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Advanced personalized immunotherapies still have to overcome several biomedical and technical limit-
ations before they become a routine cancer treatment in spite of recent achievements. In adoptive cell
therapy (ACT), the capacity to obtain adequate numbers of therapeutic T cells in the patients following
ex vivo treatment should be improved. Moreover, the time and costs to produce these T cells should be
reduced. In this work, inverse opal (IOPAL) 3D hydrogels consisting of poly(ethylene) glycol (PEG) co-
valently combined with heparin were engineered to resemble the environment of lymph nodes, where T
cells get activated and proliferate. The introduction of an IOPAL strategy allowed a precise control on the
porosity of the hydrogels, providing an increase in the proliferation of primary human CD4+ T cells, when
compared with state-of-the-art expansion systems. Additionally, the IOPAL hydrogels also showed a
superior expansion compared to hydrogels with the same composition, but without the predetermined
pore structure. In summary, we have shown the beneficial effect of having an IOPAL architecture in our
3D hydrogels to help achieving large numbers of cells, while maintaining the desired selected phenotypes

rsc.li/biomaterials-science required for ACT.

1. Introduction

Adoptive cell therapy (ACT) is an immunotherapy in which T
cells are usually harvested from the blood or tumor tissue of
patients, genetically modified and/or selected in the labora-
tory, expanded ex vivo in large numbers, and reintroduced into
the same patients." These cells are modified ex vivo to improve
the targeting and killing of cancer cells, through T cell recep-
tor (TCR) engineering or the use of chimeric antigen receptor
(CAR) T cells.”> Alternatively, tumor-specific T cells can be
selected among the rest, such as in endogenous T cell (ETC)
therapy or in ACT performed with tumor-infiltrating lympho-
cytes (TILs).>* In any case, the resulting T cells are then
capable of specifically recognizing and eliminating malignant
cells. In some cases, these cells hold the potential of maintain-
ing their healing properties for years through memory subsets,
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thus helping the patient immune system to fight cancer
recurrence.>”’

T cells divide in a few subtypes, which play specific roles in
ACT. CD8+ T cells can directly recognize cancer cells and
display the main cytotoxic function, while CD4+ T cells were
known to help directing the immune response and activating
effector immune cells, mainly cytotoxic CD8+ T cells.'
Interestingly, recent evidence suggests that CD4+ T cells can
also kill cancer cells,"*™* and that specific mixtures of CD4+
and CD8+ T cells can provide the highest antitumoral activities
due to synergistic effects between subsets.*"°

Even though the potential of ACT is undoubtful, there are
several limitations to overcome before it becomes a first line
anti-cancer therapy.'” For example, a successful T cell ex vivo
activation, proliferation, and differentiation that result in an
optimal product in vivo to achieve long-term efficacy is
needed."®2° In vivo T cells are primarily activated by antigen
presenting cells (APCs) through the immunological synapse
(1S).>" In the IS, there is a main interaction between the TCR of
T cells and the antigen-loaded major histocompatibility
complex (MHC) of APCs. Additionally, there are costimulatory
and adhesion signals that ensure a proper T cell activation and
proliferation, such as the CD28/B7 and LFA-1/ICAM-1 pairs,
respectively.>” Not surprisingly, the ex vivo T cell activation and
expansion methods have been focused on mimicking the
1S,"”** including materials that allow spatial control at the
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micro- and nanoscale.>*° The current gold standard method
to activate and expand T cells relies on artificial APCs consist-
ing of polymeric magnetic beads (such as Dynabeads;
ThermoFisher Scientific) that are coated with stimulating anti-
bodies (usually, anti-CD3 and anti-CD28).>' Although these
beads are easy to manipulate and remove by magnetic separ-
ation, they are not able to provide environmental signals natu-
rally present in the native secondary lymphoid organs (SLOs),
which upon antigen recognition, provide an optimal environ-
ment for T cell proliferation.*

SLOs and particularly the lymph nodes (LNs) have a well
interconnected structure with compartmentalized micro-
domains, which separate almost exclusively T or B cells. The T
cell zones contain CD4+ and CD8+ T cells as well as subsets of
dendritic cells anchored to a network of fibroblastic reticular
cells and reticular fibers. The stromal structures are known to
be critical for immune cell migration, activation, and sutvival.*®

Two-dimensional (2D) culture methods are therefore not
suitable to mimic the natural three-dimensional (3D) environ-
ment of cells in vivo. To tackle this limitation, natural or syn-
thetic 3D hydrogels can be used to better mimic the native
ECM of the LNs.>**° Recently, we have described hydrogels
consisting of poly(ethylene glycol) (PEG) covalently combined
with heparin, which were successfully used to culture T cells.*®
PEG is a polymer that confers adequate structural and
mechanical properties to the hydrogel.®” Heparin is a sulfated
glycosaminoglycan naturally present in the ECM, with a high
number of negative charges provided by carboxylate and
sulfate groups.®® Although this molecule is commonly known
as an anticoagulant, it can be used as an anchoring point for
cationic molecules and basic peptides through electrostatic
interactions.*®

Furthermore, PEG hydrogels with enlarged and homo-
geneous pore structures using the inverse opal (IOPAL) or
inverted colloidal crystal technique, as a porogen method,*°
were shown to increase T cell migration®! and be useful for
drug delivery of soluble T cell activators.*> This method is
reported to provide a porosity above 70%, being the reproduci-
bility of the synthesis process one of its main advantages.*?
Moreover, the uniform interconnectivity achieved leads to a
more homogeneous distribution of macromolecules and cells
inside the matrix.*>*

Here we describe a family of IOPAL 3D hydrogels consisting
of PEG and heparin. These IOPAL 3D PEG-Hep hydrogels were
synthesized and characterized to imitate the conditions of the
ECM of the LNs, with the objective of increasing primary
human (CD4+) T cell proliferation and tuning differentiation
for ACT. CD4+ T cell proliferation was found to be enhanced
when using the IOPAL 3D PEG-Hep hydrogels in combination
with the artificial APCs Dynabeads. These hydrogels not only
improved the performance of the state-of-the-art suspension
systems, but also that of the hydrogel in its bulk form.
Moreover, we demonstrated the capacity of such hydrogels to
influence the phenotype obtained, naive (Ty), central memory
(Tcm), and effector memory (Tgy), which is closely related to
the clinical outcomes.***

This journal is © The Royal Society of Chemistry 2022
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2. Materials and methods
2.1 Materials

A 10% w/v aqueous suspension of poly(methyl methacrylate)
(PMMA) beads with a diameter of 78.3 + 1.7 pm was purchased
from microParticles GmbH (Germany). Heparin and penicillin/
streptomycin (P/S) was acquired from Fisher Scientific (Spain).
Fetal bovine serum (FBS), the CellTrace carboxyfluorescein diace-
tate succinimidyl ester (CFSE) cell proliferation kit, and
Dynabeads were supplied by Thermo Fisher Scientific (USA).
The CD4+ T cell isolation kit was obtained from Miltenyi Biotec
GmbH (Germany). The anti-human CD3 FITC, CD4 PE, CD45RO
FITC antibodies, and their controls used for flow cytometry were
bought from Immunotools GmbH (Germany), whereas CD62L
PE and its control were purchased from BioLegend (USA).
Lymphoprep was acquired from Stemcell Technologies
(Canada). 4-arm thiolated PEG (M, 10 000 g mol™"), N-(2-amino-
ethyl)maleimide trifluoroacetate salt (AEM), 1-hydroxybenzotria-
zole hydrate (HOBT), N-(3-dimethylamino-propyl)-N-ethylcarbo-
diimide hydrochloride (EDC-HCI), 2-(N-morpholino)ethanesulfo-
nic acid (MES), Dulbecco’s phosphate buffered saline (PBS),
Roswell Park Memorial Institute (RPMI)-1640 cell culture media,
propidium iodide (PI), and the rest of the products not otherwise
specified were obtained from Merck (USA).

2.2 Synthesis of bulk and IOPAL PEG-Hep hydrogels

The bulk 3D PEG-Hep hydrogels were produced based on a
recent publication of our group.?® In brief, heparin was first
functionalized with maleimide groups yielding a Mal-Hep
derivative. Then, PEG-Hep hydrogels were formed through a
Michael reaction between the Mal-Hep derivative and a 4-arm
thiolated PEG in a ratio of 1.5:1 in PBS. The volume of each
bulk hydrogel was of 30 uL, which were added to a home-made
Teflon template with 5 mm-diameter wells and left at least for
2 h in the incubator (37 °C). This reaction resulted in a
covalent crosslink and the consequent hydrogel formation
with 3 wt% of PEG. For the IOPAL 3D PEG-Hep hydrogel for-
mation, we adapted a protocol previously described.’® In this
case, 100 pL of a 10% w/v aqueous suspension of non-
crosslinked PMMA beads (78.3 + 1.7 pm diameter) were added
in the same home-made well plate template, and left for 24 h
until the solvent evaporated. Thus, the opal was formed.
Afterwards, a PEG-Hep hydrogel mixture analogous to the one
described above for the bulk PEG-Hep hydrogels (3 wt% PEG)
was prepared by mixing solutions of 4-arm thiolated PEG and
Mal-Hep in PBS. 30 pL of the hydrogel mixture were added on
top of the PMMA opal in the template and left to infiltrate and
solidify for at least 48 h in the incubator (37 °C). Opal & PEG-
Hep hydrogel hybrids were removed from the template after
hydrogel formation. Then, the PMMA opal was dissolved by
introducing the hybrids in glacial acetic acid (AcOH) for 72 h
at 40 °C with agitation (150 rpm; orbital shaker). After this
period, the hydrogels became completely transparent, indicat-
ing the successful removal of the PMMA beads. Finally, the
resulting IOPAL PEG-Hep hydrogels were washed three times
with PBS to remove the acid. After 1 h of UV sterilization, all
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hydrogels were rinsed with the cell culture media RPMI with
10% FBS and 1% P/S, and incubated until seeding at 37 °C.

2.3 Environmental scanning electron microscopy (ESEM)

Hydrogels were stored in the incubator at 37 °C under aqueous
conditions until analyzed (Npuik hydrogels = 3; NiopAL hydrogels = 3)-
To image the hydrated bulk and IOPAL hydrogels, the pressure
and temperature of the vacuum chamber of a FEI Quanta 650F
environmental scanning electron microscope (Thermo Fisher
Scientific, USA) were slowly decreased until the structures
could be observed.

2.4 X-ray microtomography

For these measurements, large IOPAL hydrogels were formed
(2 mm in height and 1 cm in diameter), following the same
protocol above mentioned (Nioparhydrogels = 2)- In this case
though, the amount of aqueous suspension of PMMA beads
and hydrogel precursor mixtures were 333 pL and 100 pL,
respectively. The samples immersed in PBS were frozen with
liquid nitrogen and lyophilized before the analysis. The instru-
ment used was a Skyscan 1272 high-resolution micro com-
puted tomography (Bruker, USA). The scanning time was 3 h
with a minimum resolution of 5 pm, without any filter and
with a peak voltage of 40-50 kV.

2.5 Rheometry

The equipment used was a Rheometer HAAKE RheoStress
RS600 (Thermo Electron Corporation, USA) with a 10 mm dia-
meter rotor. The larger IOPAL hydrogels described above were
also employed for these measurements (Niopar hydrogels = 2),
which were all done at 37 °C. Strain and frequency sweeps
were performed in the linear-viscoelastic (LVE) regime. The
strain sweeps were executed at a constant frequency of 1.0 Hz
and a pressure of 1-50 Pa, whereas in the frequency sweeps,
we maintained a constant pressure of 50 Pa and varied the fre-
quency from 0.01 Hz to 1.0 Hz.

2.6 CD4+ T cell culture in bulk and IOPAL PEG-Hep
hydrogels

Buffy coats from healthy adult donors were supplied by “Banc
de Sang i Teixits” (Barcelona, Spain) after the approval of the
research project by the “Ethics Committee on Animal and
Human Experimentation” of the Autonomous University of
Barcelona (No. 5099). Primary human CD4+ T cells were
obtained following an established protocol.”?®*% In
summary, it consists of a density gradient centrifugation with
Ficoll to isolate peripheral blood mononuclear cells, and then
separating the primary human CD4+ T cells with a commercial
CD4+ T cell isolation kit. Cell purity was measured by flow
cytometry with the antibodies anti-human CD3 FITC, anti-
human CD4 PE, and the respective negative controls. Only
samples that were >90% (usually >95%) positive for both CD3+
and CD4+ were employed. On the same day of cell isolation,
the CD4+ T cells were seeded on the bulk and IOPAL hydro-
gels, which were placed in 96-well plates (10> cells per well).
CD4+ T cells were seeded at a concentration of 10° cells per ml
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and a 1:1 ratio of Dynabeads (1 bead per cell) in the sup-
plemented RPMI medium. The activating beads were kept in
culture until measurements, when they were extracted from
the cell suspension with a magnet, as suggested by the manu-
facturer. The pore size and interconnectivity of the hydrogels
ensure proper cell and Dynabead infiltration through the
structure.

2.7 CD4+ T cell viability, proliferation, and differentiation in
bulk and IOPAL PEG-Hep hydrogels

In all experiments, CD4+ T cells were firstly harvested from the
hydrogels through vigorous pipetting. For cell viability experi-
ments, PI was used to stain CD4+ T cells on day 5 at a concen-
tration of 1 mg ml~" during 3 min at room temperature before
flow cytometry measurements (Ngonors = 4). For proliferation
analysis, CD4+ T cells were stained with a CFSE cell prolifer-
ation kit following the instructions of the manufacturer before
seeding. On day 6, cells were analyzed by flow cytometry after
recovering them from the hydrogels through vigorous pipetting
(Ndonors = 7). To minimize the variability caused by the
different donors, the results obtained were normalized to the
positive control of each donor, which was assigned a value of
1. For the differentiation analysis, CD4+ T cells were analyzed
on day 5 by flow cytometry, after removing them from the
hydrogels, as explained above (Ngonors = 6). Anti-human CD45
RO FITC, CD62L PE, and the corresponding negative controls
were used to stain the CD4+ T cells for 30 min at 0 °C before
measurements.

2.8 Flow cytometry

Flow cytometry experiments were performed with a CytoFLEX
LX (Beckman Coulter, USA) and a BD FACSCanto (BD
Bioscience, USA). For all measurements, cells were resus-
pended in PBS with 0.1% FBS.

2.9 Confocal microscopy

3D images of a volume of 1.5 mm X 1.5 mm x 0.4 mm were
obtained with a Leica TCS SP5 confocal microscope (Leica,
Germany) equipped with a 10x objective on day 5. They show
CFSE-stained CD4+ T cells inside an IOPAL PEG-Hep hydrogel
on day 5 of culture (NjopaL hydrogels = 2)- In the ESI, T Dynabeads
can also be observed (black dots) in a video obtained in bright-
field mode.

2.10 Data treatment and statistical analyses

Flow cytometry data was analyzed with the FlowJo software
(FlowJo LLC, BD, USA). Data processing was performed with
OriginPro (OriginLab Corp., USA). In the box plots, the boxes
correspond to the interquartile range defined by the 25th and
75th percentiles, the central line is the median, the whiskers
show one standard deviation, and O is the average. In the bar
graphs, errors represent one standard deviation. The Mann
Whitney U-test was used to evaluate the statistical significance
of the cell viability, proliferation, and differentiation assays, as
well as for the pore size distributions.

This journal is © The Royal Society of Chemistry 2022
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3. Results and discussion
3.1 Synthesis of bulk and IOPAL PEG-Hep hydrogels

Bulk 3D PEG-Hep hydrogels were produced through a Michael
reaction between a 4-arm thiolated PEG and maleimide-func-
tionalized heparin, based on a recent publication of our
group.’® For the IOPAL PEG-Hep hydrogel formation, an opal
structure was first created by using non-crosslinked PMMA
beads of 78 pm in diameter. Thus, a highly-organized colloidal
crystal of PMMA microspheres was formed during gradual
solvent evaporation. Afterwards, a PEG-Hep hydrogel mixture
analogous to the one described above for the bulk PEG-Hep
hydrogels, was added on the PMMA opal and left to infiltrate.
After the formation of the hydrogel, the PMMA opal was dis-
solved in AcOH without visible hydrogel damage, as previously
shown in similar systems consisting of PEG or gelatin hydro-
gels.*® Consequently, completely transparent hydrogels were
obtained, indicating the successful removal of the PMMA
beads (Fig. 1).

3.2 Structural properties of the IOPAL PEG-Hep hydrogels

Both bulk and IOPAL hydrogels were studied by environmental
scanning electron microscopy (ESEM) and their pore size
ranges were measured (Fig. 2a and b). The average pore size of
the bulk hydrogels was found to be 47 um with a range of
9-204 pm, in agreement with the reported values.*® On the
other hand, the average pore size present in the IOPAL hydro-
gels was 77 pm with a range of 24-165 pm, in accordance with
the size of the PMMA beads used (78.7 pm + 1.7 pm). Although
the pore size distribution was reduced in comparison with the
bulk hydrogels thanks to the effect of the porogen, it was sig-
nificantly larger than the standard deviation of the PMMA
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the material, which results from the composition and concen-
tration of its two components, PEG and heparin. In principle,
one could narrow this distribution by increasing the percen-
tage of PEG.?° In this case, the pore diameter of ca. 80 pm was
chosen, as it is expected to result in an almost unconstrained
migration, similar to the effect of collagen fibers in the LNs.*!
Furthermore, it is known that T cells aggregate forming clus-
ters during the activation stage with Dynabeads.?” Thus,
having a 3D environment that allows such aggregates is
expected to be beneficial for T cell proliferation. As this aggre-
gation is rather inhomogeneous, having a few pores that are
larger might be beneficial to support its growth. It is also
worth mentioning that the pore size dictated by the opal struc-
ture could easily be tuned at the microscale by varying the dia-
meter of the PMMA beads, as previously shown in a similar
system.*’ However, a few parameters should be contemplated.
As mentioned above, the intrinsic porosity of the hydrogels
should be considered, especially for the smaller pore sizes,
whereas potential structure collapses may affect IOPAL hydro-
gels with larger pore sizes. In both cases, higher concen-
trations of PEG would help minimize these issues by reducing
the inherent porosity of PEG-Hep hydrogels and increasing
their stiffness, respectively.

In addition to pore size, the connectivity of the hydrogels is
crucial for T cell migration and interaction with Dynabeads in
order to improve T cell proliferation. Interestingly, the connec-
tivity density of the IOPAL system was found to be four times
superior compared to that of the bulk hydrogel by X-ray micro-
tomography (Fig. S1t). This result is in accordance with the
expected nature of the IOPAL structures, which show intercon-
nected pores.*’

Additionally, T cell infiltration in the IOPAL hydrogels

beads. This outcome can be explained by the porous nature of was confirmed by confocal microscopy. Specifically,
(a) (b)
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Fig. 1 Formation of the IOPAL PEG—Hep hydrogel. (a) Simplified scheme of the formation of an IOPAL PEG—Hep hydrogel. (b) Photographs of the
opal & hydrogel hybrid before the AcOH treatment, when they are white and opaque. After AcOH treatment, they result in transparent hydrogels,

indicating the complete removal of the PMMA beads.
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Fig. 2 Structural properties of IOPAL PEG—Hep hydrogels. (a) ESEM images and (b) pore size evaluation of bulk and IOPAL PEG—-Hep hydrogels. The
statistical significance was determined by the Mann—Whitney U test (***p < 0.001). (c) 3D confocal projection showing CFSE-stained primary human
CD4+ T cells in a representative IOPAL PEG—Hep hydrogel after 5 days of incubation (area = 1.5 cm X 1.5 cm x 0.4 cm). (d) Storage modulus (G’) of
bulk (Nhydrogets = 2) and IOPAL (Nyygrogeis = 2) hydrogels. Bars are mean + standard deviation.

primary human CD4+ T cells from adult donors were
stained with CFSE, which is an intracellular dye that is only
fluorescent in viable cells, and it is widely used for prolifer-
ation studies (Fig. 2c). In these hydrogels, we believe that
human T cells, with a diameter of ca. 7 um,*® can infiltrate
by the effect of gravity and then move through the intercon-
nected IOPAL structure (pore diameter of 78 pm) with an
almost unconstrained migration. In addition, the
Dynabeads, which are also infiltrating through the porous
structure of the hydrogels, may facilitate the process (see
ESI videot).

3.3 Mechanical properties of the IOPAL PEG-Hep hydrogels

The mechanical properties of IOPAL PEG-Hep hydrogels were
characterized by small-amplitude oscillatory shear (SAOS)
rheology (Fig. 2d and S2f) in the LVE regime.*® The storage
modulus (G') obtained for the IOPAL hydrogels was of 0.46 +
0.01 kPa, which is slightly lower than the one of the bulk
hydrogel (0.75 + 0.08 kPa),*® as expected. This small difference
can be explained by the homogeneously larger and more inter-
connected pores of the IOPAL structure compared to the bulk.
Taking into account the intrinsic variability of the measure-
ments, these values can be considered comparable to pre-
viously reported lymphoid tissues (1.5-3.0 kPa),***° although
higher values were also found for LNs in breast and thyroid
3132 1t is also worth mentioning that cells also contrib-
ute to tissue stiffening, which may further reduce differences
once the hydrogels are loaded.

cancers.
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3.4 Primary human CD4+ T cell culture using IOPAL PEG-
Hep hydrogels

To determine the influence of the increased porosity and inter-
connectivity given by the IOPAL PEG-Hep hydrogels compared
to the bulk ones, primary human CD4+ T cell viability, differ-
entiation, and proliferation were measured by flow cytometry
at days 5 or 6, as standard time points. Before each flow cyto-
metry measurement, cells were carefully removed from the
hydrogels through vigorous pipetting in order to maximize cell
recovery. In both cases, T cells were polyclonally stimulated
with the artificial APCs Dynabeads (ratio 1:1), which were
maintained in culture until measurements. A positive control
consisting of T cells with Dynabeads in suspension, ie. the
state-of-the-art T cell expansion methodology, was also
included for comparison. It is also worth mentioning that
primary human CD4+ T cells from adult donors were used to
test the performance of the IOPAL PEG-Hep hydrogels for two
main reasons. First, there is a growing body of research that is
pointing out the usefulness of CD4+ T cells in the clinics.’*"®
Second, CD4+ T cells is an abundant cell population in com-
parison with other relevant T cell types such as CD8+ T cells.

A PI viability test was performed 5 days after seeding
(Fig. 3). As shown by flow cytometry, more viable cells were
detected in the IOPAL hydrogels (26.1% PI+) than in the bulk
ones (31.8% PI+). In both hydrogels, cells were more viable
than in suspension cultures (control+; 39.9% PI+). However,
only the IOPAL hydrogels showed non-statistically significant

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2bm00486k

Open Access Article. Published on 06 June 2022. Downloaded on 1/11/2026 6:05:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

(a)

>
>

800

Count

View Article Online

Paper

Control (+) Bulk IOPAL
el B I - o > el e T prr
86.6 134 1 60.1 399 200 70.7 293 300 175 225
600 2001 150
{ 200
400 | 100
1001
200 1 50 100
0 ol .} P 0 g 0
" 567 S ] " 5 7 ) 3 ]
0 10° 1080 0 10° 100 0 10° 1080 0 10° 1080

>
>

Propidium Iodine (PI)

(b

S
3
*

N W B W
2.2

=
T

PI positive cells (%) ~
=

=

*

R x)

R
& e

AN

N
N
' \O

Fig. 3 Effect of IOPAL and bulk PEG—Hep hydrogels on primary human CD4+ T cell viability. (a) Representative flow cytometry histograms of the
(b) PI viability test performed to CD4+ T cells after 5 days of culture with Dynabeads in IOPAL and bulk PEG—Hep hydrogels, or in suspension
(control (+)). Control (-) represents cells in suspension without Dynabeads. Bars are mean + standard deviation (Ngonors = 4). Significance was deter-

mined by the Mann—Whitney U test (*p < 0.05).

differences with the negative control (cells without Dynabeads;
15.5% PI+). Thus, the IOPAL hydrogels are able to provide a
cell viability similar than that of non-activated cells.

The proliferation assay was performed using CFSE-stained
cells analyzed by flow cytometry after 6 days of culture.’®
Specifically, we analyzed the expansion index which gives
information about the growth of the whole culture, as a ratio
between the final and the starting number of cells. This para-
meter is therefore indicating the total number of cells achieved
after culture, and thus, it is crucial for cell therapies.
Additionally, we also evaluated the replication index, defined
by the fold-expansion of the culture, but only taking into
account the activated cells, and the proliferation index related
with the average number of divisions that stimulated cells have
undergone. The higher the proliferation index, the higher the
cellular proliferative response provided by the culture environ-
ment. Consequently, these three parameters provide infor-
mation about the cell response to the activation and prolifer-
ation stimuli (see ESIt).”" Given the donor-to-donor variability,
the proliferation results (Fig. 4a-c) were normalized in each
experiment to the positive control, consisting of CD4+ T cells
with Dynabeads in suspension. For that reason, all the positive
controls index values are 1. The non-normalized data can be
found in Fig. S3.f

The median normalized proliferation, expansion, and repli-
cation indexes for the bulk hydrogels were 1.03, 1.01, and 1.29,
respectively, in accordance with our previous results.*® The
same three normalized indexes were significantly higher for
the IOPAL hydrogels, being 1.18, 1.28, and 1.63. Both hydro-
gels showed statistically significant increases compared to the

This journal is © The Royal Society of Chemistry 2022

positive controls, except for the expansion index in the bulk
hydrogel, even though a slight increase of 1% was observed.
The major improvements were observed for the replication
index with the IOPAL hydrogels. Specifically, these hydrogels
resulted in an improvement of 63% compared to the cells acti-
vated in suspension (positive control) and an increase of 34%
in comparison with the bulk hydrogels. This indicates that the
responding cells that get activated in the hydrogels proliferate
more than the activated cells in suspension. In summary, we
can confirm that the increase in pore size, homogeneity, and
interconnectivity introduced by the inverse opal strategy, con-
tributed to an even better overall cell growth than the standard
bulk hydrogels.

Finally, the phenotypes of the expanded primary human
CD4+ T cells were analyzed after 5 days of culture. In particu-
lar, the subpopulations of naive (Ty; CD45RO™/CD62L"),
effector (Tgpr; CD45RO™/CD62L7), effector memory (T
CD45RO*/CD62L7), and central memory (Tcy; CD45ROY/
CD62L") were quantified by flow cytometry (Fig. 4d, S4 and
S51), given their clinical importance in ACT.*

As mentioned above, there is a donor-to-donor variability
that should be considered. For this reason, we also analyzed
the percentages of CD4+ T cells that express CD45RO and
CD62L without stimulation with Dynabeads (negative control).
The main phenotype obtained in the negative control was Ty
with a median value of 45%. As expected, this subpopulation
was found to be less preponderant when cells were activated.
Specifically, the positive control, bulk, and IOPAL hydrogels
showed Ty percentages of 6, 15, and 11%, respectively. For the
Tem phenotype, median values rose to 27% for T cells in sus-

Biomater. Sci, 2022,10, 3730-3738 | 3735


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2bm00486k

Open Access Article. Published on 06 June 2022. Downloaded on 1/11/2026 6:05:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Biomaterials Science
(a) * (b) K%k
24 * 2.4+ Xk %
*
184 5 ‘ 22
5 5 2l ——
%) 1.6 E
= = 1.8
S | 3 .
E 1.4+ § 1.6 % v
S e—— ] -
2,124 ha B & i z =
& . = 1.24 .
[ s = —_ T
P 14 -sootoee *
0+
0.8 T T . 0.8 T T .
Control (+) Bulk IOPAL Control (+) Bulk IOPAL
(c) - ok (d) ;000
: * * 90% 16% 19% O Tgy
27% 32%
- 80% B Ty
%: 1.4 . g, 70% 27% 0Ty
= —T S 60% OT,..
8 § 50% 63% o
S 7o) i g 43%
S 1:2 . L] S 40% 62%
s . i & 45%
= I 30%
~ *
s 4. 20% 15%
A o4 10% e% | 11%
0% 12% 5% 9% 7%
0.8 : . ; \O @ o NS
Control (+) Bulk IOPAL Co\\“o CD\\“O\ ¥ ©°

Fig. 4 Effect of IOPAL and bulk PEG—Hep hydrogels on primary human CD4+ T cell proliferation. (a) Normalized expansion, (b) replication, and (c)
proliferation indexes of CD4+ T cells stimulated with Dynabeads 6 days after seeding on bulk and IOPAL PEG—Hep hydrogels (Ngonors = 7). (d)
Percentage of naive (Ty), effector (Tgrs), effector memory (Tgm), and central memory (Tcym) CD4+ T cells on day 5 (Ngonors = 6). The negative control
consists of cells seeded in suspension without Dynabeads, whereas in the positive control, cells are seeded in suspension with Dynabeads. Cells
seeded in the hydrogels are always stimulated with Dynabeads. Statistical significance was determined by the Mann—Whitney U test (*p < 0.05, **p <

0.01).

pension, 32% for bulk hydrogels, and 19% for IOPAL. Thus,
the IOPAL hydrogels did not promote the Txy phenotype com-
pared to suspension and the bulk hydrogels. In contrast, the
Terr phenotype resulted in lower percentages when cells were
activated. A 5, 9, and 7% were obtained for the positive
control, bulk, and IOPAL hydrogels, whereas the negative
control showed a 12% of the total cell population. Remarkably,
the median value for the Ty phenotype obtained in CD4+ T
cells cultured in the IOPAL hydrogels was of 63%. This percen-
tage is higher than the 43% obtained with the bulk hydrogels
and comparable with the 62% obtained in suspension. It is
worth mentioning that the Ty phenotype is of great impor-
tance for the clinics due to its capacity to mediate an effective
and sustained response.

In conclusion, IOPAL hydrogels provide higher numbers of
viable cells, but with less differentiated phenotypes. We
suggest that this result is a consequence of the higher mobility
of cells and beads inside the interconnected structure of the
IOPAL hydrogels, which may favor more but shorter inter-
actions between them. Thus, this system is ideal to achieve the
requirements of the clinics, which are the ex vivo production

3736 | Biomater. Sci, 2022, 10, 3730-3738

of large numbers of cells with phenotypes able to persist
in vivo, such as the central memory T cells.'®>°

4. Conclusions

IOPAL 3D PEG-Hep hydrogels were synthesized, characterized,
and used for primary human CD4+ T cell culture. Not only
they resulted in an improvement in cell viability and prolifer-
ation when compared to the state-of-the-art methodologies,
but also to its bulk form. This indicates the importance of
pore size and interconnectivity on T cell activation, which we
suggest that facilitates the interaction with Dynabeads.
Moreover, we demonstrated the capacity of such hydrogels to
influence the phenotype obtained, which is related to the clini-
cal outcomes. Thus, these hydrogels have the potential to help
surpassing the current limitation of ACT of producing large
amounts of cells with therapeutic phenotypes. This limitation
is especially important in ETC and ACT based on TILs, ie. in
therapies with non-engineered T cells. Additionally, these
hydrogels could be explored for implantation, as both their

This journal is © The Royal Society of Chemistry 2022
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components, PEG and heparin are approved for human use.
Heparin is a widely used anticoagulant,”® whereas PEG has
also various uses, especially in the cosmetic and pharma-
ceutical industries.”® Thus, both bulk and IOPAL PEG-Hep
hydrogels could potentially be useful implants, e.g. as depots
to deliver T cells in vivo after tumor resection to completely
eliminate residual cancer cells, or even more interesting, for
future in vivo ACT.>” Nevertheless, a complete study should pre-
viously be performed, which would include hydrogel degrad-
ability, in vivo biocompatibility, and T cell releasing capacity.
Moreover, the IOPAL strategy could be applied to other hydro-
gels used in the growing field of 3D cell cultures for regenera-
tive medicine and organoid engineering.
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