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Semi-Flexible Immunobrushes Facilitate Effective and
Selective Expansion of Antigen-Specific T Cells

Lotte Gerrits, Lea Weiss, Emilia M. Grad, Marjolein Schluck, Lisa Maassen, René Classens,
Chadia Archidi, Martijn Verdoes, Carl G. Figdor,* Paul H. J. Kouwer,*

and Roel Hammink*

Adoptive T cell therapy (ACT) has achieved remarkable results in the
treatment of cancer. Tumor-antigen specific T cells are the main players in the
clearance of cancerous cells, but generating large numbers is a major hurdle
in clinical practice. One shortcoming of current expansion procedures is that
the artificial presentation of T cell activating signals on rigid surfaces do not
recapitulate the physiological presentation on a fluidic membrane. To address
this, semi-flexible poly(isocyanopeptide) (PIC) immunofilaments (IFs) are
generated coated on micro-sized magnetic beads (immunobrushes (IB)). IBs
are functionalized with peptide-loaded major histocompatibility complexes
(PMHC, signal 1) and agonistic anti-CD28 antibodies (aCD28, signal 2) to
effectively expand and enrich antigen-specific T cells. As a direct result of the
immunobrush design, strong T cell activation and excellent tumor cell killing
capacities are found. More importantly, high selectivity is demonstrated by
strong expansion and enrichment of antigen-specific T cells in a pool of
non-specific cells (93-fold enrichment of antigen specific T cells in 7 days).
The modular character of the immunobrush-based strategy makes it a great
platform for highly effective ACT-based therapies.

lymphocytes (TILs), autologous tumor-
specific T cells or T cells equipped with a
modified receptor such as chimeric antigen
receptor (CAR)-T or engineered T cell recep-
tor (TCR)-T cells. Various clinical trials have
demonstrated the great potential of ACT for
the treatment of melanoma.?! To generate
sufficient doses of effective tumor-specific
T cells, production of antigen-presenting
cells (APCs) is required,?! which, however
is expensive and time-consuming and
may lead to quality variation in the ex vivo
generated T cells.[*l To circumvent these
issues, artificial antigen-presenting cells
(aAPCs) have been developed as an “off-the-
shelf” platform for expansion of T cells.’!
Of the different aAPCs approaches, Dyn-
abeads (DyBs) have become the gold stan-
dard. These clinically approved rigid beads
are functionalized with antibodies: agonis-
tic CD3 (aCD3) for T cell receptor stim-
ulation, and «aCD28 for co-stimulation in
combination with exogenous supply of

1. Introduction

In the past decade, ACT has shown promising results toward
the treatment of cancer.['! This therapy involves administration
of ex vivo activated immune cells, such as tumor infiltrating

Interleukin-2 (IL-2).I°! For (antigen-specific)T cell stimulation,
DyBs have two major disadvantages: the rigid and non-natural
presentation of the signals on the beads does not comply with
TCR rearrangement, which can lead to suboptimal stimulation;
due to the rigid, non-natural presentation of the signals,”] and
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they stimulate T cells polyclonally, i.e., non-specifically, which can
lead to off-target toxicity.[®]

Alternatives that have been prepared to allow clustering of
the nanoscale TCR structures on the surface of naive T cells!®!
to micron-sized aggregates that initiate and sustain T cell
activation,!’! include lipid bilayers or aAPCs with pre-clustered
signals.”*-11] The large majority of these platforms, however, do
not carry antigen-specific T cell activating signals, which, anal-
ogous to DyBs, yields polyclonal activation. Here, we introduce
aAPCs that effectively stimulate antigen-specific T cells and al-
low for TCR rearrangement.

Our aAPC is based on a bead-immobilized PIC scaffold. The
semi-flexible nature of the PIC scaffold can present T cell acti-
vating signals in a physiological representative manner and can
allow rearrangement of the formed ligand-receptor complexes
to facilitate TCR clustering.!''*#'?] In earlier work, PICs were
decorated with «CD3 and aCD28 or IL-2 to afford IFs. These
IFs showed high T cell activation and expansion efficiency.!'!ef]
Grafting the IFs to a magnetic microbead yields IBs and intro-
duces easy handling and straightforward separation from the T
cell cultures.!''8] The IBs effectively induced polyclonal activation
and expansion of human pan T cells that outperformed DyBs and
other commercially available aAPCs.[118]

In this paper, we created IBs to expand antigen-specific CD8*
T cells through improved aAPC-T-cell interactions. After deter-
mining optimal densities of T cell activation signals (pMHC and
aCD28) for murine OT-I T cells, we establish that IBs more ef-
fectively expand T cells than corresponding beads with the ac-
tivation signals bound directly to the particle core. Addition-
ally, we demonstrate that our IBs enrich antigen-specific OT-I
T cells within a population of non-specific T cells (after 13 days
in culture, the population increased from 10% to 99%) or in a
pool of splenocytes. Expanded cells were highly functional and
showed limited signs of exhaustion. These findings demonstrate
the great potential of our IB platform as an effective aAPC that fa-
cilitates enrichment and expansion of rare tumor antigen-specific
T cells ex vivo.

2. Results and Discussion

2.1. Synthesis and Characterization of Immunobrushes

Antigen-specific T cell activating IBs were prepared by graft-
ing PIC polymers to micrometer-sized beads, via an adaptation
of a previously described procedure (Figure 1a).l''813] Due to
the semi-flexible character of the PIC, access to substituents
on the polymer chain is ensured,['*! which makes PICs an at-
tractive scaffold for the development of T cell activation plat-
forms. We synthesized PIC block-copolymers that comprise a
first block of 100 allyl- and methoxy-functionalized monomers
in a 0.5:0.5 ratio and second block of 2000 azide- and methoxy-
functionalized monomers in a 0.03:0.97 ratio. The allyl and azide
handles facilitate orthogonal post functionalization of the poly-
mer scaffold (Figure 1b). The average length of the PIC block-
copolymer was 219 nm, with a polydispersity index of 1.25,
which was determined using atomic force microscopy (AFM)
(Figure Sla,b, Supporting Information). The average molecu-
lar weight of the polymers was found to be 687 kg mol~'. To
obtain IFs, PICs were functionalized via a two-step protocol.
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The first block was modified with a biotin linker via a nitrile-
imine mediated cycloaddition (NITEC) reaction between the allyl
groups on the polymer chain and the tetrazole ring in the biotin-
linker (Figure 1c). Subsequently, the azide groups in the second
block of the PIC chain enabled conjugation of dibenzocyclooc-
tyne (DBCO)-modified fluorescently labeled immunomodulators
(DBCO-SIINFEKL-pMHC, -«CD28, and -IL-2, Table S1, Support-
ing Information) via strain promoted alkyne-azide cycloaddition
(SPAAC) (Figure 1d). As the optimal size range for aAPCs was
previously found to be 4 to 5 pm!*®], we used tosyl-activated mi-
crobeads with a diameter of 4.5 um and coated these with strepta-
vidin to afford IBs by grafting the IFs through biotin-streptavidin
interactions.

Confocal laser scanning microscopy (CLSM) confirmed the
successful grafting of the IFs on the microbeads (Figure 1e). The
immunomodulator concentration per IB type was determined via
flow cytometry. The fluorescent labels on each immunomodula-
tor enabled us to correlate the mean fluorescent intensities (MFI)
of the IBs to standard curves that were generated via a so-called
stripping assay (Experimental Section, Synthesis of Immuno-
brushes and Direct Beads) where all signals are cleaved from the
beads.['*] An overview of all IB types and their immunomodula-
tor concentrations can be found in Table S2 (Supporting Infor-
mation).

2.2. Immunobrushes Require Co-Stimulatory Signal «CD28 for
Optimal Interaction with OT-I T Cells

To determine the minimal required signals for antigen-specific
T cell activation, we used primary transgenic CD8* OT-I T cells.
OT-IT cells recognize the SIINFEKL-peptide, a dominant epitope
of the ovalbumin protein, which is presented on the MHC-I com-
plex. To test T cell activation, we decorated IBs with IF-pMHC,
IF-pMHC/aCD28, IF-pMHC/aCD28/IL-2, and IF-aCD28/IL-2
(Figure 2a). After one day of incubation, OT-I T cells and IBs with
aCD28, pMHC, and/or IL-2 clustered, which increased on day 2
and 4 (Figure 2b). The presentation of pMHC alone did not in-
duce such visible interaction between OT-I T cells and IBs, while
the presentation of both «CD28 and IL-2 without pMHC led to
some cluster formation. IBs comprising IF-pMHC/IL-2 were not
taken along as we observed that addition of aCD28 was required
for sufficient interaction with OT-I T cells. As the level of T cell
clustering may not directly relate to the degree of stimulation, we
evaluated the proliferation and cytokine secretion as indicators of
stimulation of T cells.

The IBs presenting both pMHC and aCD28 induced a higher
division index (3.7 cycles) compared to IBs presenting pMHC
only (0.4 cycles) or IBs presenting «CD28 and IL-2 (0.1 cycles)
(Figure 2c; Figure S3a—c, Supporting Information). After stimula-
tion with IF-pMHC/aCD28 IBs, we observed increased secretion
of IFNy, IL-2, and TNFa (138.4, 33.4, 10.3-fold, respectively) com-
pared to unstimulated OT-I T cells (Figure 2d,e; Figure S3d-f,
Supporting Information). The addition of IL-2 to IBs present-
ing pMHC and aCD28, either immobilized on IFs or soluble,
did neither lead to a significantly higher division index, nor to
higher cytokine secretion (Figure 2c—e; Figure S3a—f, Supporting
Information). DyBs induced proliferation to similar levels as IF-
pPMHC/aCD28 IBs, but lower cytokine secretion (Figure S3a-f,
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Figure 1. Synthesis of IBs. a) Schematic overview of the preparation of IBs; PIC is biotinylated, followed by conjugation of the Immunomodulators
and subsequent grafting of the IFs to streptavidin-coated microbeads. b). Chemical structure of PIC. c) Overview of the NITEC reaction that is used to
conjugate a biotin linker to PIC via reaction between the allyl groups in the first block of the polymer chain and the tetrazole ring in the biotin linker.
d) Overview of the SPAAC reaction that is used to conjugate Immunomodulators to PIC via click reaction between the azide groups in the second block
of the polymer chain and the DBCO-moieties on the immunomodulators. e) CLSM images of IBs with pMHC and «CD28. Scale bar is 50 um. Inset scale

baris 12.5 um.

Supporting Information). Our findings indicate that both pMHC
and aCD28 are required for robust T cell activation. pMHC trig-
gers TCR-mediated T cell activation, while «CD28 supports IB-
T cell interaction and likely provides a co-stimulus that further
boosts T cell activation, which cannot further be enhanced with
IL-2 presentation. It is possible that our IBs presenting pMHC
and aCD28 already induce maximum stimulation of OT-I T cells.

Adv. Funct. Mater. 2024, 34, 2307606 2307606 (3 of 14)

To assess how quantity and density of antigen and co-
stimulation presented to T cells can influence their activation, !¢
we continued optimization by varying the density of pMHC and
aCD28-functionalized IFs on the beads, as well as the bead to
cell ratio (Figure 2f; and Table S2, Supporting Information). We
found that OT-I T cell activation was dependent on both IF den-
sity and the bead to cell ratio (Figure 2g,h). IB1, presenting the
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Figure 2. Activation of CD8" OT-I T cells depends on the type of IB, IF density, and IB to cell ratio. a) lllustration of IFs with different immunomodulators
(PMHC, aCD28 and IL-2) coupled on a magnetic bead to generate IBs. b) Brightfield microscopic images of cultured OT-I T cells (transparent) with IBs
(brown) on day 1,2 and 4. c—e) Division index on day 4 c) and cytokine secretion on day 2 d,e) of cultured OT-I T cells. f) Illustration of IB1-4: magnetic
beads coated with different densities of IF-pMHC/aCD28. IF density decreases from IB1 to IB4. The illustration does not represent the real IF density on
the beads. g,h) Effect of IF density and bead to cell ratio on OT-I T cell cytokine secretion. Data was analyzed with one-way ANOVA on log-transformed
data (c-e) with post-hoc Sidak’s multiple comparison test. The p-values are indicated for relevant comparisons. n = 2-3 in one or three independent

experiments.
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highest IF density resulted in a 36.8-fold higher IFNy secretion
and a 21.1-fold higher IL-2 secretion when compared to IB4, pre-
senting the lowest IF density at a 1:1 bead: cell ratio (Figure 2g h).
IB2 and IB3 coated with an intermittent IF density, led to lower
cytokine secretion than IB1, but higher cytokine secretion than
IB4. At a 1:1 ratio, IB1 presents ~4.1 ng pMHC to the cells in
culture, while IB4 presents only 0.34 ng pMHC, which likely ex-
plains the higher secretion achieved with IB1. When we varied
the bead concentration and IF density to match the pMHC con-
centration (IB2, 1:2 bead:cell ratio with 0.76 ng pMHC and IB4 at
a2:1 bead cell ratio with 0.68 ng pMHC), we observed an increase
in IFNy (5.1-fold) and in IL-2 production (5.3-fold) for IB2 (Figure
S3g-i, Supporting Information), which indicates that both the to-
tal and the local density of pMHC play a role in T cell stimulation.
From these results, we observe that OT-I T cells are effectively
stimulated by IBs with IF density similar to IB2. In addition, the
preparation of IB1 required 4 times more IFs than IB2, which
makes IB2 a more favorable design. We thus selected beads sim-
ilar to IB2 and a 1:1 bead to cell ratio as the optimal setting for all
subsequent experiments.

2.3. pMHC and aCD28 Presented via Immunobrushes are
Superior to Rigid Bead Surfaces for Stimulating OT-I T Cells

To investigate whether IFs have a beneficial effect on T cell ac-
tivation, we generated beads with matching amounts of pMHC
and aCD28 directly attached to the surface of the beads (DirectB,
Table S2, Supporting Information). While the fraction of OT-I T
cells that express the early activation marker CD25 is similarly
high for IBs (99.9%) and DirectBs (94.2%, Figure S4a, Support-
ing Information), the overall expression is much higher (7.2-fold)
for IBs (Figure 3a,b). The early activation marker CD69 showed
a similar trend (Figure S4b,c, Supporting Information). IBs in-
duced 5.9-fold higher IFNy and 11-fold higher IL-2 secretion
compared to DirectBs (Figure 3c,d). These results corroborate
our previous finding where «CD3/aCD28 decorated IBs outper-
formed matching DirectBs by inducing higher cytokine secre-
tion of human pan T cells.[''8] We confirm that presenting im-
munomodulators on IFs has an advantage over directly grafted
immunomodulators, which we tentatively attribute to the pres-
ence of the filaments that allow receptor rearrangements and
support multivalent interactions.!*¢! Next, we compared our plat-
form to natural APCs, such as dendritic cells (DCs) pulsed with
SIINFEKL. Interestingly, IB- and DC- stimulated OT-I T cells
showed similar levels of CD25 expression (Figure 3e,f) and IFNy,
two days after incubation (Figure 3g). DCs induced slightly, but
not significantly, higher levels of IL-2 secretion compared to IBs
(Figure 3h). This finding indicates that initial T cell activation in-
duced with IBs is equally strong to the one provoked by natural
DCs.

For ACT, T cells are expanded for several days up to weeks
to reach sufficient numbers. During this expansion period, pro-
longed stimulation can lead to exhaustion of T cells, which ren-
ders them incapable of lysing tumor cells.*!”! Hence, it is im-
portant to determine whether IB-expanded OT-I T cells preserve
their cytotoxic abilities. To this end, we expanded OT-I T cells
for two weeks with IBs and soluble IL-2 (Figure 3i; Figure S4d.e,
Supporting Information). DirectB, DC and DyB expanded OT-
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I T cells were taken along as controls. We used an ovalbumin
antigen-expressing B16 tumor cell line (B16°¥%) as target cells.
Following magnetic removal of IBs and sorting of CD8" cells,
OT-IT cells were co-cultured with B16°* and OVA-negative B16
cells. When expanded with IBs, OT-I T cells lysed 68.2% B16°VA
cells in a 4:1 effector: target ratio, while unstimulated OT-I T cells
only reached 11.4% (Figure 3j). Even at a 1:2 ratio, 28.5% B16°VA
cells were lysed by IB-stimulated OT-I T cells (Figure 3j). Only at
very high, 4:1 effector: target ratios, ~22% of the OVA-negative
B16 cells were lysed, likely due to non-specific cytotoxicity of
IB-activated OT-I T cells (Figure 3k)."®! Thus, we demonstrate
that T cells can be expanded by IBs over a prolonged period of
time, while preserving their ability to kill antigen-expressing tar-
get cells. DirectB-, DC- and DyB- expanded OT-I T cells showed
similar abilities to lyse B16°V* cells (59.1%, 52.4%, 65.6% lysis,
respectively at 4:1 ratio) or OVA-negative B16 cells (18.4%, 22.7%,
25.3% lysis, respectively at 4:1 ratio) (Figure S4d,e, Supporting In-
formation). Because the same number of activated OT-I T cells
were added to the target cells for each condition, it was expected
that all conditions showed similar killing abilities. We demon-
strate that IBs stimulate OT-I T cells more effectively, yet Di-
rectBs, DCs and DyBs are also capable of activating OT-I T cells.
As a result, the subsequent killing assay shows the effectiveness
of the expanded cells from all conditions to lyse target cells.

2.4. Immunobrushes Induce Antigen-Specific Proliferation of
OT-I T Cells and Enrich OT-I T Cells in a Pool of Non-Specific
Wildtype CD8* T Cells

The success of T-cell based immunotherapy relies on the abil-
ity to expand tumor antigen-specific T cells.*) Given the need
for an effective and easily applicable platform for antigen-specific
T cell expansion, we tested whether IBs are an effective tool to
expand antigen-specific T cells from a pool of non-specific T
cells. To do so, we mixed 10% of dsRed-expressing CD8* OT-I
T cells into a pool of non-specific wildtype CD8* T cells (Figure
4a). The expression of the red fluorescent protein (dsRed) in
OT-I T cells allows to easily distinguish them from non-specific
cells, particularly when OT-I T cells are present in low num-
bers. We found that OT-I T cells clustered with IBs (Figure 4b),
while they were evenly distributed in the culture wells with
DyBs. After three days, we observed that IBs induced prolifer-
ation in OT-I T cells (3.7 cycles), but not in non-specific T cells
(0.1 cycles) (Figure 4c,d; Figure S5a, Supporting Information).
As expected, DyBs stimulated both non-specific T cells and OT-
I T cells, which both had an average cycle of 1.4. (Figure 4d;
Figure S5a,b, Supporting Information). The lower overall pro-
liferation rate observed with DyBs is likely due to a competi-
tion for activation signals by all cells in the culture and possi-
bly a higher consumption of nutrients that can impact expan-
sion of both OT-I and non-specific T cells (Figure S5f, Supporting
Information).?") After 7 days of expansion with the IBs, we ob-
served a 5.3-fold expansion of OT-I T cells, which increased to
20.4-fold on day 13 (Figure 4e,f; Figure S5c¢, Supporting Informa-
tion). DyB-stimulated T cells showed no or only minor expansion.
Strikingly, IBs could specifically expand OT-I T cells, when only
1%, 0.1%, and even when 0.01% of the starting populations con-
sisted of OT-I T cells, although the low cell count induces a larger
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Figure 3. Comparison of OT-I CD8* T cell activation with IBs, DirectBs and DCs. a-d) OT-I T cells were stimulated with IBs or DirectBs with matching
amounts of pMHC and aCD28 in a 1:1 bead tocell ratio. a) Histograms illustrate CD25 expression b), which is quantified after 2 days of culture. c,d)
Cytokine secretion was measured after two days by ELISA. e-h) OT-I T cells were stimulated with IBs presenting IF-pMHC/aCD28 in a ratio of 1:1, or
with FIt3 Ligand DCs at a ratio of 5 OT-I cells to 2 DCs for two days. e,f) Flow cytometric read out of CD25 expression as histogram of one representative
donor e) or quantified relative expression f). Cytokine secretion was assessed by ELISA g,h). a—h) Experiments were performed at the same time and are
only split up for demonstrative purposes. i) Expansion protocol with IBs for OT-I T cell expansion. j,h) Percentage of specific lysis of B16°VA target cells
(i) or non-target OVA-negative B16 cells j) at indicated effector to target ratios by sorted OT-1 CD8" T cells that were expanded for two weeks. Statistical
significance was tested with one-way ANOVA on non-transformed (b,f) or log-transformed (c,d,g,h) data with post-hoc Sidak’s multiple comparison test
or two-way ANOVA j k) with post-hoc Tukey’s multiple comparison test. n = 3-4 in one or two independent experiments.

variation across different experiments (Figure S5c, Supporting  (Figure S5d,e, Supporting Information). In contrast, stimulation
Information). When stimulated with IBs, we observed a signifi-  with DyBs yielded an OT-I T cell population close to the start-
cant enrichment of OT-I T cells on day 7 (92.3% of the whole pop-  ing population of 10% (12.2% day 7, 13.5% day 13) (Figure 4g,h;
ulation) that increased further to almost exclusively OT-I T cells ~ Figure S5d,e, Supporting Information).

on day 13. Enrichment of antigen-specific T cells was also ob- To learn more of the proliferative capacity and effector function
served in cultures with lower starting frequencies of OT-I T cells  of the cells, we assessed the phenotype of the OT-I T cells after
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Figure 4. |Bsspecifically expand and enrich functional antigen-specific CD8" T cells. a) Schematic work-flow of expansion protocol. b) Epi-fluorescent
and bright-field (BF) image and composite image of dsRedt OT-I T cells (yellow) and beads (black) within the wildtype T cell population. c) Histogram
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7 and 13 days of stimulation (Figure S6a, Supporting Informa-
tion). We note that a T central memory phenotype (T.,,) is associ-
ated with a higher proliferative capacity, a T effector memory phe-
notype (T,,,) represents cells with a higher effector function.[?!]
After 7 days of IB stimulation, 79.2% of the OT-I T cells showed
a central memory phenotype and 20.8% an effector memory phe-
notype (Figure 4i; Figure S6b, Supporting Information). On day
13, the effector phenotype increased toward 43.3%, while 51.3%
of the OT-I T cells were T, (Figure 4j; Figure S6c, Supporting
Information). In comparison, DyBs generated more OT-I T cells
with a T, phenotype (61.4% on day 7 and 71.9% on day 13)
(Figure 4i,j; Figure S6d,e, Supporting Information). These differ-
ences in phenotype may be a direct result of the number of beads,
thus stimulators, available per cell. This indicates that the pheno-
type can be influenced by the number of IBs given which can have
implications for the future design of expansion protocols (Figure
S6b,c, Supporting Information). Underlining this notion, we ob-
served similar proportions of T, and T, between 0.01% and
10% conditions when the OT-1 T cells were stimulated with DyB
(Figure S6d,e, Supporting Information).

Besides the T cell phenotype, we also investigated exhaustion
levels by measuring the expression of the markers PD-1 and TIM-
3. On day 13, »36% of IB stimulated OT-I T cells showed ex-
pression of both exhaustion markers, while only 11% of DyB-
stimulated OT-I T cells had this phenotype (Figure 4k; Figure
S6f-m, Supporting Information). Despite higher expression of
exhaustion markers upon IB stimulation, OT-I T cells remained
multifunctional as evident by the co-expression of the effector
molecules IFNy, TNFa, IL-2, and CD107a upon restimulation.
We found that the majority of OT-I T cells stimulated with [Bs
remained multifunctional, as 76% on day 7 and 69% on day 13,
still expressed 3 or 4 of these markers (Figure 41; Figure S7b—i,
Supporting Information). Similar multifunctionality was found
for DyB-stimulated OT-I T cells (79% on day 7, 73% on day 13)
(Figure 41; Figure S7b—i, Supporting Information). Together with
our results from the killing assay (Figure 3j,k), we conclude that
our IBs selectively enrich and expand highly functional antigen-
specific CD8" T cells even when precursor frequencies are low.

2.5. Immunobrushes Effectively Enrich and Expand Adoptively
Transferred OT-I T Cells in a Pool of Splenocytes

Given these encouraging results, we wanted to confirm that
we can selectively expand rare subsets in a diverse cell popula-
tion with our IBs. To this end, we adoptively transferred 1-10°
CD45.2* CD8" OT-I T cells into CD45.1* wildtype mice (Figure
5a). After 4 or 5 days, splenocytes were isolated. The starting pop-
ulation of OT-I T cells in the spleen was on average 0.3%. Af-
ter 7 days of incubation in either IL-2 (Figure 5; Figure S8, Sup-
porting Information) or IL-7 (Figure S9, Supporting Information)
with IBs or DyBs, we assessed the enrichment and expansion,

www.afm-journal.de

phenotype, exhaustion and multifunctionality of the OT-I T cells
(Figure S8a, Supporting Information). With the IL-2 protocol, IBs
enriched OT-I T cells on average 93-fold from the starting pop-
ulation within 7 days (Figure 5b,c); in contrast, DyBs only facil-
itated a 10-fold enrichment from the starting population. Addi-
tionally, IBs yielded an average fold expansion of 77-fold OT-I T
cells, which was higher compared to DyBs (68-fold expansion)
(Figure 5d). This result corroborates our previous findings and
highlights that our IBs efficiently enrich and expand antigen-
specific T cells in a pool of non-specific cells.

After 7 days, the majority of IB-treated and DyB-treated OT-1 T
cells (62% and 65%, respectively) had a T, phenotype (Figure
Se; Figure S8b, Supporting Information). Accordingly, 38% of
IB- and 33% of DyB-treated OT-I T cells had a T, phenotype.
Furthermore, we found that the majority of the unstimulated
CD45.1%* T cells also had a T, phenotype (Figure S8t, Supporting
Information) when treated with IL-2. It is worth noting that upon
stimulation in IL-7, most of the IB- and DyB-treated OT-I T cells
had a T, phenotype (68% and 72%, respectively), while respec-
tively 31% and 22% had a T, phenotype (Figure S9c¢, Supporting
Information), which demonstrates that the added cytokine plays
arole in dictating the phenotype of the cells. Although ACT prod-
ucts that have a higher proportion of T_, phenotype are associ-
ated with better tumor control in vivo,[??! it is worth considering
that in these experiments IBs generated an overall higher total
proportion of antigen-specific T cells than DyBs.

A proportion of 87% OT-I T cells was positive for both TIM-
3 and PD-1 upon IB stimulation, which is higher than what we
found for DyB-stimulated OT-I T cells (18.9%) (Figure 5f; Figure
S8b—e, Supporting Information). Notably, IB incubation in IL-7
resulted in only 20% of double positive cells, which complements
our previous observation that the choice of exogenously supplied
cytokine can affect the phenotype of expanded cells (Figure S9e,
Supporting Information). While TIM-3 and PD-1 are often used
as markers to indicate exhaustion, various reports have been pub-
lished that debate the use of PD-1 and TIM-3 alone to determine T
cell exhaustion.[?] To further investigate the functionality of the
IB- and DyB-expanded T cells, we looked into co-expression of
effector markers. Upon restimulation with PMA and lonomycin,
~77% of 1B-stimulated OT-I T cells expressed 3 or more effec-
tor markers, which is comparable to DyB-stimulated OT-I T cells
(61%). (Figure 5g; Figure S8f—i, Supporting Information).

To investigate if the IB- and DyB- expanded OT-I T cells retain
their cytotoxic capabilities, we co-cultured our expanded CD8* T
cell products with B16°VA and OVA-negative B16 cells. Notably,
the CD8" T cell population consisted of both CD45.1* T cells and
CD45.2% OT-IT cells. When expanded with IBs, T cells lysed 22%
B16°V2 cells in a 2:1 effector: target ratio, while DyB-expanded T
cells only lysed 6% (Figure 5h). This is likely due to the higher
portion of OT-I T cells present within the CD8* population af-
ter expansion with IBs (Figure 5b,c). Additionally, the higher per-
centage of lysis by IB-treated CD8* T cells could also be attributed

13 f) of OT-I T cells. g,h) Frequency of OT-I T cells in the culture on day 7 and day 13 g) after stimulation with IBs or DyBs and representative flow plots
h). i,j) Memory phenotype OT-I T cells based on CD44 and CD62L staining 7 days i) or 13 days j) after stimulation with IBs or DyBs. k) Frequency of cells
positive for the expression of both PD-1 and TIM-3 on day 13 after stimulation with IBs or DyBs. |) Expression of effector markers TNFa, IFNy, CD107a
and IL-2 after restimulation of OT-I T cells. Pie charts show the % of cells positive for 0,1,2,3, or 4 markers. The arcs represent the different markers.
Statistical significance was tested with one-way ANOVA on non-transformed (d) or two way-ANOVA on log-transformed (e,f), or non-transformed g,i,j)
data with post-hoc Sidak’s multiple comparison test or unpaired t-test k). n = 3 in three independent experiments.
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Figure 5. IBs enrich and expand antigen-specific T cells within splenocytes. a) Schematic workflow. b) Representative flow plot on day 0 after isolation
of splenocytes and on day 7 after expansion with IBs or DyBs. Pink numbers in squares indicate the percentage of either the viable antigen-specific
OT-I T cell population (CD8" CD45.17) or the viable wildtype antigen-nonspecific T cell population (CD8* CD45.1%). ¢,d) Fold enrichment c) and fold
expansion d) of antigen-specific OT-I T cells from day 0 to day 7 with IBs or DyBs. e) Proportion of the different memory phenotypes of antigen-specific
cells after 7 days of stimulation with IB or DyB. f) Expression of the exhaustion markers PD-1and TIM-3 on day 7. g) Expression of effector markers TNFa,
CD107a, IFNy, and IL-2 after restimulation. Pie charts show the % of cells positive for 0,1,2,3, or 4 markers. The arcs represent the different markers.
h) Percentage of specific lysis of B16°VA target cells after overnight incubation with CD8* T cells isolated after 7 days of expansion from splenocytes
with IBs, DyB or left unstimulated. Statistical significance was determined with one-way ANOVA on log-transformed data (c,d) with post-hoc Tukey’s
multiple comparison test, or unpaired t-test (f) or two-way ANOVA (e,h) with post-hoc Sidak’s (e) or Tukey’s (h) multiple comparison test. n =3 in one

experiment.

to a higher expression of cytotoxic effector markers (Figure 5g). At
2:1 effector: target ratios, #8% of the OVA-negative B16 cells were
lysed, which, similar to what we described previously, is possibly
a result of non-specific cytotoxicity of IB-activated T cells (Figure
S9j, Supporting Information).[*® Thus, we show that stimulation
of T cells within splenocytes with IBs results in higher subse-
quent antigen-specific lysis of the B16°VA target cells compared
to stimulation with DyBs. Together, our findings demonstrate
that IBs are very well capable of stimulating small populations of
antigen-specific cells. More strikingly, IBs allow to rapidly enrich
and expand antigen-specific T cells from a diverse population of
cells, obviating the need for prior enrichment through magnetic
columns or on feeder cell layers. Most of the IB-stimulated OT-I
T cells acquire a T,,, phenotype after 7 days and express multi-
ple effector molecules. In addition, the IB-expanded OT-I T cells
show excellent abilities to lyse target cells, indicating that the ex-
panded T cells remain functional after 7 days of stimulation with
IBs.

Adv. Funct. Mater. 2024, 34, 2307606 2307606 (9 of 14)

3. Conclusion and Outlook

In this work, we have developed an IB platform for efficient
and selective expansion of antigen-specific OT-I T cells ex vivo.
We hypothesize that our platform effectively stimulates T cells
due to the semi-flexibility of the polymer brushes that facilitate
receptor rearrangement on the T cell. Using our IB system, we
can rapidly generate large numbers of antigen-specific T cells,
even from remarkably low starting populations from as little as
0.1-0.01%, within non-specific T cells or splenocytes. We have
determined the optimal design of our IBs and demonstrated the
imperative role of the polymer scaffold in T cell stimulation. By
systematically varying immunomodulator combinations on the
IBs, we found that IBs decorated with at least pMHC and aCD28
effectively expanded highly functional OT-I T cells that retained
their tumor cell killing ability. The T cells were mainly central
memory cells, showed limited exhaustion markers and increased
expression of multiple effector markers, indicating tumor-killing

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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capabilities. Furthermore, we demonstrate that both IF concen-
tration and bead to cell ratio are critical parameters for T cell
stimulation, which can be precisely controlled with our platform.

Many aAPC-designs for antigen-specific T cell expansion com-
prise spherical rigid scaffolds that do not facilitate clustering of
the TCRI" and therefore stimulate T cells suboptimally.[7211°]
To improve interaction with T cells, aAPCs have been devel-
oped with optimized particle size,!''™?*, shape,[”>*1°] or im-
proved spacing of the stimulation signals.[?) These aAPCs
showed promising results, with some currently being used in
the clinic.!?®! Nonetheless, none of them facilitate dynamic rear-
rangement of TCR clusters, which is a critical step for the T cells—
natural APC interaction. Recently, membrane-mimicking lipid
vesicle-based aAPCs have been designed to support microcluster-
ing by embedding signals in a fluid surface.l'?] While the T cell-
stimulating capabilities of these aAPCs are impressive, their gen-
eration and subsequent separation from cells is laborious. Our IB
system unifies a semi-flexible scaffold to facilitate receptor rear-
rangement with a magnetic core that can be easily removed from
cell culture. The modular design of the IB system provides a high
level of versatility, that allows to determine the optimal IB com-
position for a desired application by systemically combining dif-
ferent variations of IFs. As the IFs can be stored frozen, IBs can
be generated on demand, resulting in an “off-the-shelf” platform.

Our findings show that IBs provide a promising platform
for antigen-specific expansion of T cells ex vivo. The modu-
lar design of the IBs facilitates easy extrapolation of the plat-
form to relevant therapies, such as stimulation of TILs. ACT
with expanded TILs has shown positive results in patients with
metastatic melanoma.l?*?’] Recent studies suggest that expan-
sion and the breadth of neo-epitope specific CD8* T cells is es-
sential for successful ACT of expanded TILs.[?®] Additionally, ex-
panding T cells that only recognize tumor-specific neoantigens
can minimize side effects related to ACT.[?! As such, translation
of our IB platform toward expansion of neo-antigen recognizing
T cells would be highly interesting.

4. Experimental Section

Synthesis of Biotin End-Functional PIC:  Biotin end-functional PIC was
synthesized according to the previously reported protocol.l™®! In short,
PICs comprising a first block with allyl groups and a second block
with azide groups were synthesized. To this end, allyl-, azide-, and
methoxy-terminated isocyanide monomers were prepared as described in
literature.[1213] For the synthesis of the first block, allyl-terminated and
methoxy-terminated isocyanide monomers were dissolved in a 1:1 mo-
lar ratio in dry toluene (27.7 mm), obtained from a MBraun SPS 800 sol-
vent system. A 4 mm catalyst solution (Ni(ClO,),-6H,0O in EtOH: toluene,
9:1, v/v) was added with a catalyst: monomer ratio of 1:100. The resulting
mixture was reacted for 10 min at room temperature (rt). Next, for the
synthesis of the second block, a solution of azide-terminated monomer
(1.47 mg, 0.00395 mmol) and methoxy-terminated monomer (46.1 mg,
0.128 mmol) in dry toluene (1.19 ml) was added to the reaction mixture
and stirred overnight at rt. Complete isocyanide consumption was con-
firmed by the disappearance of the characteristic FT-IR peak at 2140 cm~'.
The polymers were precipitated three times in cold (0 °C) diisopropylether
and dried overnight to yield an off-white solid (32.2 mg, 64.4%). The av-
erage polymer length, polydispersity index and molecular weight were de-
termined using AFM (Nanoscope IV Bruker, NSG-10 tapping mode tips,
NT-MDT) and were found to be 219 & 111 nm (SEM, Figure S1a,b, Sup-
porting Information), 1.25 and 687 kg mol~', respectively. The character-
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istic helical backbone of the PICs was confirmed by Circular Dichroism
(CD) spectroscopy of PIC solutions in PBS (pH 7.4) (Figure S2, Support-
ing Information).[3%] Finally, the allyl groups in the first block were biotiny-
lated via the NITEC reaction using tetrazole-PEGg-biotin similar to the pro-
cedure described before.[3] Briefly, tetrazole-PEGg-biotin was dissolved in
PBS (0.7 mm, 0.060 ml), degassed through bubbling of N, and transferred
into a quartz cuvette. The cuvette was placed in a dewar under a 254 nm
lamp (Camag) and irradiated for 1 h. 0.30 mL of a 2.0 mg ml~! solution
of the allyl end-functional PIC in PBS was added to the activated tetra-
zole solution and incubated overnight on the rotation mixer at rt. After the
reaction, 25 pl of the solution was diluted to 0.25 mg m|~" in PBS and flu-
orescence was measured on a plate reader (Tecan Spark M10, ex: 368 nm,
em: 514 nm) to confirm formation of the fluorescent pyrazoline ring. The
biotin end-functional PIC was then labeled with Cyanine 7 (Cy7) through
addition of dibenzocyclooctyne (DBCO)-conjugated Cy7 (Click Chemistry
Tools) in a 1:500 dye:monomer ratio, followed by incubation at rt for 1 h.
The resulting fluorescently labeled BiotinPIC was used without purifica-
tion.

MHC Production: MHC complexes were prepared as described
by Luimstra et al.3'l Heavy chains (H2-Kb) and human beta-2-
microglobulin (hf2m) were produced in a form of inclusion bodies in E.coli
BL21(DE3)plysS using T7 RNA polymerase/promoter system.[32] Isolated
inclusion bodies were solubilized in denaturing buffer (8 M urea/100 mm
TriseCl, pH 8). hf2m was pre-folded in dialysis against 10 mm TriseCl (pH
7) in PBS. To prepare the final MHC complex, hf2m and heavy chain were
dissolved to final concentrations of 6 and 3 mm respectively in folding
buffer (100 mm TriseCl, pH 8; 400 mm L-arginine; 2 mm EDTA; 5% glyc-
erol; 5 mm reduced glutathione; 0.5 mm oxidized glutathione; Protease
Inhibitor Cocktail, Roche Diagnostics) with 60 mm template peptide (SI-
INFEKL; GenScript). The folding reaction was incubated at 10 °C for 5
days. After filtration, concentration and buffer exchange to PBS, the com-
plexes were purified via Size Exclusion Chromatography using a HilLoad
16/600 Superdex 75pg column (Cytiva). Ready MHC complexes were an-
alyzed using SDS-PAGE and NanoDrop, concentrated, snap-frozen and
stored at —80 °C until further use.

Functionalization of Immunomodulators: Anti-mouse aCD28 (clone
37.51, BioXcell), recombinant human IL-2 (ProSpec Bio) and MHC loaded
with SIINFEKL were functionalized with DBCO or biotin and fluorescent
dyes as described previously.!1"%&3% To assure equal dye labeling among
the DBCO-functionalized biomolecules and their biotin-functionalized
counterparts, the immunomodulators were labeled with dye first. For
aCD28, the antibody storage buffer was converted to 50 mm borate buffer
pH 8.5 using Amicon centrifugal filters (30 MWCO, Merck). The pMHC
and IL-2 were dissolved in PBS and Milli-Q, respectively. The immunomod-
ulators were reacted with 3 eq Alexa Fluor 647-NHS ester (AF647, Thermo
Fischer Scientific, for «aCD28), 3 eq AzDye 405-NHS ester (A405, Click
Chemistry Tools, for IL-2) or 2.5 eq Atto 488-NHS ester (A488, Atto-TEC
GMbH, for pMHC) and reacted for 2 h at 4 °C. The batches of dye-
functionalized immunomodulator were split, and half was reacted with
4 eq (for aCD28 and IL-2) or 3 eq (for pMHC) DBCO-PEG,-NHS (Jena
Bioscience), while the other half was reacted with 4 eq (for «CD28 and
IL-2) or 3 eq (for pMHC) Biotin-PEG,-NHS (Jena Bioscience) for 2 h at
4 °C. The functionalized immunomodulators were purified using Amicon
centrifugal filters (30 MWCO, for aCD28; 10 MWCO, for IL-2 and pMHC,
Merck). The degree of labeling (DOL) of DBCO and fluorescent dyes was
determined using a NanoDrop 2000c spectrophotometer. The concentra-
tions of immunomodulator, DBCO and dye were calculated based on the
absorbance at wavelengths of 280, 309, 400, 501, and 650 nm and cor-
rected for overlap in the absorbance spectra of the individual molecules.
The DOL of DBCO was determined to be 1-2 and the DOL of the dyes was
1-3.

Conjugation of DBCO-Functionalized Immunomodulatorsto PIC:  Biotin
end-functional PIC in PBS (88.7 ul, 120 ug, 9.52 nmol azide monomer)
was added to a mixture of DBCO functionalized pMHC (0.3 eq irt azide,
137 pg, 2.86 nmol), and/or aCD28 (0.3 eq irt azide, 429 pg, 2.86 nmol),
and/or IL-2 (0.3eq irt azide, 148 pg, 2.86 nmol) in PBS and adjusted with
PBS to reach a final concentration of 0.2 mg PIC per ml. The mixture
was reacted at rt for 5 h, cooled to 4 °C and reacted for another 19 h. To
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prevent cross-linking of PIC in the following steps, excess unreacted DBCO
on the immunomodulators was quenched by addition of 1000 eq azido-
PEG;-amine (Conju-Probe). The resulting mixture was incubated for 1 h at
rt. The functionalized PICs, when used for grafting, were then used without
further purification. When used for determination of the amount of the im-
munomodulator per PIC, the conjugated PICs were purified using affinity
purification, as described previously.[3%] The immunomodulator spacing
on the PIC was determined by measuring the fluorescence of the corre-
sponding labels on the PIC, pMHC, aCD28, and IL-2 and comparing it to
the standard curves of the pure labeled compounds (Table S1, Supporting
Information).

Synthesis of Immunobrushes and Direct Beads: Streptavidin-coated
magnetic beads were prepared from 4.5 um diameter beads with a tosyl-
activated surface (Dynabeads M-450 Tosylactivated, Thermo Fisher Sci-
entific). A tosyl bead suspension (0.500 ml) was washed three times
with 50 mm borate buffer pH 8.5 using a magnetic rack (Westburg BV).
The tosyl beads were resuspended in 20 um Streptavidin in borate buffer
(0.500 ml, 50 mm, pH 8.5) and reacted for 16 h at rt. The beads were
washed three times with 0.05% PBS Tween, three times with PBS and
resuspended in PBS containing 0.01% BSA. For the preparation of IBs
and DirectBs, the streptavidin-coated beads were incubated with the de-
sired amount of biotin end-functional PIC or biotin-functionalized im-
munomodulators, respectively. The beads were incubated with the de-
sired biotin-functionalized compounds on a rotator for 68 h at 4 °C and
washed three times with 0.05% PBS Tween, three times with PBS and
resuspended in PBS containing 0.01% BSA and 0.05% NaNs. The re-
sulting IBs and DirectBs were analyzed by flow cytometry on a BD FACS
Verse cytometer via a similar method as the previously described stripping
assay.[3] Briefly, streptavidin beads were incubated with varying concen-
trations of the desired biotin-functionalized immunomodulator («CD28
or pMHC). To determine the biomolecule concentration on the beads,
aCD28-functionalized and pMHC-functionalized direct beads were sub-
jected to a stripping assay. DirectBs (30 ul) were suspended in stripping
solution (120 pl, 3 mm biotin in 2% SDS Milli-Q), reacted at 90 °C for
20 min and subsequently cooled on ice for 10 min. The beads and su-
pernatant were separated using a magnetic rack (Westburg BV). Fluores-
cence of the supernatant (100 ul) was measured on a TECAN Spark M10
plate reader (ex: 635 nm, em: 682 nm for aCD28; ex: 485 nm, em: 535 nm
for pMHC). The stripped DirectBs were washed three times with 0.05%
PBS Tween, three times with PBS and resuspended in PBS. The MFI of
the stripped beads and their corresponding DirectBs was measured by
flow cytometry on a BD FACS Verse cytometer and used to determine the
stripping yield. Combining the stripping yield together with the fluores-
cence of the supernatant afforded standard curves of immunomodulator
(aCD28 or pMHC) concentration per million beads with corresponding
MFI. For the flow cytometry analysis, single beads were gated using a plot
of forward scatter versus side scatter, and the mean fluorescent intensi-
ties (MFls) of the A405, A488, and AF647 labels were recorded using the
V-450, FITC, and APC channel, respectively. Synthesis of the «aCD28- and
pMHC- DirectBs and corresponding stripping assays were carried out in
duplo. A quantification overview of all IBs and DirectBs can be found in
Table S2 (Supporting Information). In the case that multiple batches of
IBs or DirectBs were used, the quantification was given as an average of
those batches.

CD8" T Cell Isolation and Cell Culture: Wildtype CD8* T cells were
isolated from B6.S|LPtprcaPepcb/BoyCrl//aka Ly5.1//aka CD45.1 mice
(Charles River). OT-1 CD8" T cells were isolated from OT-I aka C57BL/6-
Tg(TcraTerb) 1100Mjb mice (Charles River). Double-transgenic dsRed OT-I
CD8* cells were a kind gift of Dr. P. Friedl (Radboudumc, the Netherlands)
and isolated as described.!33] Briefly, spleens and lymph nodes were har-
vested and digested in 20 pg ml~! Dnase | (Roche, 11 284 932 001) and
1 mg ml~" collagenase Il (Worthington, LS004182) for 30 min at 37 °C.
Organs were put through a 100 pm cell strainer. Erythrocytes were elim-
inated by in-house ammonium-chloride-potassium lysis buffer. CD8* T
cells were isolated by negative selection using a CD8% T cell isolation kit
(Miltenyi, 130-104-075). Cells were diluted to desired cell concentration
in RPMI 1640 (Gibco, 42 401 042) supplemented with 10% Fetal Bovine
Serum (FBS), 2 mm L-Glutamine (Lonza, Biowhittaker, BE17-605E/U1)
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and 1% Anti/Anti (Gibco, 15240-062) and 50 um pg-mercaptoethanol
(BMe) (Gibco, 21 985 023). Cells used for proliferation studies were
stained with 2.5 pm CellTrace Violet (CTV) (Invitrogen, C34557) or Cell-
Trace Far Red (CTFR) (Invitrogen, C34572) in 1% FBS in 1xPBS for 10 min
at 37 °C and subsequent recovery for 30 min in 50% FBS at 37 °C. Cells
were washed in 1xPBS and diluted to desired concentration in cell culture
medium. If CD8% cells were cultured to determine the phenotype after 7
and 13 days, medium was supplemented with 300 U ml~' recombinant hu-
man Interleukin-2 (Proleukin, Novartis) unless otherwise indicated. Cells
were split regularly.

B16F10 and B16F10-ovalbumin (B16°VA) expressing melanoma cell
lines were cultured in cell culture medium without fMe. The medium for
B16°VA was supplemented with 1 mg ml~! Geneticin (Gibco, 11811 064)
and 60 pg mI~1 Hygromycin B (Gibco, 10 687 010). All cells were cultured
at 5% CO,, 37 °C in humidified atmosphere.

Dendritic Cell Generation and Cell Culture:  Femur and tibia of wildtype
B6.SJLPtprcaPepcb/BoyCrl//aka Ly5.1//aka CD45.1 mice (Charles River)
were collected. Bone marrow was washed out onto a 100 um cell strainer,
cells were washed and plated in 10 cm petri dish (Greiner, 633 185) in sup-
plemented cell culture medium as described above. The RPMI medium
was additionally supplemented with 200 ng mI~" human FIt3 ligand (Mil-
tenyi, 130-096-479) and 5 ng ml~! murine GM-CSF (Peprotech, 315-02)
and 50 um fMe. Cells were cultured at a density of 15 x 108 per plate at
10% CO,, 37 °C in humidified atmosphere. After 5 days, medium was re-
placed with fresh 200 ng mI~" FIt3 ligand and 5 ng mI~! murine GM-CSF.
After 9 days, cells were harvested, counted, and replated, and 200 ng ml=1
fresh Flt3 ligand and 5 ng mI~! GM-CSF containing medium was added
up to 10 ml. One day before T cell co-culture, cells were stimulated with
0.3 ug mI=" LPS (vac-3pelps, invivogen). On the day of T cell co-culture,
cells were given 100 ng mI~" SIINFEKL (Genscript) peptide for 3 h. After
3 h, cells were counted and diluted to desired concentration. Cells were co-
cultured with 500000 CD8* OT-I T cells in a 48-well plate and from then
on cultured at 5% CO,, 37 °C in humidified atmosphere.

Bead Stimulation of T cells: |Bs, DirectBs, or DyBs (Gibco, 11452D)
were washed 3x in PBS (some with 10% Anti/Anti) in 1.5 ml Eppendorf
tubes using the magnetic rack. Beads were diluted in supplemented cell
culture medium to the desired concentration and added to the corre-
sponding plate after resuspension.

Cytokine Levels in Supernatant: Supernatant of cell cultures from dif-
ferent culture times was stored at —20 °C until Enzyme linked immunosor-
bent assays (ELISAs) were conducted to determine cytokine levels. IFNy
levels, IL-2 levels and, TNFa levels were measured using the Mouse IFNy
Uncoated ELISA Kit (ThermoFisher, 88-7314-76), or IL-2 Mouse Uncoated
ELISA Kit (ThermoFisher, 88-7024-76) or TNFa Mouse Uncoated ELISA
Kit (ThermoFisher, 88-7324-77) following the manufacturer’s instructions.
Plates were read on BioRad plate reader at a wavelength 450 nm and sub-
tracted by 595 nm.

Flow Cytometry and Cell Sorting: Cells were resuspended and trans-
ferred to a V-bottom plate. For restimulation, cells were treated with
20 ng mI~! PMA (Calbiochem, 524 400) and 1 pg ml~" lonomycin (Merck,
10634) in the presence of 10 ug ml~" Brefeldin A (Cayman Chemical,
11861-25) and 1:1000 Monensin (eBioscienceTM, 00-4505-51) for 5.5 h
in a V-bottom plate. Cells were washed (300 xg for 3 min, 4C) 1Ix in
PBS and stained for viability with 1:2000 eFluor 780 fixable viability dye
(eBioscience, 65-0865-14) or Zombie dye (Biolegend, 423 113) for 15 min
in the dark at 4 °C. Cells were washed 1x in Protein Blocking Agent
(PBA). For staining, the following antibodies were used: anti-CD3-APC-Cy7
(clone: 17A2,Biolegend, 100 221), anti-CD3-FITC (clone: 17A2,Biolegend
100 204,), anti-CD8a-PE (clone: 53.6-7, BDPharmingen, 553 033), anti-
CD8-FITC (clone: 53-6.7, 553 031, BDPharmingen), anti-CD16/anti-CD32
Fcblock (clone: 2.4G2, BDPharmingen, 553 142,) anti-CD25-PECy7 (clone:
PC61, Biolegend, 102 016), anti-CD45.1-PerCp (clone: A20, Biolegend,
110 726), anti-CD44-PE-Cy7 (clone: IM7, Biolegend, 103 030), anti-CD62L-
PerCp (clone: MEL-14, Biolegend, 104 429,), anti-CD62L-BV510 (clone:
MEL-14, Biolegend, 104 441), anti-CD69-BV510 (clone: H1.2F3, Biole-
gend, 104 532), anti-CD279-PE (clone: 29F.1A12, Biolegend, 135 206),
anti-CD279-APC (clone:29F.1A12, Biolegend, 135209), anti-TIM3-BV421
(clone: RMT3-23, Biolegend, 119 723), anti-IFNy-BV510 (clone: XMG1.2,
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Biolegend, 505 841,), anti-IL-2-PE (clone: JES6-5H4, Biolegend, 503 808,),
anti-1L-2-V450 (clone:JES6-5H4, Biolegend, 503 825), anti-CD107a-A647
(clone: 1D4B, Biolegend, 121 610), anti-TNFa-PECy7 (clone: MP6-XT22,
Biolegend, 506 324).

Cells were washed 2x in PBA or 2x in PBS and then acquired on BD
FACS Verse, BD FACS Lyric or MACSQuant. Viability dye 7-AAD (1:100,
eBioSciences, 00-6993-50) was added shortly before acquisition to some
samples. Compensation was done using ABC Compensation beads (invit-
rogen, A10497), and corresponding fluorescence minus one samples were
taken along where necessary. The number of cells was evaluated by adding
Precision counting beads (Biolegend, 424 902).

For sorting, cells were stained as described above. Viable cells were
sorted on the BD FACSMelody into polypropylene tubes based on posi-
tive expression of CD8 and CD45.2 and no expression of CD45.1. Subse-
quently, cells were counted and diluted to desired concentration. Buffers
used to wash and stain the cells did not contain sodium azide and were
sterile.

In Vitro Target Cell Killing Assay: To test the killing capacity of pure
antigen-specific OT-I T cells, 500000 OT-I CD&8* T cells were cultured for
two weeks in a 48-well plate with a 1:1 ratio of T cells to beads (IB, Di-
rectB, DyB), 5:2 ratio of T cell to DC or left unstimulated. On day 13 of T
cell expansion, beads were removed with a magnetic rack and cells were
sorted as described above. On the same day, overnight IFNy-pretreated
(100 ng ml~1 (peprotech, 315-05) B16 (B16-F10°VA and B16-F10) were
stained with either CTV or Carboxyfluorescein succinimidylester (CFSE),
respectively, and mixed in a 1:1 ratio. The mixture of B16 cells was seeded
in a 96 U-bottom well plate at a density of 20000 cells per well in cell cul-
ture medium for T cells. B16 cells were left to attach for 2 h, then effector
cells were added in different effector to target ratios.

To test the killing capacity of enriched antigen-specific effector cells
within a CD8* T cell population, 1 million splenocytes, containing OT-I
CD8* T cells, were cultured in 300 U ml~" IL-2 in a 24-well plate with
either IBs, DyBs or left unstimulated. After one week, beads were magnet-
ically removed from the splenocyte population. Subsequently, CD8" T cells
were isolated and added in different effector to target ratios to the mixture
of B16 cells (B16-F10°VA and B16-F10). B16 cells were seeded one day
prior to effector cell addition, in a 96 U-bottom well plate at a density of
20000 cells per well. B16 cells were not pre-treated with IFNy.

After 20 h, B16 cells and T cells were collected and stained for viability
and CD8, and then fixed in 4% paraformaldehyde solution for 20 min. The
% of specific lysis was calculated as follows:

% specific lysis = (1-(Freq. treated viable target cells/Freq. no T cell-treated
viable target cells)) x 100

Mice: All mice used in the experiments were housed at the Central
Animal Laboratory (Nijmegen, the Netherlands) in accordance with the
European legislation. All conducted protocols were approved by the local
authorities (CCD, The Hague, The Netherlands) for the care and use of
animals with related codes of practice. Mice were housed in IVC greenline
cages and were provided with ad libitum food and water and cage enrich-
ment.

OT-I Cell Enrichment from Splenocytes: One million OT-I T cells
were adoptively transferred via the intravenous route into wildtype
B6.SJLPtprcaPepcb/BoyCrl//aka Ly5.1//aka CD45.1 mice (Charles River).
Mice were sacrificed 4-5 days after adoptive cell transfer and the spleen
was isolated and digested as described above. Next, 1 x 10® splenocytes
were added to a 24-well plate and IBs or DyBs were added in a 1:1 ra-
tio. Medium was supplemented with 10 ng mI~! recombinant human IL-7
(Biolegend, 581906) or 300 IU ml~! recombinant human IL-2 (Proleukin,
Novartis) and cells were split when appropriate. Cells were cultured for
one week before read-out.

Statistics:  All data were represented as mean + standard error of the
mean (SEM). Graphs were generated in GraphPad Prism (version 8.0.2)
and SPICE (version 6.1).134] Statistical analysis was performed on trans-
formed data where appropriate, using GraphPad Prism with the appropri-
ate testing methods as indicated in the figure legends. Statistical signifi-
cance was defined as a two-sided significance level of <0.05. Only relevant
p-values < 0.05 are indicated in the graphs.
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