nanoparticle- based aAPCs, elongated aAPCs have been 
shown to provide increased contact with T- cells resulting 
in increased expansion capacity.57 The flexible nature 
of linear dextran enables efficient multivalent binding 
between dextran- bound molecules and the target T- cell. 
In another polymer- based aAPC strategy, it was observed 
that multivalent interaction is required for optimal 
formation of artificial immunological synapse between 
the T- cells and aAPC and intracellular signaling on T- cell 
activation.58 This strategy is structurally similar to the Ag- s-
caffold technology with a streptavidin- decorated poly(iso-
cyano peptides) backbone, however, its use is currently 
limited to polyclonal T- cell expansion via presentation of 
αCD3 and αCD28 antibodies.58–60

Only few alternative aAPC strategies have succeeded to 
directly target T- cells in a pMHC- dependent fashion. One 

https://dx.doi.org/10.1136/jitc-2023-006847
https://dx.doi.org/10.1136/jitc-2023-006847
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such strategy is biomaterial- based APC- mimetic scaffolds 
(APC- ms), comprizing supported lipid bilayers formed 
on high aspect ratio mesoporous micro- rods (SLB- MSRs), 
which enables presentation of both surface (αCD28/
αCD3 or pMHC) and soluble (IL- 2) cues to T- cells.61 
Moreover, similar properties were obtained with an arti-
ficial T- cell stimulating matrix (aTM) comprizing a hyal-
uronic acid- based hydrogel conjugated with pMHC and 
αCD28.62 These strategies are functionally comparable 
to Ag- scaffolds and share many of its desired properties, 
however, they represent far more complex structures. 
The preparation of aTM and MSRs and liposomes 
preceding APC- ms assembly is indeed laborious and time- 
consuming.62–64 In addition, these biomaterials have no 
previous records of clinical use.

Comparing a wide range of Ag- scaffolds with different 
cytokine and co- stimulatory molecule combinations, we 
identified an Ag- scaffold carrying pMHC, IL- 2 and IL- 21 
that had superior capacity to generate a T- cell product with 
a high frequency of antigen- specific and multifunctional 
CD8+ T- cells; a feature associated with enhanced quality 
of subsequent T- cell response and protection.34 IL- 2 is a 
powerful T- cell growth factor and has been a key cytokine 
for T- cell expansion preceding ACT. However, IL- 2 also 
drives collateral expansion of regulatory T cells (Tregs) 
and progressive effector differentiation, which are factors 
known to limit in vivo persistence and ACT response.65 
IL- 21 is a member of the common γ-chain family of cyto-
kines that share the γ-chain receptor (CD132) with IL- 2. 
Although a less potent T- cell growth factor compared with 
IL- 2, IL- 21 provides a range of favorable features in the 
context of immunotherapy, including suppression of Treg 
expansion and enhancement of antigen- specific T- cell 
memory formation.66–69 In combination with IL- 2, IL- 21 
increases TCR- dependent proliferation to a level beyond 
that with IL- 2 alone.70 Consequently, the concentration of 
IL- 2 required for optimal T- cell expansion can be lowered 
in the presence of IL- 21, which promotes development 
of early memory T- cells, rather than exhausted effector 
phenotypes.65 In addition, IL- 21 opposes the nega-
tive impact of IL- 2 on T- cell differentiation in ACT and 
tumor- antigen vaccination in vivo, resulting in the pres-
ervation of an early memory phenotype among antigen- 
stimulated CD8+ T- cells and enhanced antitumor efficacy 
in melanoma- engrafted mice, when comparing to single 
therapy with either IL- 21 or IL- 2 alone.71 72

The Ag- scaffold design enables the simultaneous 
delivery of IL- 2 and IL- 21 to targeted antigen- specific 
T- cells, providing them with a fine- tuned and orchestrated 
T- cell activating signal. Consistently, Ag- scaffold- expanded 
T- cells display a favorable phenotype, with increased levels 
of TCF- 1, a transcription factor that plays an important 
role in memory formation and maintenance,73 along 
with co- stimulatory receptors CD27 and CD28, compared 
with conventional free peptide- based expansion, where 
specific peptide and cytokines are added directly to the 
culture in a non- orchestrated manner. CD27 and CD28 
are found on the majority of memory T- cells and their 

expression is gradually lost as cells become terminally 
differentiated.54 Accordingly, CD27 and CD28- expression 
on infused T- cells has been associated with increased 
persistence of infused cells and objective responses to 
ACT.74 75 On the other hand, Ag- scaffold- expanded T- cells 
showed lower levels of markers of late differentiation 
and exhaustion including high level expression of the 
combination of transcriptional regulator Tox, PD- 1 and 
the cytotoxic molecule GzmB,55 indicating that the Ag- s-
caffold provides a higher quality of stimulation during 
expansion hereby limiting T- cell exhaustion.

Finally, by simply combining Ag- scaffolds with different 
pMHCs, multiple specific T- cell populations can be expanded 
simultaneously from a single culture. Since each peptide 
is equally represented on individual Ag- scaffolds in the 
context of MHC, competition for presentation is eliminated. 
Since optimal antitumor responses require simultaneous 
targeting of multiple tumor antigens, this is an important 
feature of the Ag- scaffold technology.76 The features of 
Ag- scaffold- expanded T- cells makes the technology attrac-
tive for evaluation in clinical settings. Here we demonstrate 
an “off- the- shelf” strategy targeting metastatic melanoma, in 
which multiple Ag- scaffolds, containing the most commonly 
recognized TSA epitopes in a cohort of patients with HLA- 
A0201- positive melanoma, were combined. Using the Ag- s-
caffold product, we could expand TSA- specific CD8+ T- cells 
with tumor cell killing- capacity from the majority of evalu-
ated patient PBMCs. In a similar manner, Ag- scaffolds can 
be assembled with an alternative selection of producible 
HLAs and relevant epitopes allowing expansion of ACT 
products for a range of patients and indications. Translated 
into clinical practice; this allows the generation of a T- cell 
product for ACT containing Ag- scaffold- expanded TSA- 
specific CD8+ T- cells directly from a patient blood sample.

This is an attractive alternative to TIL- ACT, in particular 
when surgical resection of a tumor lesion is not possible, 
or the TIL culture fails to provide a usable T- cell product. 
Additionally, a recent screen in patients with melanoma, 
had a subgroup of patients with detected neoantigen- 
specific T- cells in the blood pre- ACT and not in the TIL 
infusion product, indicating that these cells were either 
not present in the resected tumor lesion or not expand-
able ex vivo.52 In both cases, a patient- tailored Ag- scaffold 
for expanding detected neoantigen- specific T- cell popula-
tions from patient PBMCs could be an alternative strategy 
to generate a cancer- specific T- cell infusion product.

Taken together, we demonstrate a simple, easily modi-
fiable, and clinically relevant new technology for antigen- 
specific T- cell expansion. While T- cell therapies are 
entering standard clinical care in solid tumor oncology, 
our strategy represents a promising alternative to both 
TIL- ACT and other aAPC technologies.
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