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Particle-based systems have become a state-of-the-art method for in vitro expanding cytotoxic T cells by tailoring
their surface with activating molecules. However, commonly used methods utilize facile carbodiimide chemistry
leading to uncontrolled orientation of the immobilized antibodies on the particle surface that can lead to poor
binding to target cells. To address this, selective coupling strategies utilizing regioselective chemical groups such
as disulfide bridges offer a simple approach. In this work we present a set of methods to investigate the effect of
polymeric nanoparticles, conjugated with either regioselective- or randomly-immobilized antiCD3 and antiCD28
antibodies, on the activation potential, expansion and expression of activation markers in T cells. We show that
nanoparticles with well-oriented monovalent antibodies conjugated via maleimide require fewer ligands on the
surface to efficiently expand T cells compared to bivalent antibodies randomly-immobilized via carbodiimide
conjugation. Analysis of the T cell expression markers reveal that the T cell phenotype can be fine-tuned by
adjusting the surface density of well-oriented antibodies, while randomly immobilized antibodies showed no
differences despite their ligand density. Both conjugation techniques induced cytotoxic T cells, evidenced by
analyzing their Granzyme B secretion. Furthermore, antibody orientation affects the immunological synapse and
T cell activation by changing the calcium influx profile upon activation. Nanoparticles with well-oriented an-
tibodies showed lower calcium influx compared to their bivalent randomly-immobilized counterparts. These
results highlight the importance of controlling the antibody density and orientation on the nanoparticle surface
via controlled coupling chemistries, helping to develop improved particle-based expansion protocols to enhance
T cell therapies.

1. Introduction

Immunotherapy with ex vivo expanded polyclonal T cells has shown
potential for treating cancer and virus-dependent immune diseases.[1,2]
This therapeutic modality relies on the isolation of lymphocytes from the
patient, expansion or modification ex vivo, and reinfusion into the pa-
tient. T cell expansion requires sufficient stimulation of the T cell re-
ceptor (TCR) via peptide-MHC interaction (Signal 1), and further supply
of survival signals such as co-stimulation via CD28 (Signal 2) and sur-
vival signals provided by cytokines (Signal 3). Optimal expansion pro-
tocols not only rely on achieving high numbers of lymphocytes, but also
T cells having the ideal phenotypic characteristics. While early
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phenotypes include properties such as high proliferative potential and
antigen independence, late phenotypes get more specialized towards a
specific antigen but lose their high proliferative capacity.[3,4] In a
therapeutic scenario of adoptive T cell transfer the T cell phenotype
impacts the success of the treatment. The ideal T cell product should
therefore have strong antigen dependence, high proliferative capacity
and a non-exhausted phenotype, which in many studies has been shown
to correlate with memory stem cell or central memory T cell phenotypes.
[5-7] It is therefore important to develop controlled T cell stimulation
methods during ex-vivo engineering of the T cells and bead based
stimulations play a central role in current protocols.

Approaches to expand T cells utilize complex co-culture methods
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with antigen-presenting cells (APCs), hampering the full therapeutic
potential of these approaches due to the need for another patient-
derived cell.[8] Artificial antigen-presenting cells (aAPCs), either
cellular or acellular, have been developed to overcome these limitations
and have already shown success in the clinical setup.[9-11] Acellular
approaches have gained great attraction due to their easy-to-handle
culture conditions and versatility to modify the particle-based systems.
In that context, strategies utilizing different materials have been eval-
uated to improve the potential of aAPCs, including liposomes[12],
peptide-based elongated worms|13], inorganic materials such as silica
Janus particles[14] or polymer-based systems[15]. Among these, re-
searchers have shown how the size and shape of these particle systems
can modulate the cell expansion profiles, mainly due to their increased
surface area available for T cell synapsis.[16-19] More importantly, the
particle-to-cell ratio and density of signals 1 & 2 per particle are also
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known parameters to play a key role in T cell activation, showing a high
dependence on the amount of antibody immobilized on the surface of
the particles.[20,21] To design robust aAPCs, exact knowledge about the
antibody/ligand orientation is a key factor to understand and predict T
cell activation profiles and phenotypes for later use in clinical setups.
The synthesis of T cell activating particles require the covalent
binding of antiCD3/pMHC and antiCD28 antibodies on the surface. The
most commonly used strategies are carbodiimide chemistries such as
EDC, EDC/NHS and TFP-esters. Carbodiimide chemistry relies on either
reactive amine from lysine or carboxyl groups from aspartic/glutamic
acid residues, respectively, from which amine-based couplings are more
common.[22-24] Due to the biochemical nature of antibodies with a
wide distribution of reactive amines, this coupling chemistry is poorly
controllable, thus yielding different antibody orientations on the nano-
particle surface. Some of these orientations have been described in the
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Fig. 1. Design and physicochemical properties of the different nanoparticles. (A) graphical illustration of the synthesis of aAPCs and antibody coupling
methods. In all particles, the core consists of coiled PLGA polymers with blue PEG reaching the hydrophilic environment. (i) Particles are end-group functionalized
with Azide groups, that are reacting with DBCO-modified full antibodies. (ii) Maleimide functionalized particles, reacting with reduced half-antibodies. Both coupling
strategies are carried out at low (1 %) and high (5 %) surface coverage of functionalizable groups. (C) Dynamic light scattering analysis showing the size distribution,
(D) Polydispersity evaluation and (E) zeta potential measurements of the aAPCs with different surface chemistries. All three represent mean + SD (n = 3). (F) Surface
electron microscopy images of the different nanoparticles. Scale bars represent 2 um. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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literature as tail-on, head-on, side-on and flat-on, depending on their
arrangement,[25] leading to antigen-binding sites being buried towards
the nanoparticle surface. An elegant way to overcome this is using site-
specific bioconjugation approaches utilizing the sugar chains[26], C-
terminal conjugations[27], using intermediate proteins[28], capturing
the nucleotide-binding site[29], or opening disulfide bonds[30]. Due to
the controlled opening of the hinge region, reactive sulfthydryl’s can be
created and reacted via Michael-addition to maleimide groups, allowing
a more controlled immobilization with good orientation. Matic et al.
have demonstrated the importance of well-oriented antibodies for acti-
vation of CD4+ T cells using antiCD3 nanoarrays on coated plastics.[21]
This highlights the importance of controlling the antibody orientation
and density to create systems that allow improved accessibility to
receptor-binding sites and ultimately fine-tuning of T cell responses.

In this work, we present a set of methods to evaluate the impact of
antibody orientation, valence and density on particle-based systems for
polyclonal CD8+ T cell activation and expansion utilizing two different
coupling chemistries. We were able to decipher the differences between
random and well-oriented coupling strategies, by utilizing a simple
workflow including primary human T cells. More precisely, aAPCs with
well-oriented antibodies required a lower ligand density to expand T
cells and further allowed fine-tuning of the final phenotype. This work
highlights the importance to carefully design nanoparticles as efficient
aACPs and presents a set of methods to evaluate their performance to
activate and expand T cells.

2. Results and discussion

2.1. Synthesis of monodisperse polymeric artificial antigen presenting cells
with precise antibody density

To evaluate the impact of antibody orientation, valence, and density
of antibodies on the surface of T cell activating aAPCs, two different
bioconjugation strategies were chosen, each aiming for two ligand sur-
face densities on a poly(lactic-co-glycolic acid) (PLGA) model system
(low, 1 wt%; high, 5 wt%) (Fig. 1A). Studies have demonstrated that
unmodified PLGA nanoparticles exhibit notable stability over a duration
of 240 h [31].The first coupling technique (i), consists of a random
immobilization approach, based on the heterovalent linker TFP-PEGj »-
DBCO. The tetrafluorophenyl-ester is more resistant towards hydrolysis
[32], but targets the same reactive group as conventional EDC/NHS-
chemistry, resulting in a carbodiimide bond between the free amine
on the surface of the protein and the linker. The DBCO-modified anti-
CD3 and anti-CD28 antibodies were coupled in a 1:1 ratio to the surface
using copper-free, strained promoted azide-alkyne cycloaddition click
chemistry, with free azides exposed on polyethylene-glycol (PEG) chains
of the nanoparticle (named NP-N3). Conjugating antibodies via amine
bioconjugation onto PLGA nanoparticles may result in a random
orientation, potentially hindering the ability to achieve a desired
orientation and affecting the binding efficiency of the antibodies [33].
The second conjugation strategy (ii), relies on the cleavage of the anti-
bodies hinge-region or heavy and light chain by selectively reducing the
disulfide bridges with Tris-(2-carboxyethyl)-phosphine, thus exposing
reactive thiols that are linked via Michael-addition to maleimide groups
presented by PEG chains on the surface of the nanoparticle (named NP-
Mal). This allows a controlled way of immobilizing both the anti-CD3
and anti-CD28 half-antibodies, but only exposes a monovalent
antigen-binding moiety per ligand. In addition, PEG chains were used as
spacers for conjugation exploiting their antifouling properties to avoid
unspecific antibody adsorption. Studies have indicated that thiol-
maleimide conjugation offers a method to regulate the orientation of
antibodies on the surfaces of nanocarriers, thereby influencing their
targeting properties [34]. After synthesis and bioconjugation of the
nanoparticles, the size was analyzed by dynamic light scattering (DLS)
showing a narrow size distribution ranging from 185 nm to 230 nm
average sizes (Fig. 1B). In addition, all particles had low polydispersity
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index (PDI < 0.05) indicating homogeneous monodisperse size pop-
ulations (Fig. 1C). These characteristics are ideal for nanoparticle
interaction with the CD3¢ on the T cells surface, which forms islands
with a width ranging from 40 nm to 300 nm[35]. Zeta Potential mea-
surements indicated a slightly negative surface charge (—10 mV to —7
mV) of the nanoparticles (Fig. 1D), which will lead to light repulsive
effects between the aAPC and the T cell membrane, allowing to inves-
tigate more closely the effect of the aAPC ligand orientation by elimi-
nating charge interactions.[36,37] Moreover, decreased surface charge
can be observed between low and high antibody surface densities, which
can be explained by the isoelectric point of the antibodies between 6.6
and 7.2 exposing the negatively charged protein (Fig. 1D)[38]. As per
our current understanding, no study has demonstrated any adverse ef-
fects of the selected conjugation methods on the colloidal stability of
PLGA nanoparticles, thus establishing this study as a representative
model.Visualization using scanning electron microscopy (SEM)
confirmed the size homogeneity of the nanoparticles as observed by the
low PDI values and depicts the spherical shape of the particles after
bioconjugation (Fig. 1F).

Studies have shown that the ratio and density of signal 1 and 2 is
influencing the expansion rate of T cells, and consequently a key
parameter for the design of aAPCs.[39,40] The assessment aimed to
verify the attachment of antibodies to the surface of nanoparticles.
Instead of employing conventional protein content measurement
methods like BCA or Bradford assays, we opted for a different approach.
Specifically, we labeled the antibodies, aCD3 and aCD28, with distinct
fluorescent markers using the Lightning Link conjugation kit. This
allowed for the quantification of each individual antibody. The results of
the assay indicated that both types of nanoparticles had comparable
amounts of antibodies on their surfaces concerning the occupancy of
reactive binding sites, as indicated in Table 1. Notably, nanoparticles
with a high surface coverage (5 % reactive groups) exhibited approxi-
mately five times more antibody molecules per milligram of particles
compared to those with low surface coverage (1 % reactive groups).
Interestingly, maleimide nanoparticles bound slightly more antibody
molecules than azide nanoparticles. One possible explanation for this
difference could be a more efficient coupling reaction, likely attributed
to the increased reactivity of the thiols found in reduced antibodies
compared to the DBCO moieties on full antibodies. It is noteworthy that
the ratio of aCD3 to aCD28 antibodies on all particles fell within a
similar range, ranging between 1:1.1 and 1:1.5. This consistency enables
a direct comparison between both conjugation methods, given that the
antibody ratio remained relatively stable. In conclusion, both nano-
particle systems demonstrated similar physicochemical characteristics,
with comparable quantities of antibodies immobilized on their surfaces.
Nevertheless, there were variations in the orientation of the antibodies
on the particles, presumably due to the specific conjugation methods
employed. Owing to the potential impact of attached fluorophores on
the antibodies, the particles utilized in the subsequent experiments did
not feature fluorophore-conjugated antibodies.

Table 1

Maleimide and Azide particle show similar amounts of Antibody immo-
bilized. Both systems show a percentual increase with higher amounts of
reactive surface groups.

NP-N3 NP-N3 NP-Mal NP-Mal
low high low high

anti-CD3 (pmol/mg 6.21 + 27.96 + 8.24 + 31.36 +
particle) 1.42 0.21 0.98 0.29

anti-CD28 (pmol/mg 8.00 &+ 42.62 + 9.75 + 44.63 +
particle) 0.05 0.14 0.67 5.63
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2.2. Ca®" sensing provides insight into the binding behavior of the NPs to
T cells

Calcium sensing is a well-known tool in order to study T cell acti-
vation patterns.[41-43] Ca?" is an important signaling molecule rele-
vant in the activation and proliferation process of lymphocytes[44].
Upon TCR engagement, T cells release intracellular Ca2* from the
endoplasmatic reticulum to the cytosol [45], followed by a constant
influx of Ca®*, giving distinct Ca?* patterns depending on binding
strength and duration that ends with the breakup of the synapsis. Thus,
investigating the calcium influx behavior upon stimulation with aAPCs
using different coupling chemistries can provide insight into the overall
affinity of the system. Here, freshly naive T cells were isolated, stained
with the fluorescent calcium indicator Fluo-4AM and afterwards incu-
bated with aAPCs at a final concentration of 200 pg/ml. To study the
differences of binding upon NP interactions, different parameters were
analyzed as depicted in Fig. 2A. The area under the curve (AUC)
described the overall influx of Ca®" to the cytosol, which can be further
rendered by the Ca>* maximum helping as a descriptive factor of the
curve development. In addition, the time to reach a plateau was also
measured to gain knowledge about the binding duration between the
stimulatory molecules and the receptors. Fig. 2B depicts the Ca®'-
dependent fluorescent patterns obtained upon incubation of the T cells
with different aAPCs. The normalization to the fluorescent signal of
resting T cells unveiled the overall difference in Ca2+ influx between
activated and non-activated cells. The results illustrate a clear difference
between NP-N3 and NP-Mal, where both maleimide particles resulted in
a lower curve than azide, leading to lower AUC values (Fig. 2C). More in
detail, the AUC values were different depending on the density of
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functionalizable groups present on the nanoparticles, with low density
being slightly smaller compared to their high covered counterpart,
which correlates with the theory of more TCR-engagement taking place
due to more stimulatory molecules being present. When looking at the
maximum fluorescent intensity values achieved (Fig. 2D), similar pat-
terns were observed (NP-N3 high > NP-N3 low > NP-Mal high > NP-Mal
low). This pattern was also described by Christo et al where lower Ca?*
levels are achieved when using monovalent fab’ aCD3 fragments
compared to bivalent full antibodies,[46] which can be explained by the
binding affinity of full antibodies being reported to be 2-3 higher.[47] In
addition, the time to reach Ca2+ max (tmax) also highlights different
behavior in the synapsis between the aACPs and the T cells (Fig. 2E). NP-
N3 low reached its Ca2+ influx maximum the first, followed by NP-Mal
low and NP-N3 high having similar values, and NP-Mal high binding the
longest. This indicates a shorter binding of the random immobilized
aAPCs compared to the NP-Mal aAPCs, despite the bivalence of the
random immobilized aAPCs. We hypothesize a longer binding occur
overcoming steric hindrance caused by random immobilized ligands. In
conclusion, these results underscore the importance of antibody orien-
tation, density, and valence on nanoparticles in influencing the binding
behavior of aAPCs to T cells. While it’s important to note that there may
not be a statistically significant difference observed, the trends we have
identified indicate that antibody exposure does have an impact. These
factors should be considered as fundamental parameters in the design of
aAPCs.

2.3. Granzyme B analysis validates biological activity of the cell product

After validation of the binding properties, the next step was to
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Fig. 2. Azide and Maleimide functionalized nanoparticles show distinct Ca%* responses. (A) Schematic overview on extracted data of Ca%* influx kinetics. In
black is a representative curve of the Ca®* levels in the cytosol of T cells measured using Fluo-4AM calcium indicator, green represents the speed at half maximum
signal, in blue is the Ca2+ maximum and in red is the area under the curve (AUC). (B) Average Ca?* signal, normalized to resting T cells. T cells were incubated with
a final concentration of 0.2 mg/ml nanoparticles. (C) Area under the curve analysis of three independent experiments. (D) Maximum fluorescence signal normalized
to resting T cells. (E) Calcium influx tmax values presented as median weighted min-max plots (s). All graphs represent mean + SE from three independent ex-
periments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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evaluate the functionality of the T cells upon activation with the aACPs.
Granzyme B (GrB) secretion is the state-of-the-art marker to assess the
cytotoxicity of the cell product.[48] Analysis of the supernatants of the T
cells incubated with the aACPs by ELISA showed a clear increase in GrB
levels compared to the untreated control (Fig. 3). Furthermore, both
conjugation strategies showed a trend of increased GrB secretion pro-
portional to their antibody coverage. This corroborates the activation
potential of our chosen conjugation strategies.

2.4. The effective ligand density window for T cell expansion is influenced
by the antibody orientation

In the context of T cell activation, expansion numbers play a key role
to produce sufficient cell product for therapy, as a low dose treatment in
most cases range between 0.08-0.81 x 10° cells per patient.[49] To
evaluate the impact of antibody orientation and density on the expan-
sion of human polyclonal CD8™" T cells, we isolated blood-derived T cells
from three different donors. Once isolated, 10° T cells/ml were treated
with 200 pg/ml aAPCs and the expansion and viability were monitored
for 7 days. Untreated (UT) cells were cultured with 10 ng/ml IL-2
without further stimulants. As a control, we have used ImmunoCult
according to the manufactures’ protocol.[50] Visual examination of the
T cell cultures revealed that azide functionalized particles (NP-N3)
induced smaller clusters of T cells after 3 days compared to Maleimide
particles (NP-Mal) and ImmunoCult, indicating differences in the acti-
vation properties of the various aAPCs (Fig. 4A). A previous study has
shown that the secondary T cell - T cell synaptic interaction after APC —
T cell interaction supports T cell differentiation, underlying our hy-
pothesis.[51] Evaluation of the expansion profile revealed a different
pattern between the two orientations. While low surface coverage
showed a higher expansion fold compared to high in NP-Mal particles,
the opposite was observed between the azide particles (Fig. 4B). In
detail, 5 days after activation with the particles, T cells expansion rates
were from high to low: NP-Mal low > NP-N3 high > NP-N3 low > NP-
Mal high. Of note, NP-N3 low showed lower expansion rates compared
to NP-N3 high, indicating a lack of complete activation when using the
azide particles with lower antibody coverage. Interestingly, the mal-
eimide system showed the contrary, where NP-Mal high had decreased
expansion rates compared to the NP-Mal low. Hickey et al have shown
that expansion rates correlate with the concentration of activation sig-
nals until they reach a plateau, and then fall again as an indicator of
overstimulation, suggesting an optimal ligand density window for T cell
activation[52]. The results suggest that the better orientation of the
maleimide-coupled antibodies requires a lower amount of antibodies
than when having them randomly immobilized on the surface of the
particle. Even though bivalent antibodies can crosslink more receptors
than monovalent antibodies, controlled immobilization is crucial for the
design of improved artificial cell-activating particles to fine-tune the
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Fig. 3. Nanoparticles increase cytotoxicity of T cells proportionally with
AB surface coverage: Granzyme B secretion of T cells after being cultured with
NPs for 24 h. The results are shown as fold increase compared to non-activated
T cells. Data is shown as mean with SD (n = 3). (P values for ns = 0.0933 and *
= 0.0109).
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expansion potential of T cells. In addition to T cell proliferation, moni-
toring the cell viability over time is also important to evaluate the
quality of the expanded cell product. Overall, the results indicated a
healthy expansion protocol (Fig. 4C). NP-N3 low, NP-N3 high and NP-
Mal low showed viability values of around 96 % throughout culturing,
while NP-Mal high showed a decrease of viability after 5 days to 89 %
suggesting overstimulation of the T cells. This correlates with expansion
values, where T cells reduced proliferation rates upon harsh stimulation.
After 7 days, the cells recovered back to 96 % viability. We hypothesize
that the prolonged binding of NP-Mal high particles with the T cells, as
seen by the calcium influx rates (Fig. 2E), may lead cell exhaustion
similarly to a chronic antigen exposure that leads to fast exhaustion of
the T cell.[53,54] The obtained outcome demonstrates a difference in
the T cell activation threshold between the two coupling methods.
Specifically, well-oriented aAPCs exhibit an effective ligand density
window at a lower threshold compared to randomly oriented aAPCs.

3. T cell marker expression analysis reveals differences in the
aAPC design on a molecular level

Another important aspect of T cell expansion is the phenotype of the
final product[55]. T cell marker analysis provide great insights into the
activation status of the cell prior to adoptive transfer. Hereby, we have
used flow cytometry to investigate the effect of the nanoparticles on the
T cell marker expression through analyzing levels of CD45RA, CD45RO,
CCR7 and CD62L. CD45RA, an early activation marker, which is
expressed mostly on naive cells, fades upon antigen encounter and
reoccurs in a late activation state, providing insight into the overall
differentiation profile of the T cell[56]. NP-Mal high yielded the highest
percentage of CD45RA+ but displayed lower MFI values, indicating a
generally low expression of this marker in this population and pointing
to a more differentiated phenotype (Fig. 5A). NP-N3 low tends to have a
lower percentage of CD45RA+ but a higher MFI value suggesting a
slightly increased percentage of non-activated T cells while all other
particle systems induced similar CD45RA+ percentages with slightly
lower MFI values, showing an overall activated status (Supplementary
3A). Additionally, a pronounced difference is observed between the
regioselective- and randomly conjugated aAPCs. The latter showed no
significant variation in their marker expression despite variations in
ligand density as compared to well-oriented aAPCs, thereby empha-
sizing the importance of the conjugation scheme. As a second marker we
investigated the isoform CD45RO+, mainly expressed on central mem-
ory and effector memory cells, thus antigen-experienced cells.[57,58]
Here, NP-N3 low resulted in the lowest values underlining our hypoth-
esis of an increased proportion of non-activated T cells compared to the
other particles (Fig. 5B). As a third marker, we have chosen CCR?7 as it
plays an important role in defining subsets of CD8+ T cells, mainly
exposed on memory cells, thus being present T cells with a robust pro-
liferative capacity and antigen experience[59]. What stands out in our
results is a significant and noteworthy difference between the NP-Mal
high and NP-Mal low (Fig. 5C). Here, NP-Mal low had a lower per-
centage of CCR7+ cells suggesting a more younger phenotype compared
to the NP-Mal high population, which displayed a high proportion of
CCR7 +. Again both randomly conjugated aAPCs exhibited no difference
despite their ligand density, underlining the impact of the surface
chemistry used. In regards to their potential therapeutic outcome, we
evaluated the homing molecule L-Selecting (CD62L), a marker that is
expressed on naive cells, but also on early T cell phenotypes such as stem
cell-like (Tscm) and central memory cells. CD62L appeared to be con-
nected with tumor growth control when being expressed on antigen-
experienced T cells[60]. We observed the lowest expression of CD62L
on NP-N3 low (52 %) (Fig. 5D). All other particles showed percentages
above 60 %, indicating a higher antibody coverage is needed when using
a random immobilizing conjugation technique compared to the well-
oriented NPs. The final phenotype (Fig. 5E) reveals noteworthy dis-
tinctions. Notably, NP-Mal high displays a higher percentage of central
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Fig. 4. Random and well oriented conjugated aAPCs show opposite expansion rates concerning their ligand density (A) Light microscope images of cell
culture three days after activation with nanoparticles, scale bar represents 100 um. (B) T cell proliferation after activation was monitored over 7 days. Cells were
counted after splitting. (C) Cell viability of the T cells during activation and expansion. Commercial ImmunoCult was used as benchmark control. UT, untreated cells.
Error bars represent SEM with n = 3. Scale bar equals 100 um. P values represent: ns = 0.2688 * =0.0289 **= 0.0100.

memory phenotype compared to the other particles, particularly NP-Mal
low. In contrast, both NP-N3 high and low exhibit similar phenotypic
percentages, highlighting the differences between the two coupling
methods. However, since the development of T cells is a very dynamic
process the picture may change overtime. Studies have shown differ-
ences in the phenotype of human T cells from patient to patient, which
indicates a higher number of donors may be required to account for
those inherent donor variations.[53,61] To overcome this, single-cell
RNA sequence studies may help to identify specific phenotypic
changes in the T cell population, which would be beyond the scope of
the present study[62,63]. Nonetheless, the results underline the
importance of well-oriented AB for achieving different status of T cell
activation by aAPCs.

4. Conclusion

In this work we presented a workflow to evaluate the impact of
antibody orientation, density and valence on PLGA nanoparticle model
systems for polyclonal CD8" T cell expansion utilizing two different
antibody coupling chemistries. All synthesized particles exhibited
comparable sizes and surface charges, maintaining integral colloidal
stability both before and after the coupling of aCD3 and aCD28 anti-
bodies. Amine targeting TFP coupling leads to a non-controlled random
orientation of the antibody on the surface of nanoparticles, requiring a
higher amount of antibodies immobilized to fully activate T cells. On
contrary, reduced half-antibodies coupled to maleimide groups allow
controlled orientation of the antibody and higher accessibility towards
the antigen-binding site, leading to full activation, even at lower anti-
body densities. Even though maleimide particles contained monovalent
half-antibodies, the right orientation showed superior behavior for
polyclonal expanding T cells than the random immobilized counter-
parts. The workflow presented herein describes a set of methods, such as
Ca2" influx, Granzyme B secretion, expansion and viability measure-
ments, and surface marker expression that allow characterization of the
chosen parameters on the aAPCs and their impact on T cell interaction
and further activation. We could show that differences in the density
influence intracellular Calcium levels that further lead to deviations in
downstream processes such as Granzyme B secretion, underlining the
robustness of both coupling techniques. Moreover, we clearly showed by

analyzing expansion, viability and that both coupling techniques differ
in their effective window activating and expanding T cells, with regio-
selective coupled aAPCs at a lower threshold in contrast to randomly-
oriented aAPCs. Further, well-oriented aAPCs had a direct impact on
the surface marker expression, depending on their ligand density,
thereby emphasizing the criticality of the conjugation scheme when
designing aAPCs. Nevertheless, while other expansion methods
employing random conjugation techniques have yielded useful clinical
products [9], we anticipate a reduced variance in the final product when
the conjugation method results in a precisely defined activation bead. To
our knowledge, there is a lack of investigation on the impact of antibody
orientation on nanoparticles in regards to T cell activation, making this
work of high relevance highlighting the importance of designing ideal
nano-sized artificial antigen-presenting cells with fine-tuning properties.
These findings can help to develop next-generation activation beads for
ex vivo expansion protocols of T cells with tailored properties.

5. Materials and methods
5.1. Reagents and materials

All polymers were obtained from NanoSoft Polymers (USA), DBCO-
dPEG®1,-TFP (Iris Biotech Gmbh, Germany), Poly(vinyl alcohol) Mw
13,000-23,000, 87-89 % hydrolyzed (Sigma-Aldrich, Denmark),
Dulbecco’s Phosphate Buffered Saline (Sigma-Aldrich, Denmark), InVi-
voMADb anti-human CD3, Clone UCHT1 (Leu-4) (T3), (Nordic BioSite,
Denmark), InVivoMADb anti-human CD2, Clone 9.3 (Nordic BioSite,
Denmark), BV480 CD45RABV786 Mouse Anti-Human CD62L, FITC anti-
human CD8 Antibody,PE anti-human CD197 (CCR7) Antibody, APC
anti-human CD45RO (BD Bioscience, Denmark), Fluo4-AM cell per-
meant, (Thermo Scientific, Denmark).

5.2. Synthesis of T cell activating aAPCs

Nanoparticles (NPs) were synthesized from a polymer blend of poly-
(lactic-co-glycolic acid) (PLGA; 50:50 LA:GA ratio; MW 20,000 Da),
poly-(lactic-co-glycolic acid)- methoxy-poly-ethylene-oxide (PLGA-PEG;
50:50 LA:GA ratio MW PLGA 20,000; MW mPEG 2,000 Da), poly-
(lactic-co-glycolic acid)-maleimide-poly-ethylene-oxide (PLGA-PEG;
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Fig. 5. Flow cytometry analysis of surface markers and aAPC footprint after T cell activation. (A) Percentage CD45RA expression (B) percentage CD45RO
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Naive, central memory (TCM) and effector memory (TEM) cells. All graphs represent three individual experiments using T cells from three different donors. Graphs
represent the mean and the standard error of the mean. (ns = 0.1234 *p = 0.0332 **p = 0.0021 ***p = 0.0002 ****p < 0.0001).

50:50 LA:GA ratio; MW PLGA 20,000; MW PEG-Maleimide 2,000 Da),
poly-(lactic-co-glycolic acid)-azide-poly-ethylene-oxide (PLGA-PEG;
50:50 LA:GA ratio; MW PLGA 20,000; MW PEG-Azide 2,000 Da). For
high covered particles, the blend consisted of 70 wt% PLGA, 25 wt%
PLGA-mPEG and 5 wt% PLGA-PEG-Mal or PLGA-PEG-N3, respectively.
For low covered particles, the blend consisted of 70 wt% PLGA, 29 wt%
PLGA-mPEG and 1 wt% PLGA-PEG-Mal or PLGA-PEG-N3, respectively.
The nanoparticles were synthesized as previously described by a double
emulsion (W/O/W) solvent evaporation method with slight

modifications.[64] Briefly, 2 mL PLGA-blend (12.5 mg/mL in
Dichloromethane) was added to 250 pL 0.5 M PBS, followed by probe
sonication (50 % amplitude, 1 min, 2 sec on/off cycle) (Q700 sonicator
with microprobe, Qsonica). The primary emulsion was added to 10 mL
1 % PVA solution and followed by a second probe sonication step (50 %
amplitude, 1 min, 2 sec on/off cycle). The resulting double emulsion was
left at room temperature for evaporation for 4 h and washed 3 times with
milliQ water (3x 1200G, 15 min, 4 °C). To determine the particle
concentration a small aliquot was taken and freeze-dried overnight. The



S. Weller et al.

remaining solution was resuspended in a 10 % sucrose solution and
lyophilized for further use.

5.3. Preparation of random immobilized activation nanoparticles

Antibodies (antiCD3, Clone UCHT1 (Leu-4)(T3) and antiCD28, clone
9.3 BioXCell) were buffer exchanged to a 0.1 M bicarbonate buffer at pH
8 using spin filtration (10 kDa cutoff polyethersulfone (PES) membrane,
Vivaspin 500, Sigma Aldrich, Denmark) two times. The final concen-
tration was measured via UV-Vis spectroscopy using a Nanodrop spec-
trophotometer (Thermofisher, Denmark) at 280 nm wavelength. The
concentration was calculated according to the manufacturer datasheet
using a 1.33 absorbance coefficient and set to 2 mg/ml (13.2 uM) in a
protein low binding Eppendorf tube. DBCO-dPEG®;5-TFP ester (Iris
Biotech Gmbh, Germany) was dissolved in anhydrous DMSO at a final
concentration of 10 mM. To 100 uL of the antibody solution, 1.6 pL
DBCO-dPEG®1,-TFP ester was added and let react for 30 min under
shaking conditions at 25 °C. The reaction was quenched with 400 pL
TRIS-Buffer (pH 7.2) and unreacted parts were washed out with PBS by
spin filtration (Molecular cutoff: 10 kDa). The amount of DBCO per
Antibody was determined by measuring UV-Vis at 280 nm and 310 nm,
respectively, and calculated using the following equations:

. Argg = Azgo-(Az1o * f); f = correction factor DBCO at 280 nm = 1.089.
. Cigg = A2g0/(204,000 M cm™! * 0.1 cm).

. Cpaco = As10/(12,000 ML em™! % 0.1 cm).

. Ratio = Cppco/Ciga-

an o

Hereby, equation (a.) describes the concentration of the antibody in
the presence of DBCO using a correction factor of 1.089. Equations (b.)
and (c.) describe the molar concentration of the antibody and DBCO.
The final ratio was determined using equation (d.). In total, 20 ug of each
antibody were added to the particles at a final concentration of 4 mg/mL
and left for reaction overnight at room temperature. PLGA-NPs were
then washed three times with sterile 0.1 M PBS and used immediately
for cell experiments.

5.4. Preparation of coordinated immobilized activation nanoparticles

Antibodies (antiCD3 and antiCD28) were buffer exchanged to a
borate buffered saline (BBS) solution (50 mM sodium borate, 50 mM
NaCl and 5 mM ethylenediaminetetraacetic acid (EDTA), at pH 8.5.) via
spin filtration (10 kDa cutoff, PES membrane) two times. The final
antibody concentration was determined as described above and set to
13.2 uM. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCI) was
dissolved in BBS at a final concentration of 10 mM. To the antiCD3 and
antiCD28 solution, 6 and 8 M equivalents of TCEP were added respec-
tively and left for reacting for 30 min at 37 °C under mild agitation. The
reduced antibodies were washed by spin filtration with 0.1 M PBS
containing 5 mM EDTA and the concentration was determined at 280
nm UV-VIS. Lyophilized particles were resuspended in 0.1 M PBS con-
taining 5 mM EDTA and washed twice to remove the sucrose. 15 pg of
each antibody were given to the particles at a final concentration of 2
mg/mL and left for reaction overnight at 5 °C under shaking conditions.
The nanoparticles were then washed three times with sterile PBS and
used immediately for cell experiments.

5.5. Physicochemical analysis of the particles

Hydrodynamic diameter, polydispersity and Zeta potential were
measured by dynamic light scattering (DLS) using a Nano ZS from
Malvern Instruments (Malvern, Worcestershire, UK). Briefly, 50 mg
PLGA-NPs were diluted in 1 mL milliQ water and measured in the Nano
ZS. Results obtained were the average from 3 runs of 12 cycles. For
morphological analysis, the particles were analyzed using scanning
electron microscopy (SEM). Sample solutions (50 pL) were deposited
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onto clean silicon wafer pieces and allowed to adsorb for 1 min before
excess solution was wicked away using filter paper. Samples were then
left to fully dry, sputter coated with ~ 5 nm Au layer, and imaged using a
Quanta FEG 200 SEM operated at high vacuum with an accelerating
voltage of 5 kV.

5.6. Antibody coverage of the nanoparticles

Antibodies were prior reaction fluorophore-labeled using the Light-
ning Link conjugation kit (fast) from Abcam according to the manu-
facturer’s protocol. Briefly, antibodies for DBCO copper-free click
conjugation were labeled with AF488 and AF647. Antibodies for mal-
eimide reactions were labeled with AF488 and Atto 635. The reaction
for antibody conjugation was carried out as described above. Fluores-
cence intensities of the thoroughly washed particles and the superna-
tants were measured using a Tecan plate reader (Switzerland).
Concentrations were extrapolated from a standard curve made with
known amounts of the labeled antibodies.

5.7. T cell isolation, culture and expansion

CD8+ T cells were isolated from the blood of healthy volunteers
following the ethical guidelines of Danish authorities and according to
DTU guidelines that includes protection of the donor and the researchers
using the EasySep™ Human CD8+ T cell isolation kit from Stemcell,
according to the manufacturer protocol. After that, T cells were resus-
pended and cultured at a concentration of 106 cells/mL in RPMI con-
taining 10 % FBS, 1 % PS, 1 % nonessential amino acids and 10 ng/mL
human Interleukin-2. Cells (200 uL) were plated in flat-bottom 96-well
plates and incubated at 37 °C and 5 % CO,. For activation experi-
ments, particles were added at a final concentration of 0.2 mg/mL. As
controls, untreated cells were not exposed to antiCD3 and antiCD28
antibodies, and activated cells received ImmunoCult™ Human CD3/
CD28 T cell activator dendrimers according to the manufacturer pro-
tocol. Particles were incubated for three days with the cells until they got
transferred to a 48-well plate with double the volume of media added.
After five days the cells were then transferred to a 24-well plate using
again double the volume of media. After five and seven days a small
aliquot was taken for counting the cells and measuring viability using a
NucleoCounter NC-200 (ChemoMetec, Denmark).

5.8. Ca2+ influx measurements

Freshly isolated naive T cells were stained with Fluro-4am, a fluo-
rescent Ca2+ indicator, according to the manufacturer’s protocol.
Briefly, 10° cells/mL were stained with 3 uM Fluoro-4AM for 30 min at
37 °C and 5 % CO,. Afterwards cells were washed and resuspended in
full media to cleave of any remaining esters. 150 uL of cells were then
transferred to a black flat-bottom 96-well plate and fluorescence in-
tensity was measured for five minutes in 15-second intervals to assess
the background level of Ca2+. Then 50 uL of particle suspension was
given to the cells to reach a final concentration of 0.2 mg/ml. Fluores-
cence intensities (485 nm/ 535 nm with 20 nm bandwidth) were
measured immediately after the addition of the particles for three hours
every 15 s. The measured data was then normalized against the control
that has not been activated and analyzed as the mean of three separate
experiments.

5.9. Granzyme B detection

Freshly isolated naive T cells were seeded in full media in a 96-well
plate at a concentration of 10° cells/mL. Then particles were added to a
final concentration of 0.2 mg/ml and the culture was kept for 24 h. After
that T cells were spun down at 400 G for 3 min and the supernatants
were collected. The supernatants were then analyzed using a Human
Granzyme B DuoSet ELISA (R&D Systems, UK) kit according to the
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manufacturers’ protocol.

5.10. Flow cytometry analysis of expanded T cells

Seven days after activation, T cells were counted and set to a final
concentration of 10° cells/mL. From that cell suspension, 100 uL were
FC blocked and stained for the markers CD8 (antiCD8-FITC), CD45RA
(antiCD45RA-BV480), CD45RO (antiCD45RO-APC), CCR7 (antiCCR7-
PE) and CD62L (anti-CD62L-BV786) for 30 min on ice with various
concentration according to internal dilution series. eBioscience Fixable
Viability Dye eFluor780 was used to assess viability. The T cells were
washed and fluorescence signals were measured using a BD-Fortessa
flow cytometer collecting 30,000 events and analyzed using Flow-Jo
software V.10.
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