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Abstract

Hypoxia, an important feature of solid tumors, is a major factor shaping the immune
landscape, and several cancer models have been developed to emulate hypoxic tumors.
However, to date, they still have several limitations, such as the lack of reproducibility,
inadequate biophysical cues, limited immune cell infiltration, and poor oxygen (O2)
control, leading to non-pathophysiological tumor responses. As a result, it is essential to
develop new and improved cancer models that mimic key features of the tumor
extracellular matrix and recreate tumor-associated hypoxia while allowing cell infiltration
and cancer-immune cell interactions. Herein, hypoxia-inducing cryogels (HICs) have
been engineered using hyaluronic acid (HA) as macroporous scaffolds to fabricate three-
dimensional microtissues and model a hypoxic tumor microenvironment. Specifically,
tumor cell-laden HICs have been designed to deplete Oz locally and induce long-standing
hypoxia. This state of low oxygen tension, leading to HIF-1a stabilization in tumor cells,
resulted in changes in hypoxia-responsive gene expression and phenotype, a metabolic
adaptation to anaerobic glycolysis, and chemotherapy resistance. Additionally, HIC-
supported tumor models induced dendritic cell (DC) inhibition, revealing a phenotypic
change in plasmacytoid B220* DC (pDC) subset and an impaired conventional B220- DC
(cDC) response in hypoxia. Lastly, our HIC-based melanoma model induced CD8+ T cell
inhibition, a condition associated with the downregulation of pro-inflammatory cytokine
secretion, increased expression of immunomodulatory factors, and decreased
degranulation and cytotoxic capacity of T cells. Overall, these data suggest that HICs can
be used as a tool to model solid-like tumor microenvironments and identify a phenotypic
transition from cDC to pDC in hypoxia and the key contribution of HA in retaining cDC
phenotype and inducing their hypoxia-mediated immunosuppression. This technology
has great potential to deepen our understanding of the complex relationships between
cancer and immune cells in low Oz conditions and may pave the way for developing more

effective therapies.
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Introduction

The tumor microenvironment (TME) plays a decisive role in cancer initiation and
dissemination.(1) However, despite massive efforts in cancer research, the TME
continues to be poorly emulated and understood. Complex by its composition, the TME
is often characterized by low Oz levels known as hypoxia (~0.5-3% O2),(2) a condition
modulating several essential components such as the extracellular matrix, bioactive
substances (e.g., glycosaminoglycans), tumor cells, and immune cells.(3) Hypoxia, a
hallmark of aggressive cancers,(4) leads to cell metabolic changes and adaptation, tumor
cell growth and invasion, resistance to apoptosis, and drug resistance.(5) Moreover, the
TME has been shown to induce hypoxia-mediated immunosuppression linked to immune
evasion.(6, 7) Therefore, unraveling the complex relationships between cancer cells and
immune cells in hypoxia is critical, not only to enhance chemotherapy,(8) radiotherapy,(9)
and immunotherapy,(10) but also to find more effective strategies that can unlock the full

potential of the patient’s immune system to fight back against cancer.

Animal models such as rodents have been perceived as an invaluable tool to better
understand the role of the hypoxic TME on cancer development and resistance to cancer
therapies. However, they are costly, time-consuming, and a poor predictor in human
clinical trials.(11, 12)Therefore, in recent years, several approaches to modeling solid
hypoxic tumors have been developed, ranging from two-dimensional (2D) to three-
dimensional (3D) cell culture models.(13) Standard cancer models in 2D are convenient
and can reproduce hypoxia-driven biochemical cues, but their lack of 3D cellular
organization and an extracellular matrix (ECM) result in non-pathophysiological tumor cell

responses.(14) To overcome these challenges, cell culture models in 3D such as
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spheroids and organoids have been developed to emulate the complexity of tumor-like
architecture and provide biophysical cues.(15) Yet, they still fail to recreate the cellular
and matrix complexity of native tumor tissues, be reproducible consistently, provide key
biomechanical cues, and induce a tumor-like Oz deficient environment.(16, 17) Therefore,
there is a dire need to develop new strategies and create better cancer models. To
advance our understanding of cancer immunology, new approaches should be explored
to induce consistent and homogeneous tumor hypoxia, provide physical support to cells,
offer a porous network in 3D to facilitate cell infiltration and interactions, display key ECM

components, and ultimately emulate aspects of the immunosuppressive TME.

Engineering innovative biomaterials to mimic the TME has gained great interest in
the field, especially for drug screening, and to better understand cancer biology and
immunology.(18) For instance, Matrigel and other biomimetic hydrogels composed of
collagen and HA have been extensively investigated to recreate the tumor ECM.(19)
However, such biomaterials do not display several key features of solid tumors, including
control over low Oz tension.(20) Recent studies have shown that O2-consuming enzymes
can be used as a reliable alternative to induce hypoxia in agqueous solutions, hydrogels,
and microfluidic devices.(21-23) The most common strategy relies on glucose oxidase
(GOX), a protein catalyzing the oxidation of 3-D-glucose to D-glucono-&-lactone from the
medium while quickly depleting 02.(24, 25) Despite efficient induction of hypoxic
conditions, these approaches induce short-term hypoxia and can be highly toxic to cells.
In addition, standard hydrogels also create a physical barrier due to their mesoporous
structure, restricting tumor cell organization and immune cell infiltration as well as the
diffusion of solutes (biomolecules, drugs, nutrients, etc.).(26) Therefore, designing
scaffolds mimicking tumor ECM with a highly interconnected macroporous network is

critical to facilitate the diffusion of solutes, allow immune cell infiltration, and promote cell-
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cell interactions and organization.(27, 28) Our team has recently reported the development
of innovative macroporous and injectable cryogels as promising biomaterial for tissue
engineering, tumor modeling, and immunotherapies.(29-32) Cryogels possess unique
features such as shame memory properties, high elasticity, and exhibit an interconnected
and large porous structure. Furthermore, cryogels have been successfully used as
biomimetic scaffolds to engineer tumor microtissues(33) and allow easy functionalization
with proteins, enzymes, and peptides,(34) making them an ideal platform for cancer

immunology research.

In this work, we hypothesized that advanced biomaterials can be designed as a
platform to develop improved cancer models, recapitulating key aspects of the
environmental cues in solid tumors, such as the physicochemical properties of the ECM
and a state of oxygen deficiency. Additionally, we postulated that these biomaterials could
be used as a tool to better understand cancer immunology under hypoxic conditions. To
this end, we fabricated 3D HICs to quickly create an O2-deprived environment and induce
cellular hypoxia. HICs were constructed with HA, a major component of the tumor ECM
that accumulates in the TME in response to hypoxic conditions.(35) The cryogels were
covalently grafted with GOX and catalase (CAT) to deplete O2 rapidly and safely. First,
we characterized the physical properties of HICs and then tested their capacity to induce
hypoxia (~1% Oz2) in a controlled and sustained fashion. Next, we investigated the
potential of HICs when infused with cancer cells to emulate hypoxia-driven phenotypic
changes, metabolic adaptation to anaerobic glycolysis, and chemoresistance. Finally, we
evaluated the effect of HICs on immune cells such as dendritic cells (DCs), principal
antigen-presenting cells and major regulator of the adaptive immune system, and

cytotoxic T cells (CTLs), an important subset of T cells responsible for killing cancer cells.
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Results

Fabrication of HICs

To model solid tumors, hypoxia-inducing scaffolds were fabricated by cryogelation at -20
°C as previously described (Figure 1A).(29, 30) Since HA is an important component of the
tumor-associated ECM(36) that promotes tumor progression,(37) polymerizable HAGM
(i.e., HA modified with glycidyl methacrylate) was used as the cryogel building block.
Integrins binding to ECM ligands are a dominant factor of cancer aggressiveness,(38)
therefore, chemically modified RGD (APR: acrylate-PEG-G4RGDSP),(39) a short peptide
present in various proteins of the ECM, was copolymerized with HAGM. To induce
hypoxia, acrylate-PEG-glucose oxidase (APG) and acrylate-PEG-catalase (APC) were
also used as co-monomers to enzymatically deplete Oz and degrade H202 byproduct,
respectively. After cryo-polymerization (step 1), HICs were thawed at RT to melt ice
crystals, resulting in a scaffold with large and interconnected pores. This unique
macroporous structure facilitates cell seeding and infiltration throughout the scaffold and
allows 3D reorganization of cells to mimic the tumor architecture (step 2). In addition, this
porous construct facilitates gas and solute diffusion, improving O2 depletion by APG while
preventing H202 accumulation. As illustrated in Figure 1B, HICs were engineered to
recreate aspects of aggressive solid tumors by emulating (/) hypoxia-associated tumor
cell metabolism, phenotype, and resistance to chemotherapeutics, (ii) hypoxia-associated
immune cell inhibition (e.g., dendritic cells), and (/i) an immunosuppressive TME, a

condition known to induce resistance of tumor cells to CTL-mediated cytotoxicity.
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Characterization of HICs

Cryogels possess unique physical properties including a well-controlled porous structure
and mechanical strength resulting in an elastic construct that facilitates biomolecule
diffusion, waste removal, and cell infiltration, invasion, and trafficking. To understand the
impact of enzyme grafting on cryogels, we first evaluated their microstructure as a
function of enzyme concentration. HICs were fabricated with 0.4% APC and various APG
concentrations (0.01-0.1%). Blank cryogel (APC-free and APG-free) was used as a
control. As shown in Figure 2A-C, confocal microscopy and SEM imaging showed that
HICs exhibit large pores, ranging from 20 to 200 ym in diameter. Additionally, no
significant changes were observed in pore size across the different APG concentrations
investigated as the average pore diameters of HICs and blank cryogels were found to be
similar around 50 ym. Similarly, grafting chemically-modified enzymes did not significantly
impact cryogels as the pore connectivity (83 £ 3 %) and swelling ratio (Qm =46 + 4) were
similar across all the groups (Figure 2D-E). However, it is worth noting that the addition
of APC and APG slightly reduced the Young’s modulus of cryogels independently of their
concentrations, with values of 2.7 + 0.2 kPa and ~1.9 £ 0.1 kPa for blank cryogels and
HICs, respectively (Figure 2F). Next, to confirm the successful incorporation of the
enzymes into the cryogels, HICs were fabricated with fluorescently-labeled APC
(fluorescein, green) and APG (cyanine-5, magenta) and analyzed by confocal microscopy
(Figure 2G). As expected, the grafting efficiency of APG into the polymer walls was
proportional to the concentration used. Importantly, changes in APG concentration did
not influence APC incorporation into the cryogel. Finally, the syringe injectability of HICs
was tested (Figure 2H, Video 1). All cryogels withstood the syringe injection through a
16G hypodermic needle without any mechanical damage and displayed shape memory

properties. Collectively, these results indicate that despite a slight change in mechanical
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properties compared to blank cryogels, HICs retained the unique and advantageous

characteristics of cryogels.

Hypoxia characterization and biological studies

We first investigated the capability of HICs to deplete Oz in cell culture conditions using
contactless O2 sensor spots (Figures 3A-B and S1A). In an aqueous solution
supplemented with glucose, APG quickly converts D-glucose (CsH1206) and Oz into H202
and D-glucono-1,5-lactone (CsH100s) (Equation 1). Then, APC comes into play to
catalyze the degradation of H202 into H20 + %2 Oz to prevent H202-related cytotoxicity at

concentrations >10 uM (Equation 2).(40)
CeH1206 + 0, = CeH1g06 + Hy0, (1)
H,0, > H0 + 20 (2)

As expected, HICs incubated in glucose-free DMEM under normoxic conditions did not
change the O2 tension (Figure S1A). However, in a glucose-supplemented DMEM, HICs
induced a rapid depletion of O2 across all APG concentrations (0.01-0.1%) tested (Figure
3B), with a time to hypoxia of 2 h, and hypoxic conditions sustained for up to 6 days
(Figure S1F-G). Next, kinetics of glucose consumption by HICs were evaluated. HIC-
induced glucose depletion was proportional to the amount of APG (0.01-0.1%) grafted
into the cryogels with consumption rates ranging from 5.5 + 0.6 to 10.97 + 0.6 g/L/day
during the hypoxia induction phase (Figures 3C and S1B). Once O:2 steady state (e.g.,
hypoxia) was reached, the glucose consumption rates of HICs (0.01-0.1%) significantly
decreased, varying from 0.73 £ 0.2 to 1.4 + 0.6 g/L/day (Figure S1C). Next, the influence

of APC concentration on net H202 production was explored. HICs containing 0.04% APG
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were grafted with various amounts of APC (0.01-0.1%) and subsequently incubated in
glucose-supplemented Dulbecco’s phosphate buffered saline (DPBS) for 6 days (Figures
3D, S1D, and S2). As expected, the addition of APC into the cryogels did not impact APG
grafting efficiency (Figure S2). HICs containing 0.4 % APC induced low H20:2
accumulation with a maximum of 3 + 3 yM during the induction phase, while gels with 1
% APC completely prevented net H202 production (Figures 3D and S1D). However, lower
amounts of APC led to higher levels of H202 during the initial Oz depletion phase, ranging
from 14.5 £ 4.9 uyM after 3 hto 27.5 + 14.7 uyM after 7 h for HICs with 0.2 and 0.1 % APC,
respectively. Interestingly, there was no detection of H202 for all HIC formulations during
the O2 steady state phase. Furthermore, we investigated the cell viability within HICs as
an indication of cytocompatibility. Blank cryogels and HICs were seeded with B16-F10
cells (1 x 10° cells/cryogel) and incubated for 24 h in normoxia (Figure 3E). All B16-F10
cell-laden HICs displayed a homogenous cell distribution throughout the scaffolds with
high viability (~96%), similar to their blank cryogels counterparts. It is worth noting that
cell clusters were visible after 24 h within HICs containing the highest amounts of APC
(0.04 and 0.1 %), suggesting the capacity of these constructs to promote tumor cell
reorganization into 3D-like microtissues. Taken together, HICs containing 0.04 and 0.4%
APC were selected and used for the rest of our studies. These HICs have the ability to
induce a steady state of hypoxia (~0.8% Oz2) within 2 h that can last for at least 6 days

(Figure S1E-G).

Next, HICs were tested for their capacity to induce cellular hypoxia. B16-F10 cells
(1 x 10% cells/cryogel) were cultured in blank cryogels and HICs under normoxic
conditions for 24 h, and pimonidazole (detection < 1.5% O2) staining was used to assess
cellular hypoxia (Figure 3F). After incubation, 90.5 + 0.8% of the cells within HICs were

hypoxic, whereas only 10.3 £ 0.5 % of hypoxic cells were observed in blank cryogels,
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suggesting an efficient induction of cellular hypoxia by HICs. Finally, the biocompatibility
of HICs and APC-free HICs was investigated in mice. Cryogels were first subcutaneously
injected in the dorsal flanks of C57BL/6J mice with glucose-supplemented DPBS, then
explanted with the surrounding tissues after 3 and 28 days (Figures 3G and S3), and
finally analyzed by histology using H&E and MT staining. All excised cryogels retained
their initial size and shape. Only a few neutrophils were observed in the HICs and blank
cryogels, suggesting minimal host immune reaction and inflammation (Figures 3G and
S3). In addition, both types of cryogels were well integrated within the native tissues, as
demonstrated by the thin fibrin layer at the junction between the connective tissue stroma
and the constructs. In contrast, APC-free HICs showed a high neutrophil infiltration as
early as 3 days post-injection and lasting for at least 28 days. In addition, a high fibrin
deposition deep inside the constructs was observed with poor integration with the
surrounding tissues, indicating a strong and chronic inflammatory reaction. Collectively,
these results suggest that HICs can induce cellular hypoxia while being biocompatible. In
addition, our data indicate that catalase is key in preventing the induction of a host

inflammatory response by residual HIC-induced H20:-.

HIC-based cancer models recapitulate tumor hypoxia and resistance to

chemotherapy

Several studies have reported that the hypoxic TME has an impact on cancer cell
metabolism and phenotype.(41, 42) Thus, we investigated the capacity of HIC-supported
tumor models to recapitulate the impact of hypoxic conditions on cancer cells. B16-F10
cells were seeded within blank cryogels and HICs (1 x 10° cells/cryogel) and cultured for

up to 72 h. A change in the metabolic activity was evaluated by measuring the
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extracellular pH and lactate concentration, as well as the glutamine and glutamate
concentrations as markers of aerobic glycolysis and glutaminolysis, respectively.(43, 44)
Although pH values remained within the physiological range for cancer cells, HICs
induced a notable decrease of extracellular pH compared to blank cryogels: 6.6 + 0.1 vs.
7.2+ 0.1 at 72 h, respectively (Figure 4A). In addition, compared to blank cryogels, HICs
substantially increased lactate and glutamate secretion (~3-fold) and decreased
glutamine concentration (~1.5-fold) in the cell culture supernatant (Figure 4B). Next, we
investigated the impact of HICs on B16-F10 cell phenotype. Total mRNA was extracted
from the cells cultured for 24 and 48 h, and the expression profile of several hypoxia-
associated tumor aggressiveness markers was analyzed by RT-gPCR (Figure 4C): i) HIF-
1a, a subunit of the transcription factor hypoxia-inducible factor 1 implicated in the
regulation of cellular and developmental response to hypoxia;(45) ii) cluster of
differentiation 73 (CD73), a surface enzyme responsible for the extracellular accumulation
of immunosuppressive adenosine;(46) iii) vascular endothelial growth factor alpha
(VEGFa), a major angiogenic factor that has been associated with cancer progression
and decreased survival rates;(47) and iv) SRY (sex determining region Y)-box 2 (SOX2),
an embryonic stem cell transcription factor involved in cancer cell invasion.(48) After 48 h
of incubation, B16-F10 cells within HICs had a significant increase of HIF-1a (2-fold),
VEGFa (12-fold), CD73 (2-fold), and SOX2 (8-fold) compared to the expression levels of
B16-F10 cells within blank cryogels. It should be noted that the expression levels of CD73
and SOX2 started to increase just after 24 h of culture within HICs. Surprisingly, B16-F10
cells in blank cryogels also demonstrated a slight overexpression of HIF-1a, VEGFa, and
SOX2, most likely due to partial hypoxia within the construct owing to an increased

consumption of oxygen relative to cell proliferation. Collectively, these results suggest
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that HICs emulate the hypoxic TME, inducing hypoxia-mediated metabolism

reprogramming and phenotypic changes in cancer cells.

Next, we evaluated HIC-induced cancer cell resistance to chemotherapeutic
agents. B16-10 and 4T1 cells (1 x 10° cells/per cryogel) were seeded within blank
cryogels and HICs, treated with doxorubicin (DOX) and cisplatin (CIS) at various
concentrations (0—-31.6 uM), and cell viability was assessed after 24, 48, and 72 h of
incubation (Figures 4D-E, S4A-B, and S5A-B). The half-maximal inhibitory concentration
(ICs0) was determined as the dose of chemotherapeutic agents killing 50% of cancer cells.
Tirapazamine (TPZ), an anti-cancer drug activated only in hypoxic conditions, was used
as a control. Our data show that B16-F10 cells cultured in blank cryogels were extremely
sensitive to DOX (Figures 4D and S4A) and CIS (Figure 4E) treatments, with ICso values
decreasing from 1.08 uM and 69.11 uM after 24 h to 0.38 uM and 3.62 uM after 72 h,
respectively. In contrast, B16-F10 cells in HICs demonstrated high resistance to both
chemotherapeutics after 72 h of treatment, with 1Cso values of 47.23 uM for DOX and
123.39 uM for CIS, which represents an increase in chemoresistance by 124-fold and 34-
fold, respectively, compared to our controls (i.e., cells cultured in blanks cryogels). Similar
results were obtained with 4T1 cells, with an increased resistance to DOX by 290-fold
and to CIS by 101-fold in comparison to our controls (Figures S4B and S5A-B). As
expected, TPZ had little impact on the viability of B16-F10 cells in blank cryogels (ICs0 =
187.5 pyM), while inducing significant cell mortality in those cultured within HICs (ICso =
31.22 yM). Overall, these results indicate that HICs can locally emulate a hypoxic TME,
bestowing cancer cells hypoxia-mediated resistance to chemotherapy drugs or sensitivity

to hypoxia-activated pro-drugs.
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HICs induce DC subset change and immunomodulation

Next, we tested the capacity of HICs to mimic hypoxia-mediated inhibition in a tumor-like
microenvironment. Hypoxia is a key microenvironmental factor in solid tumors that inhibits
immune cells. It can negatively impact DC survival and activation, (49, 50) as well as impair
the stimulation and cytotoxic activity of tumor-reactive T cells.(51) However, some studies
also reported divergent effects of hypoxia on DCs such as increased expression of co-
stimulatory molecules or a potentializing effect upon stimulation with adjuvants.(52-54)
Therefore, we first investigated the effect of hypoxic conditions on primary DC function
(Figures 5A and S6A). Bone marrow-derived dendritic cells (BMDCs) were stimulated for
24 h with lipopolysaccharide (LPS) (Figure 5) or cytidine-guanosine-dinucleotides
oligodeoxynucleotide (CpG ODN) 1826 (Figure S6) in normoxic or hypoxic conditions in
2D (i.e., cryogel-free) or 3D (i.e., blank cryogels). Although no changes in DC phenotype
were observed in the non-treated conditions, LPS and CpG-mediated stimulation
significantly decreased the fractions of plasmacytoid B220* DCs over conventional B220"
DCs in normoxia (Figures 5B and S6B). Conversely, in hypoxia, both stimulations induced
an increase in the B220* DC population in 2D compared to blank cryogels (60% vs. 30%).
Interestingly, B220* and B220- DC subsets displayed different activation and maturation
markers in hypoxia upon LPS and CpG stimulation (Figures 5C-D and S6C-D). LPS-
treated B220* DCs in 2D exhibited an increased expression of MHCII (~40%) and CD317
(~30%) but a decreased expression of CD86 (~40%) in hypoxia compared to normoxia,
whereas a diametrically opposite response was observed with B220- DCs (Figure 5C-D).
Similar results were observed with CpG stimulation (Figure S6C-D). Intriguingly, DCs
stimulated in the presence of blank cryogels displayed an opposite response compared
to 2D. For instance, while the fraction of B220* CD86* DCs decreased upon LPS

stimulation in 2D hypoxia vs. normoxia (~15% and ~60%, respectively), it increased with
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blank cryogels (~30% and 10%, respectively). Similarly, the fraction of B220- CD86" DCs
was increased in 2D under hypoxic conditions following LPS stimulation compared to
normoxia (~90% vs. ~40%, respectively), whereas it was reduced with blank cryogels

(~50% vs. 90%, respectively).

Recent studies have shown that HA can induce immunostimulation or immunomodulation
based on its molecular weight,(55, 56) but also how it interacts with immune cells.(57, 58)
To expand our previous analysis, we investigated how HA influenced DC subsets and
activation states in normoxia and hypoxia. DCs were stimulated with LPS or CpG, in the
presence of blank cryogels (composed of chemically modified HA), PEGDM cryogels
(neutral polymer: 3D control), or in 2D (wells coated with HA, positive control) (Figure
S7A). As anticipated, not only stimulated DCs behaved similarly in blank cryogels and
HA-coated conditions but opposite results were obtained with polyethylene glycol
dimethacrylates (PEGDM) cryogels as previously seen with the cryogel-free condition
(Figures 5B-D and S6B-D). In normoxia, higher fractions of B220- CD86* and B220-
MHCII* DCs were observed in HA-containing conditions compared to PEGDM cryogels.
On the contrary, in hypoxic conditions, PEGDM cryogels induced an increase of the
B220* DC subset and B220- CD86" fraction compared to blank cryogels and HA-coated
wells. Altogether, our results first suggest that HA impacts DC differentiation in hypoxia,
preventing phenotypic switching from conventional to plasmacytoid. In addition, our data
indicate that HA also changes the responses of LPS and CpG-treated DCs within the

same subsets, with strong inhibition when subjected to hypoxia.

Another important consideration is the exposure time to hypoxia, as previously
observed with cancer cells (Figure 4). Therefore, we investigated how hypoxia pre-
conditioning influenced DC activation and maturation. Unconditioned and pre-conditioned

DCs for 24 h in normoxia or hypoxia were stimulated with LPS (Figure SE) or CpG (Figure

14


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

S6E) for 24 h in the presence of blank cryogels. Unconditioned and pre-conditioned DCs
in normoxia did not show any differences in B220" subset fractions or the activation and
maturation levels (B220- CD86", CD317*, and MHCII*). However, in hypoxic conditions,
unconditioned DCs displayed the same patterns as normoxic DCs with a lower B220*
fraction and resistance to hypoxia-mediated immunosuppression in comparison to pre-
conditioned DCs. Finally, we investigated whether HICs could recapitulate hypoxia-driven
DC inhibition. BMDCs were first pre-incubated with blank cryogels or HICs and in hypoxia
and with blank cryogels in hypoxia. Next, BMDCs were treated with LPS (Figures 5F and
S7B) or CpG (Figure S6F) for 24 h. In normoxia, HICs significantly hampered DC
activation with decreased fractions of CD86* (~15%), CD317* (~20%), and MHCII*
(~40%) DCs compared to blank cryogels. Strikingly, DC inhibition with HICs was
comparable to DCs stimulated in blank cryogels under hypoxic conditions (Figures 5F,
S6F, and S7B). This finding was further confirmed by evaluating the concentrations of
pro-inflammatory cytokines such as IL-6 and TNF-a in the cell culture supernatant
(Figures 5G and 6G). HICs significantly decreased the secretion of IL-6 (~2-fold) and
TNF-a (~1.5-fold) by DCs stimulated in normoxia compared to blank cryogels, similar to
hypoxia-mediated DC inhibition in blank cryogels. Collectively, these data suggest that
pre-conditioning in  hypoxia is critical to understand hypoxia-mediated
immunosuppression of DCs. In addition, our results confirm that HICs induce an

immunosuppressive hypoxic environment, altering DC activation and cytokine secretion.

HIC-supported melanoma model recapitulates hypoxia-mediated T cell inhibition
To substantiate our previous findings, we investigated the capacity of HICs to emulate
tumor-mediated T cell inhibition in a hypoxic environment. To this end, the HIC platform

was used to develop a hypoxic 3D co-culture system in which the cytotoxic function of

15


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

OT-1 T cells on B16-OVA cells was evaluated (Figure 6A-B, Videos 2,3). B16-OVA cells
(1 x 10° cells/per cryogel) were cultured for 3 h within blank cryogels or HICs in normoxia,
then subsequently cocultured with OT-1 T cells (ratio 2:1) for another 24 h in normoxia or
hypoxia. Under hypoxic conditions, the cytotoxic activity of OT-1 T cells decreased
dramatically (~13 * 5%), confirming that hypoxia inhibits cytotoxic T cells in this model
(Figure 6A). Under normoxic conditions, OT-1 T cells infiltrated the blank cryogels and
efficiently killed B16-OVA cells (90 £ 1% cell death) after 24 h. In contrast, HICs protected
B16-OVA cells from OT-1 T cells by compromising their cytotoxic activity (~12 + 3% cell
death), comparable to hypoxia-mediated inhibition (i.e., B16-OVA and OT-1 T cells
cocultured in a hypoxic incubator). To further confirm these results, the tumoricidal
capacity of OT-1 T cells was assessed by time-lapse microscopy. Under normoxic
conditions, B16-OVA cells (1 x 10° cells/well) were cultured for 3 h in 48-well plates in the
presence of blank cryogels or HICs, then subsequently cocultured with OT-1 T cells (ratio
2:1) for 4 h (Figure 6B, Videos 2,3). As expected, HICs prevented OT-1 T cells from
inducing high tumor cell death, whereas most cells were killed in the presence of blank

cryogels.

To better understand how HICs and hypoxia impact OT-1 T cell cytotoxicity, we
characterized B16-OVA and OT-1 T cells after 24 h of co-incubation within blank cryogels
and HICs in normoxic and hypoxic conditions (Figures 6C-D and S8). The fractions of
B16-OVA cells expressing HIF-1a, CD73, and the checkpoint inhibitor programmed
death-ligand 1 (PD-L1) significantly increased in HICs and hypoxia (2 to 3-folds)
compared to B16-OVA cells cultured in blank cryogels under normoxic conditions (Figure
6C). Surprisingly, HICs did not impact the frequency of CD39* B16-OVA cells, and none

of the conditions influenced MHC-I expression on B16-OVA cells (Figure S8A). With
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respect to OT-1 T cells, we first confirmed that the different coculture conditions did not
change the frequency of CD8* OT-1 T cells (Figure S8B). When cocultured in normoxia,
we observed that HICs significantly increased the fraction of CD69* (early activation
marker), CTLA-4* (checkpoint inhibitor), and H2Kb* (H2Kb ova-specific OT-1 T cell
receptor) OT-1 T cells, with frequencies comparable to those obtained under hypoxic
conditions (Figure 6D). Similarly, HICs substantially decreased the fraction of MHC-I*,
CD25" (component of the IL-2 receptor), CD44" and LAG3" (activation markers), CD137*
(co-stimulatory receptor), and PD-1* (checkpoint inhibitor) OT-1 T cells. To deepen our
understanding, we evaluated cytokine secretion and production by OT-1 T cells after 24
h of co-incubation with B16-OVA cells in normoxia and hypoxia. Under normoxic
conditions, compared to blank cryogels, HICs led to a significant decrease in the secretion
of perforin (a glycoprotein responsible for pore formation in cell membranes of target
cells), granzyme B (a cytotoxic serine protease inducing apoptosis and mediating the
cytotoxicity against B16-OVA cells), IFN-y (mediator of cytotoxic T cell motility and
cytotoxicity), and TNF-a (mediator of cytotoxic T cell activation) (Figure 6E). These
findings were comparable to hypoxia-mediated inhibition when B16-OVA and OT-1 T cells
were cocultured in a hypoxic incubator. Surprisingly, HICs and hypoxia did not alter the
ability of OT-1 T cells to produce those biomolecules (Figure 6F), with similar fractions of
CD44* OT-1T cells producing perforin, granzyme B, IFN-y, and TNF-a compared to blank
cryogels in normoxia. Collectively, these results clearly suggest that HIC-supported
cancer models induce hypoxia-mediated immunosuppression by interfering with

important tumor killing functions of effector T cells.
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Discussion

Hypoxia in the TME is a major contributor to tumor development, aggressiveness, multi-
drug resistance, and immune escape.(5) Yet, there are no reliable cancer models that
mimic both the architecture of tumors and hypoxic conditions.(59) In addition, an ideal
cancer model should be able to allow immune cell infiltration and recapitulate tumor-
immune interactions to advance our knowledge of cancer immunology and improve
preclinical screening of immunotherapies.(60) To overcome these challenges, we
developed an new cryogel-based cancer model platform by creating HICs capable of
inducing a local hypoxic tumor microenvironment in 3D while enabling cancer-immune

cell interactions.

We engineered a new class of macroporous and syringe-injectable cryogels that
can deplete Oz in a glucose-dependent and sustained fashion for several days, creating
local hypoxic conditions leading to cancer cell-associated metabolic switch, phenotypic
changes, and hypoxia-mediated immune cell inhibition. These HICs were fabricated by
covalently incorporating APG and APC within the cryogel polymer network, inducing a
fast and long-lasting Oz depletion while preventing H202-related cytotoxicity. Among all
formulations investigated, HICs containing 0.04% APG and 0.4% APC promoted 3D
cancer cell reorganization and cellular hypoxia, while consuming the lowest amount of
glucose and generating negligible levels of H202. These HICs created a hypoxic
environment (~0.8% O32) within 2 h and maintained hypoxia for at least 6 days, whilst
remaining cytocompatible and biocompatible. O2 depletion could be further prolonged by
increasing the amount of APG on cryogels, as well as the amount of APC to prevent any

potential cytotoxicity. However, this could lead to unsustainable glucose depletion from
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the medium that may impact the cell behavior. Other strategies could be investigated to
induce hypoxia such as the incorporation of laccase and ferulic acid within cryogels,(61)
or the encapsulation of O2 scavengers like sodium sulfite with the catalyst cobalt

sulfate.(62)

O2-depleting biomaterials have the potential to improve solid tumor modeling in
vitro, by not only providing adequate biomechanical cues to support cell growth and
reorganization in an ECM-like matrix, but also by controlling O2 depletion to emulate the
hypoxic TME.(63) In hypoxia, solid tumors heavily rely on glycolysis over oxidative
phosphorylation via the Warburg effect,(42, 64, 65) resulting in lactate and glutamate
production as well as glutamine uptake and acidosis.(66) In this work, we demonstrated
that HICs induced hypoxic conditions leading to a pH and glutamine concentration
decrease in the cell culture supernatant which was correlated with an increased secretion
of glutamate and lactate. This resulted in a profound change in B16-F10 cancer cell
metabolism, switching from aerobic respiration to anaerobic glycolysis.(67) In addition,
hypoxia is a critical factor in cancer aggressiveness and resistance to therapy.(68) Here,
we showed that HICs promoted the upregulation of HIF-1, VEGFa, and SOX2 genes by
B16-F10 cells which have been previously associated with tumor vascularization, as well
as tumor cell proliferation, migration, and invasion.(69-71) Moreover, cancer cells in HICs
displayed similar responses to chemotherapeutic agents used in clinical trials.(72, 73) HICs
increased the resistance of B16-OVA and 4T1 cells to two commonly used
chemotherapeutic drugs to treat cancer, namely DOX and CIS,(74) and an increased
sensitivity to TPZ, a hypoxia-activated prodrug.(75) Collectively, these findings suggest
that HICs contribute to hypoxia-mediated metabolism adaptation, phenotypic changes

toward aggressiveness, and cancer therapeutic resistance, emulating the behavior of
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hypoxic solid tumors. However, more work could be performed to optimize HIC-based
cancer models, such as investigate the influence of other components of the tumor ECM
(e.g., collagen) or matrix stiffness on cancer cell behavior in hypoxia.(76) In addition, HIC-
based cancer models could be leveraged to investigate the expression of hypoxic
biomarkers for cancer therapies,(77) as a tool for precision medicine, or to study hypoxia-

mediated resistance to other anti-cancer therapies such as radiotherapy.(78)

Tumor hypoxia is known to mitigate immune cell infiltration and function in the
TME, leading to immune escape.(79) However, the in vivo exploration of the complex
hypoxia-immune cell relationship is challenging, and current hypoxic cancer immunology
models are limited.(80) In this work, we first demonstrated that several parameters are
critical to faithfully emulate in vitro DC inhibition observed in the hypoxic TME. We showed
that not only does hypoxia influence DC maturation and polarization into pDCs (B220*
CD11c*) or cDCs (B220-CD11c*), but also that HA plays a critical role in these phenotypic
changes. In the absence of HA, DCs differentiate in pDCs under hypoxic conditions upon
LPS or CpG stimulation. pDCs are a subset of DCs that can be stimulated in hypoxia as
demonstrated by the increased fraction of B220* MHCII" and B220" CD317* pDCs.
Conversely, in the presence of HA, DCs retained their cDC phenotype in hypoxia,
showing a significant alteration in their capacity to be activated by LPS and CpG. This
can be correlated with a recent study that reported pDC infiltration in solid triple negative
breast cancer as a marker of good prognosis.(81) Moreover, we also demonstrated that
HA influenced the activation state of DCs within the same subset. pDCs demonstrated an
increased B220" CD86* fraction in hypoxia and decreased B220* MHCII* and B220*
CD317" fractions in presence of HA. Conversely, while HA increased the B220- CD86*

fraction of LPS and CpG-stimulated cDCs in normoxia, it dramatically hampered their
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activation in hypoxic conditions as compared to HA-free conditions. Therefore, our data
indicate that recapitulating the hypoxic tumor immunology in vitro also requires to emulate
more closely the TME. This agrees with previous findings demonstrating the crucial role
of CD44 (a HA-binding cell surface receptor) in promoting DC activation and DC-T cell
immunological synapse.(82, 83) Additionally, hypoxia promotes CD44 expression in DCs
subjected to hypoxia, leading to a TH2-mediated immune response and cancer immune
escape.(84, 85) Interestingly, hypoxia-driven inhibition was influenced by the duration of
hypoxia prior to stimulation. DC activation was not altered in hypoxic conditions if directly
stimulated with LPS or CpG, while a 24-h pre-incubation was sufficient to significantly
alter their stimulation. Therefore, at least a 24-h incubation time in 1% O2 seems to be
necessary to induce hypoxia-mediated DC changes, similar to what was observed with
B16-F10. This could explain the divergence in the field on the effect of hypoxia on DC
activation(se, 87), as a slight change in the incubation time and O2 tension could
significantly influence immune cell fate. Finally, we demonstrated that HIC-based immune
activation models can recapitulate hypoxia-driven immunosuppression. Upon LPS and
CpG stimulations, HICs reduced considerably the fractions of activated CD86", CD317*,
and MHCII* cDCs and the secretion of pro-inflammatory cytokines (IL-6 and TNF-a) to
levels comparable to those cultured in our control (blank cryogels) under hypoxic
conditions. Overall, we believe the HIC platform is able to engender more closely the
behavior of immune cells in solid tumors. However, more studies are required to fully
dissect how time to hypoxia and the tumor ECM influence immune cell activation and
maturation. For instance, using other ECM molecules (e.g., collagen, fibronectin, elastin,
and laminin) as the main components of the cryogel matrix could further give us some

insights on how immune cells behave in hypoxia.(88-91)
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Finally, we demonstrated that HIC-based cancer immunology models could
prevent T cell-mediated antitumor activity, with inhibition levels comparable to those
observed in hypoxia.(39) We observed that HICs and hypoxic conditions markedly
increased the fraction of B16-OVA cells overexpressing HIF-1a, as well as CD73 and PD-
L1 which are known to play a critical role in inhibiting immune cells via (i) the production
of the immunosuppressive adenosine(92, 93) and (ii) the binding to PD-1, a cell surface
receptor known to turn off tumor-specific T cells,(94) respectively. Similarly, we showed
that HICs emulate hypoxia-driven T cell inhibition, with a substantial decrease in the
fraction of OT-1 T cells expressing IL-2, CD25, and co-stimulatory TNF receptor CD137,
ordinarily responsible for T cell activation and survival.(95) This agrees with a decreased
secretion of pro-inflammatory cytokines such as IFN-y and TNF-a observed in the cell
culture supernatant of HICs and hypoxic conditions. On the contrary, we showed an
increase in the frequency of CD69* OT-1 T cells confirming their early activation,(96) and
H2Kb* OT-1 T cells, demonstrating high levels of the OVA-specific transgenic T cell
receptor that is responsible for B16-OVA recognition.(97) Interestingly, although HICs and
hypoxic conditions promoted the expression of the inhibitory immune checkpoint CTLA-4
on cytotoxic T cells, we observed a lower fraction of OT-1 T cells expressing the
checkpoint inhibitors PD-1 and LAG3.(46, 98) Considering that B16-OVA cells
overexpressed PD-L1, this suggests that PD-L1/PD-1 interaction is not the primary
mechanism responsible for T cell inhibition in our study. Similarly, our results indicate that
strategies targeting CTLA-4 may be more promising against solid tumors subjected to
hypoxia. Surprisingly, although MHC-I expression was decreased in OT-1 T cells when
cultured in HICs or under hypoxic conditions, no changes were observed in B16-OVA

cells suggesting that an alteration of MHC-I-H2KDb interaction is not the main driver for
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inhibiting T cell-mediated cytotoxicity. However, with the decrease of MHC-I, hypoxic T
cells may be more susceptible to natural killer (NK) cell-mediated death. Studies have
shown that NK cells can modulate T cell-mediated immunity via direct killing in the context
of chronic inflammation,(99) graft-versus-host diseases,(100) and viral infections.(101)
Therefore, one of the mechanisms of tumor immune escape in hypoxia could be hijacking
NK cell function and the killing ability against T cells to reduce the immune system's ability
to recognize, target, and eliminate cancer cells. Furthermore, we clearly quantified a
substantial decrease of T cell-mediated secretion of cytotoxic proteins (perforin and
granzyme B), which may explain why B16-OVA cell death was prevented in HICs and
hypoxic conditions. Surprisingly, we did not observe any change in the production of those
cytotoxic molecules and pro-inflammatory cytokines within OT-1 T cells when compared
to normoxia. Based on our previous observations(39) and these new findings, hypoxia
may not be preventing the interactions between cancer cells and T cells but rather
creating an immunosuppressive environment in which T cell activation is hindered, halting
the release of cytotoxic proteins to give the final blow to cancer cells. This could be
attributed to the accumulation of extracellular adenosine(93) or other immunosuppressive
molecules, or the lack or downregulation of T-cell stimulatory and co-stimulatory
receptors. However, more investigation is required to unravel and better understand how
hypoxia influences immune cells. For instance, HICs could be used to study DC-T cell
interactions in a hypoxic environment or understand how the ECM components synergize
with hypoxia to inhibit anti-cancer immune responses.(76) In addition, our study displayed
several limitations, such as the use of only one end point, one O2 tension in our
observations, and an artificial B16-OVA/OT-1 T immunology model. Investigating the

short and long-term impact of hypoxia and developing more accurate HIC-based cancer
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immunology models would have the potential to deepen our understanding of the role of
hypoxia on immunosuppression and immune cell function across various key immune

cells such as NK cells and macrophages.

In summary, we engineered the first injectable hypoxia-inducing and macroporous
biomaterial capable of emulating solid tumor hypoxia for cancer and cancer immunology
modeling. HICs can quickly induce hypoxic conditions and maintain hypoxia for days
while remaining cytocompatible and biocompatible. Additionally, we report that HIC-
supported cancer models recapitulate hypoxia-mediated metabolic switch and phenotypic
changes toward aggressiveness, which was validated with resistance to clinically relevant
cancer therapeutics. Finally, HICs can reproduce the immunosuppression of DCs and
cytotoxic T cells when subjected to hypoxic TMEs. This allowed us to identify the
implication of HA in retaining the cDC subset while altering the capacity of DCs to be
activated and undergo maturation under hypoxic conditions. Importantly, these findings
bring to light a new TME-mediated immunosuppression mechanism that was not
previously reported. In addition, the HIC platform confirmed the key role of CTLA-4 over
PD-L1-driven immunosuppression in solid tumor, suggesting that targeting NK cells to
prevent cytotoxic T-cell elimination may be a promising avenue to strengthen tumor
rejection. Considering that 97% of oncology clinical trials fail to receive FDA approval
mostly due to poor drug efficacy,(102) the HIC platform has the potential to improve the
efficiency of cancer drug screening and discovery, deepen our understanding of cancer
immunology and unravel new mechanisms of anti-tumor immune responses, and

ultimately advance immunotherapy for clinical and translational research.
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Methods

Materials

HA sodium salt PEG (10kDa), DPBS, sodium bicarbonate (NaHCOs3s),
antibiotic/antimycotic solution, glycidyl methacrylate (GM), GOX (100-250 kDa U/g from
Aspergillus niger, Type X-S), tetramethylethylenediamine (TEMED), ammonium
persulfate (APS), Pierce™ quantitative peroxide assay, Glucose enzymatic colorimetric
assay (GAGOZ20), fetal bovine serum (FBS), paraformaldehyde (PFA), Triton X-100, TPZ,
and 4',6-diamidino-2-phenylindole (DAPI) were purchased from MilliporeSigma (St. Louis,
MO). 5/6-carboxy-tetramethyl-rhodamine succinimidyl ester (NHS-rhodamine), 5/6-
carboxyfluorescein succinimidyl ester (NHS-fluorescein), cyanine 5 succinimidyl ester
(NHS-Cy5), penicillin, streptomycin, gentamycin, rabbit anti-mouse IgG (H+L) Alexa Fluor
488 secondary antibody, PureLinkTM RNA Mini Kit, High Capacity cDNA Reverse
Transcription Kit gene expression assays, pacific green fixable Live/Dead, and
alamarBlue ™ were purchased from Thermo Fisher Scientific (Waltham, MA). CAT (2,000
U/mg, Aspergillus niger) was purchased from MP Biomedical (Irvine, CA). APC-
conjugated anti-mouse HIF-1a (Clone 241812), IFN-y, TNF-a, IL-6, and granzyme B
DuoSet ELISA kits were purchased from R&D Systems (Minneapolis, MN). OVA 257-264
(SIINFEKL peptides), CpG ODN 1826 (ODN, 5’-tccatgacgttcctgacgtt-3’, VacciGrade) and
LPS from E. coli 0111:B4 (LPS-EB VacciGrade) were purchased from InvivoGen (San
Diego, CA). Amine-terminated GGGGRGDSP (G4RGDSP) peptide was purchased from
Peptide 2.0 (Chantilly, VA). Acrylate-PEG-N-hydroxysuccinimide (AP-NHS, 3.5 kDa) was

purchased from JenKem Technology (Plano, TX). ViaQuant™ Fixable Far-Red Dead Cell
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Staining Kit was purchased from GeneCopoeia (Rockville, MD). Alexa Fluor 488-
phalloidin was purchased from Cell Signaling Technology (Danvers, MA). The
Hypoxyprobe Plus kit was purchased from Hypoxyprobe Inc. (Burlington, MA). Lactate-
Glo™ and Glutamine/Glutamate-Glo™ assay kits were purchased from Promega
(Madison, WI). The perforin ELISA kit and Fixable Viability Dye eFluor 780 were
purchased from eBioscience (St. Louis, MO). Dulbecco’s Modified Eagle Medium
(DMEM), Roswell Park Memorial Institute 1640 medium (RPMI), 2-mercaptoethanol and
L-glutamine were purchased from Gibco (Waltham, MA). Murine melanoma cells (B16-
F10, CRL-6475) and breast cancer cells (4T1, CRL-2539) were purchased from ATCC
(Rockville, MD). Microsep™ Advance Centrifugal Devices with Omega Membrane 3K
was purchased from Pall Corporation, (Port Washington, NY). DOX and CIS were
purchased from Tocris Bioscience (Bristol, UK). mGM-CSF was purchased from
GenScript (Piscataway, NJ). The following reagents were all purchased from Biolegend
(San Diego, CA): PE-conjugated anti-mouse CD317 (clone 927), PerCP/Cyanine5.5-
conjugated anti-mouse major histocompatibility complex (MHC)-II (I-A/I-E, clone
M5/114.15.2), PerCP/Cyanine7 anti-mouse F4/80 (clone BM8), APC-conjugated anti-
mouse CD11c (clone N418), Alexafluor 700-conjugated anti-mouse CD86 (Clone GL1),
APC/Cyanine7 anti-mouse/human CD45R/B220 (clone RA3-6B2), Alexa Fluor 488-
conjugated anti-mouse MHC-I (Clone AFG6-88.5), PerCP/Cyanine7-conjugated anti-
mouse CD39 (Clone Duha59), APC/Cyanine7-conjugated anti-mouse CD73 (Clone
TY/11.8), PE-conjugated anti-mouse CD137 (Clone 17B5), PerCP/Cyanineb.5-
conjugated anti-mouse CD25 (Clone PC61), PerCP/Cyanine7-conjugated anti-mouse H-

2Kb bound to SIINFEKL (Clone 25-D1.16), APC-conjugated anti-mouse CTLA-4 (Clone
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UC10-4B9), Alexa Fluor 700-conjugated anti-mouse CD8a (Clone 53-6.7),
APC/Cyanine7-conjugated anti-mouse CD69 (Clone H1.2F3), BV401-conjugated anti-
mouse PD-1 (Clone 29F.1A12), FITC-conjugated anti-mouse CD3 (Clone 145-2C11),
BV605-conjugated anti-mouse CD44 (Clone IM7), pacific green fixable Live/Dead,
BV650-conjugated anti-mouse LAG3 (Clone C9B7W), FITC-conjugated anti-mouse
granzyme B (Clone: QA16A02), APC-conjugated anti-mouse perforin (Clone: S16009B),
BV421-conjugated anti-mouse TNF-a (Clone: MP6-XT22), BV421-conjugated anti-

mouse IFN-y (Clone XMG1.2) brefeldin A, monensin, Cyto-Fast Fix/Perm Buffer Set.

Cryogel and HIC fabrication

Polymer modification. HAGM (degree of methacrylation: 32%) and APR were prepared

as previously described.(39) For the synthesis of APG and APC, AP-NHS was first reacted
in NaHCOs buffer solution (0.1 M, pH 8.5) for 4 h at RT with either GOX or CAT (molar
ratio = 1:3), respectively. Next, the products (APG or APC) were freeze-dried overnight,

and stored at -20 °C until further use.

Cryogelation. Cryogels were fabricated at subzero temperature as previously
described(32, 103) Briefly, HAGM (4% wi/v) and APR (0.8% w/v) were first dissolved in
deionized water (dH20). Next, the solution was precooled at 4°C, mixed with TEMED
(0.07% wi/v) and APS (0.28% w/v), poured into a Teflon® mold on ice (cubiform: 4 x 4 x
1 mm?3, 16 plL/cryogel), and then transferred into a freezer at -20°C for 16 h to allow
cryopolymerization. Finally, the newly formed cryogels were thawed at RT and washed

several times with dH20. For the fabrication of PEGDM cryogels, PEGDM was
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synthesized as previously reported.(104) Briefly, PEGDM (10% w/v) and APR (0.8% w/v)
were dissolved in dH20. Next, PEGDM cryogels were prepared similarly to the method
described above. For HIC fabrication, APC and APG enzymes were used during
cryogelation. Briefly, APC and APG were mixed with HAGM (4% w/v) or PEGDM (10%
w/v) at various concentrations (0.1-1% w/v). Next, the polymer solution (HAGM/APC or
PEGDM/APC) was precooled at 4°C, mixed with TEMED (0.07% w/v) and APS (0.28%
w/v), poured into a Teflon® mold on ice (cubiform: 4 x 4 x 1 mm3, 16 uL/cryogel), and
then transferred into a freezer at -20°C for 16 h to allow cryopolymerization. For confocal
imaging, 0.3% of HAGM was substituted with rhodamine-labeled HAGM(105) in each
polymer solution prior to cryogelation to fluorescently label the polymer network of

cryogels.

Physical characterization of HICs

The microstructural features of HICs were characterized by confocal microscopy using
an LSM 800 (Zeiss, Oberkochen, Germany) or scanning electron microscopy using a
Hitachi S-4800 scanning electron microscope (Tokyo, Japan) as previously described.(39)
For assessing the enzyme grafting efficiency, APG and APC were labeled with NHS-
fluorescein and NHS-Cy5, respectively, at a molar ratio of 1:15 (enzyme:fluorophore). For
scanning electron microscopy, the cryogels were lyophilized for 24 h, mounted on a
sample holder using carbon tape, sputter-coated with a 5 nm layer of platinum/palladium,
and then imaged at a voltage of 25 kV and a current of 10 pA. Pore sizes were determined

using Fiji,(106) Analyze Particles, and Diameter J software plugins.
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The degree of pore connectivity was evaluated by a water-wicking technique assay.
Hydrated HIC disks (6-mm diameter, 1-mm height) were first weighed on an analytical
scale, then free water within the interconnected pores was wicked away using Kimwipe®,
and the cryogels were weighed a second time. The degree of pore connectivity was

calculated as the volume of water (%) wicked away from the scaffolds.

The swelling ratio was determined using a conventional gravimetric procedure.(29)
Cylindrical HICs (6-mm diameter, 6-mm height) were fabricated, equilibrated in DPBS for
24 h at 37 °C, and weighed (ms). Next, the cylinders were washed in dH20, lyophilized,
and weighed again (mad). The equilibrium mass swelling ratio (Qm) was calculated as the
mass of fully swollen HICs (ms) divided by the mass of lyophilized HICs (md) or Qm=

ms/Md.

The mechanical properties of cryogels were determined by measuring their stiffness using
an Instron 5944 universal testing system (Instron, Norwood, MA). Cylindrical HICs were
dynamically deformed at a constant rate (strain rate of 10% per min) between two parallel
plates for 10 cycles under continuous hydration in DPBS. Numerical values of the
compressive strain (mm) and load (N) were then measured at the 8" cycle on an Instron’s
Bluehill 3 software. Young’s moduli (or Elastic moduli) were reported as the tangent of

the slope of the linear (elastic) region on the stress-strain curve.

The syringe injectability of HICs was recorded or photographed using a Canon camera.
Cuboidal cryogels (4 x 4 x 1 mm) were suspended in DPBS (0.2 mL), loaded into a 1 mL
syringe, and subsequently injected through a 16-gauge hypodermic needle into a petri

dish.
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Oxygen depletion kinetics

Oxygen tension in HIC containing well plates were determined using optical O2 sensor
spots (OXSPS5, PyroScience GmbH, Aachen, Germany). OXSP5 were glued onto the
bottom of 48-well plate wells using silicone glue (SPGLUE, PyroScience) and dried for 16
h. DPBS (0.2 mL) supplemented with 10 g/L D-glucose and 1% antibiotic/antimycotic
solution) was added to each well containing sensor spots and placed in a humidified
incubator (37°C, 5% COz2) (Thermo Fisher Scientific). Once equilibrated, cuboidal HICs
were individually placed into each well, and then the dissolved O2 concentration (mmHg
or %, 1 point every 300 s) was recorded for up to 6 days. DPBS was added to wells
surrounding HIC-containing wells to prevent dehydration. A 10X solution (100 g/L D-
glucose, 10% antibiotic/antimycotic solution) was added into each cryogel-containing well
every 2 days (20 pL). In these studies, normoxia was set as 140 mmHg or 18.6% Oz,

whereas hypoxia was set as 7.4 mmHg or 1% Oa.

Hydrogen peroxide production and glucose consumption

The production of H202 by HICs in cell culture was examined using a Pierce™ quantitative
peroxide assay. Cuboidal HICs formulated at various APC concentrations (0.1-1%) were
incubated into 24-well plates containing 0.6 mL of DPBS supplemented with 4.5 g/L D-
glucose and 1% antibiotic/antimycotic solution for 6 days at 37°C. Every day, 100 pL of
the supernatant was collected from each well and replaced with fresh DPBS. The

supernatants were spin filtered using Microsep™ Advance Centrifugal Devices with
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Omega Membrane 3K (4000 G, 4°C, 45 min), and subsequently characterized with the

peroxide assay.

The kinetics of glucose consumption were determined using a glucose enzymatic
colorimetric assay. Cuboidal HICs formulated at various APG concentrations (0.01-0.1%)
were incubated into 48-well plates (4 cryogels/well) containing 0.8 mL of DPBS
supplemented with 6 g/L D-glucose and 1% antibiotic/antimycotic solution for 6 days at
37°C. A total of 25 pL of the supernatants from each well was collected daily and

quantified for its glucose content using a glucose assay kit (GAGO20).

Cell seeding and culture

B16-F10 and 4T1 cells were cultured in complete DMEM (DMEM supplemented with 10%
FBS, 100 pug/mL penicillin, and 100 pg/mL streptomycin). B16-F10 ovalbumin (OVA)-
expressing cells (B16-OVA, kindly provided by Prof. Sitkovsky at Northeastern University)
were cultured in complete DMEM supplemented with 50 ug/mL gentamycin. Cells were
incubated at 37°C in either humidified 5% CO2/95% air (normoxia) or humidified 5%
CO2/1% 02/94% N2 (hypoxia). Prior to cell seeding, cuboidal HICs were sanitized with
70% ethanol for 10 min, washed several times with DPBS, partially dehydrated on a
gauze under sterile conditions, and then placed in 48-well plates. Finally, a cell
suspension (B16-F10, B16-OVA, or 4T1) in complete DMEM (107 cells/mL, 10 yL) was
added dropwise onto each cryogel and incubated for 1 h to allow cell adhesion. The cell-

laden HICs were then supplemented with additional complete DMEM (0.5 mL/well) for the
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duration of the experiment. For experiments requiring a hypoxic environment, complete

DMEM was preconditioned for 24 h under hypoxic conditions.

Cell viability

Cell viability of cell-laden HICs was evaluated by a live/dead assay. Following a 24 h
incubation period, cell-laden HICs were incubated for 15 min with a ViaQuant™ Fixable
Far-Red Dead Cell Staining Kit according to the manufacturer’s instructions. Next, HICs
were washed twice with DPBS, fixed with 4% PFA for 20 min at RT, and then rinsed two
more times with DPBS. Next, cells were permeabilized with 0.1% Triton X-100 in DPBS
for 15 min, stained with Alexa Fluor 488-phalloidin and DAPI following the manufacturer’'s
protocols, and finally imaged by confocal microscopy (LSM 800). Tile images were
recreated from five cell-laden HICs per given condition to image their dimensions in their
entirety. Cell viability, quantified using the Fiji software, was defined as the ratio between
the total number of dead cells (i.e., cells stained in red) and the total number of cells (i.e.,
cell nuclei stained in blue and green fluorescence). For each condition, one representative
stacked image (4096 x 4096 pixels) was captured, and slices were separated by 6um

throughout the z-stack (20 stacks).

Hypoxia detection

Cellular hypoxia was determined using a Hypoxyprobe™-1 kit according to the
manufacturer’'s recommendations. After 24 h of incubation in normoxic conditions, 50 uL

of 2 mM Hypoxyprobe™-1 (200 uM final) was added to cell culture media and incubated
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for 2h. Next, the cells were fixed (4% PFA), permeabilized (0.1% Triton X-100 in DPBS),
and then immunostained with mouse Mab1 antibody, rabbit anti-mouse 1gG (H+L) Alexa
Fluor 488 secondary antibody, and DAPI. Finally, the cell-laden cryogels were imaged by
confocal microscopy (LSM 800). Fractions of cellular hypoxia, quantified using the Fiji
software, was defined as the ratio between the total number of hypoxic cells (i.e., cells

labeled in magenta) and the total number of cells (i.e., cell nuclei labeled in blue).

The gene expression of HIF-1qa, vascular endothelial growth factor a (VEGFa), cluster of
differentiation 44 (CD44), CD73, SRY-Box Transcription Factor 2 (SOX2), and
hypoxanthine guanine phosphoribosyl transferase (HPRT) were assessed by quantitative
reverse transcription polymerase chain reaction (RT-gPCR, Mx3005P QPCR System
(Agilent, Santa Clara, CA). After 24 or 48 h of incubation in normoxia, total RNA was
extracted from cell-laden cryogels using a PureLink™ RNA Mini Kit per the
manufacturer’s instructions. For RT-gPCR, mRNA retro-transcription was performed
using a High-Capacity cDNA Reverse Transcription Kit on a MyCycler (Bio-Rad,
Hampton, NH). Next, gene expression was quantified using the following TagMan® Gene
Expression Assays on an Mx3005P QPCR System: HIF-1a: Mm00468869_m1, VEGFa:
MmO00437306_m1, CD73: MmO00501915_m1, SOX2: MmO03053810_s1, and HPRT

(housekeeping gene): Mm03024075_m1.

Cell metabolism

The anaerobic metabolism was evaluated by measuring the pH, but also the lactate,

glutamine, and glutamate levels within the cell culture media of cell-laden HICs and blank
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cryogels (control) for 72 h. To determine the pH, 100 pL of the supernatant was collected
every day and analyzed using a PH8500 portable pH meter (Southern Labware,
Cumming, GA). To quantify lactate, glutamine, and glutamate concentrations, 100uL of
the supernatant was collected daily and subsequently tested using Lactate-Glo™ and

Glutamine/Glutamate-Glo™ assays per the manufacturer’'s recommendations.

Biocompatibility assessment

Seven-week-old female C57BL/6J mice (n = 5, The Jackson Laboratory, Bar Harbor,
Maine) were used. Anesthesia was induced with isoflurane (4% for induction and 1% for
maintenance) in 100% O:2 using an inhalation anesthesia system (300 SERIES vaporizer,
VSS, Rockmart, GA). Blank cryogels, HICs (0.4% APC, 0.04% APG), and APC-free HICs
(0.04% APG) were suspended in DPBS (0.2 mL) and subcutaneously injected in both
dorsal-flank regions of mice using a 16-gauge hypodermic needle. At days 7 and 28 mice
were euthanized and the cryogels were explanted with the surrounding tissues. Next,
each sample was fixed for 48 h in 4% PFA, embedded in paraffin, cryosectioned into 5-
pm-thick slices, and then stained with hematoxylin and eosin (H&E) as well as Masson’s

trichrome (MT) for standard histological evaluation (iHisto, Salem, MA).

Cancer cell responses to chemotherapeutic agents

To assess acquired resistance to chemotherapy or increased sensitivity to a hypoxia-
activated prodrug, the viability of cancer cells subjected to DOX, CIS, or TPZ treatment

was assessed under normoxic conditions. B16-F10 and 4T1 cells were seeded in blank
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cryogels or HICs in 48-well plates and cultured in complete DMEM supplemented with
various concentrations of DOX, CIS, or TPZ (0-31.6 uM). The media was changed daily,
and cell viability was evaluated using alamarBlue™ assay once a day for 3 days. The
fractions of viable cells for each drug concentration were calculated and normalized to
untreated cells. The half-maximal inhibitory concentration (ICs0) was determined as the
concentration of chemotherapeutic agents killing 50% of cancer cells using the tangent
of the slope of the linear region on the viability-concentration curves. After 72 h of
incubation, B16-F10 and 4T1-laden cryogels and HICs treated with 0 or 2uM of DOX were

assessed for cell viability and imaged by confocal microscopy as previously described.

BMDC generation and in vitro DC activation assays

DC activation studies were performed using BMDCs isolated from 6-8-week-old female
C57BL/6 mice (The Jackson Laboratory) as previously described.(32) Femurs and tibialis
of mice were explanted, sanitized in 70% ethanol for 5 min, washed in DPBS, and then
the bone marrow was flushed with DPBS (2 mL, 27G needle). Next, cells were dissociated
by pipetting, centrifuged (5 min, 300 g), and resuspended (108 cells/mL) in RPMI
supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, 2 mM L-glutamine, and 50 yM 2-mercaptoethanol. At day 0, BMDCs were
seeded in non-treated 6-well plates (2 x 108 cells/well) in 5 mL of complete RPMI
supplemented with 20 ng/mL mGM-CSF. At day 3, an additional 5 mL of RPMI
supplemented with 20 ng/mL mGM-CSF was added to each well. At days 6 and 8, half of
the media (5 mL) was removed and replaced with fresh RPMI supplemented with 10

ng/mL mGM-CSF. At day 10, BMDCs were collected and used.
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BMDC activation assays were performed in 48-well plates containing complete 0.4 mL of
RPMI supplemented with 10 ng/mL mGM-CSF. This study was conducted at 37 °C under
normoxic (humidified 5% CO2/95% air) or hypoxic (humidified 1% O2/5% CO2/94% N2)
conditions. First, BMDCs (2 x 10° cells/well) were pre-incubated for 24 h in normoxia or
hypoxia, and in presence of one gel system/well (blank cryogels or HICs). To induce
activation, the RPMI was supplemented with CpG (1 pg/mL) or LPS (100 ng/mL) and
BMDCs were cultured for 24 h. The negative control consisted of BMDCs cultured in
RPMI supplemented with 10 ng/mL mGM-CSF. The state of BMDC stimulation and
maturation was first evaluated by flow cytometry (Attune NxT flow cytometer, Thermo
Fisher Scientific) using the following fluorescent antibodies: PE-conjugated anti-mouse
CD317 (clone 927), PerCP/Cyanine5.5-conjugated anti-mouse MHC-II (I-A/I-E, clone
M5/114.15.2), PerCP/Cyanine7 anti-mouse F4/80 (clone BM8), APC-conjugated anti-
mouse CD11c (clone N418), Alexafluor 700-conjugated anti-mouse CD86 (Clone GL1),
APC/Cyanine7 anti-mouse/human CD45R/B220 (clone RA3-6B2), and pacific green
fixable Live/Dead. Next, the concentration of secreted proinflammatory cytokines (IL-6
and TNF-a) in the supernatant was quantified by ELISA. When HA-coating was required,
a solution of HA (1mg/mL) in DPBS was deposited on each well plate bottom (0.2 mL/well)
of a 48-well plate, incubated overnight at 4°C, and subsequently washed 3 times with

DPBS prior to starting the activation studies with BMDCs.

In vitro cytotoxicity assay in a B16-OVA melanoma model

B16-OVA cells (1 x 10° cells/cryogel) were first seeded into cuboidal blank cryogels or

HICs, then cultured in 48-well plates supplemented with RPMI, and subsequently
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incubated for 24 h under normoxic (~ 21% O2) or hypoxic (~ 1% O2) conditions).
Splenocytes (2 x 10° cells/well) isolated from OT-1 RAG mice (stock #003831, 8-week
old C57BL/6-Tg(TcraTcrb)1100Mjb/J, The Jackson Laboratory) were cultured for 24 h
under normoxic conditions. Next, splenocytes were prestimulated with SIINFEKL peptide
(2 pg/mL) for 24 h in RPMI supplemented with 50 yM 2-mercaptoethanol. Once the
splenocytes were activated, B16-OVA cells and splenocytes were cultured together for
24 h at a target/effector ratio = 1:2. At the end of the coculture study: (i) aliquots of cell
culture media were collected to quantify by ELISA the concentrations of IFN-y, TNF-q,
granzyme B, and perforin; (i) the cytotoxicity of spleen-derived OVA-specific (OT-1) T
cells against B16-OVA was assessed by a fixable Live-dead viability assay; and (iii) the
expression of activation, maturation, and inhibition markers on B16-OVA and OT-1 T cells
were evaluated by flow cytometry. The following fluorescent antibodies were used. For
B16-OVA cells: Alexa Fluor 488-conjugated anti-mouse MHC-I (Clone AF6-88.5),
PerCP/Cyanine7-conjugated anti-mouse CD39 (Clone Duha59), APC-conjugated anti-
mouse HIF-1a (Clone 241812), APC/Cyanine7-conjugated anti-mouse CD73 (Clone
TY/11.8), pacific green fixable Live/Dead, and BV650-conjugated anti-mouse PD-L1
(Clone 10F.9G2). For OT-1 T cells: Alexa Fluor 488-conjugated anti-mouse MHC-I (Clone
AF6-88.5), PE-conjugated anti-mouse CD137 (Clone 17B5), PerCP/Cyanine5.5-
conjugated anti-mouse CD25 (Clone PC61), PerCP/Cyanine7-conjugated anti-mouse H-
2Kb bound to SIINFEKL (Clone 25-D1.16), APC-conjugated anti-mouse CTLA-4 (Clone
UC10-4B9), Alexa Fluor 700-conjugated anti-mouse CD8a (Clone 53-6.7),

APC/Cyanine7-conjugated anti-mouse CD69 (Clone H1.2F3), BV401-conjugated anti-
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mouse PD-1 (Clone 29F.1A12), pacific green fixable Live/Dead, and BV650-conjugated

anti-mouse LAG3 (Clone COB7W).

The cytotoxic activity of OT-1 T cells against B16-OVA cells was monitored by time-lapse
microscopy. Briefly, B16-OVA cells (1 x 10° cells/well) suspended in RPMI were seeded
on the bottom of a 24-well plate for 3 h to allow adhesion. Next, 2 x 10° activated
splenocytes in RPMI (target/effector ratio = 1:2) were seeded on cuboidal blank cryogels
or HICs and then transferred to each well (0.5 mL). Finally, time-lapse experiments were
performed in a closed chamber using a bright field inverted microscope (Zeiss Axio
Observer Z1, Zeiss, Oberkochen, Germany) and the coculture was conducted at 37 °C
under normoxic conditions. One preselected region of each well (350 x 350 ym) was

imaged every 10 min for 4 h.

To measure intracellular cytokine production, OT-1 T cells were cocultured with B16-OVA
cells under normoxic conditions for 6 h within cuboidal blank cryogels or HICs in the
presence of 1X Brefeldin A and 1X Monensin. Next, the cells were washed with DPBS,
incubated at 4°C for 30 min with Fixable Viability Dye eFluor 780 in DPBS (1:1,000
dilution), washed twice with DPBS + 1% BSA (PBA), and to evaluate the expression of
surface markers, cells were stained overnight at 4°C in PBA using the following
antibodies: FITC-conjugated anti-mouse CD3 (Clone 145-2C11), Alexa Fluor 700-
conjugated anti-mouse CD8a (Clone 53-6.7), and BV605-conjugated anti-mouse CD44
(Clone IM7). The next day, cells were washed thrice with PBA prior to being fixed and
permeabilized using a Cyto-Fast Fix/Perm Buffer Set according to the manufacturer’s
protocol. For the intracellular staining, cells were incubated in the permeabilization buffer

for 30 min at 4°C with the following fluorochrome-conjugated antibodies: FITC-conjugated
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anti-mouse granzyme B (Clone: QA16A02), APC-conjugated anti-mouse perforin (Clone:
S16009B), BV421-conjugated anti-mouse TNF-a (Clone: MP6-XT22), BV421-conjugated
anti-mouse IFN-y (Clone XMG1.2). Lastly, cells were washed thrice with the

permeabilization buffer, resuspended in PBA, and then quantified by flow cytometry.

Acknowledgments

Authors thank the Institute for Chemical Imaging and Living Systems (ICILS) for their
technical assistance with the confocal microscope. S.A.B. acknowledges support from
the National Institutes of Health (NIH, 1RO1EB027705 award) and National Science
Foundation (NSF CAREER award, DMR 1847843).

Author contributions

T.C., Z.J.R, and S.A.B. conceived and designed the experiments. T.C., Z.J.R., J.S., L.G,,
and M.H. performed the experiments. T.C., Z.J.R., and S.A.B. analyzed the data and
wrote the manuscript. T.C., Z.J.R., and S.A.B. conceived the figures. All authors

discussed the results, commented on and proofread the manuscript. The principal

investigator is S.A.B.

Competing interests

The authors declare no conflicts of interest.

39


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

1. N. M. Anderson, M. C. Simon, Tumor Microenvironment. Curr Biol. 30, R921 (2020).

2. P. Lee, N. S. Chandel, M. C. Simon, Cellular adaptation to hypoxia through hypoxia inducible
factors and beyond. Nature Reviews Molecular Cell Biology 2020 21:5. 21, 268-283 (2020).

3. S. Bhattacharya, K. Calar, P. De La Puente, Mimicking tumor hypoxia and tumor-immune
interactions employing three-dimensional in vitro models. Journal of Experimental & Clinical
Cancer Research 2020 39:1. 39, 1-16 (2020).

4., P. Vaupel, A. Mayer, Hypoxia in cancer: significance and impact on clinical outcome. Cancer
Metastasis Rev. 26, 225-239 (2007).

5. W. R. Wilson, M. P. Hay, Targeting hypoxia in cancer therapy. Nat Rev Cancer. 11, 393-410
(2011).

6. S. Winning, J. Fandrey, Dendritic Cells under Hypoxia: How Oxygen Shortage Affects the Linkage
between Innate and Adaptive Immunity. J Immunol Res. 2016 (2016),
doi:10.1155/2016/5134329.

7. A. Arina, L. Corrales, V. Bronte, Enhancing T cell therapy by overcoming the immunosuppressive
tumor microenvironment. Semin Immunol. 28, 54—63 (2016).

8. L. M. Minassian, T. Cotechini, E. Huitema, C. H. Graham, Hypoxia-Induced Resistance to
Chemotherapy in Cancer. Adv Exp Med Biol. 1136, 123-139 (2019).

9. M. R. Horsman, J. Overgaard, The impact of hypoxia and its modification of the outcome of
radiotherapy. J Radiat Res. 57 Suppl 1, i90-i98 (2016).

10. J. Kopecka, I. C. Salaroglio, E. Perez-Ruiz, A. B. Sarmento-Ribeiro, S. Saponara, J. De Las Rivas, C.
Riganti, Hypoxia as a driver of resistance to immunotherapy. Drug Resistance Updates. 59,
100787 (2021).

11. M. Beekhuijzen, The era of 3Rs implementation in developmental and reproductive toxicity
(DART) testing: Current overview and future perspectives. Reprod Toxicol. 72, 86—96 (2017).

12. N. Shanks, R. Greek, J. Greek, Are animal models predictive for humans? Philos Ethics Humanit
Med. 4 (2009), doi:10.1186/1747-5341-4-2.

13. C.Jensen, Y. Teng, Is It Time to Start Transitioning From 2D to 3D Cell Culture? Front Mol Biosci. 7
(2020), doi:10.3389/FMOLB.2020.00033.

14. M. Kapatczynska, T. Kolenda, W. Przybyta, M. Zajgczkowska, A. Teresiak, V. Filas, M. lbbs, R.
Blizniak, . tuczewski, K. Lamperska, 2D and 3D cell cultures — a comparison of different types of
cancer cell cultures. Arch Med Sci. 14, 910 (2018).

15. N. Boucherit, L. Gorvel, D. Olive, 3D Tumor Models and Their Use for the Testing of
Immunotherapies. Front Immunol. 11, 3220 (2020).

40


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

16. K. M. Yamada, E. Cukierman, Modeling tissue morphogenesis and cancer in 3D. Cell. 130, 601—
610 (2007).

17. J. Pape, M. Emberton, U. Cheema, 3D Cancer Models: The Need for a Complex Stroma,
Compartmentalization and Stiffness. Front Bioeng Biotechnol. 9, 276 (2021).

18. S. R. Choi, Y. Yang, K. Y. Huang, H. J. Kong, M. J. Flick, B. Han, Engineering of biomaterials for
tumor modeling. Mater Today Adv. 8, 100117 (2020).

19. J. Pape, M. Emberton, U. Cheema, 3D Cancer Models: The Need for a Complex Stroma,
Compartmentalization and Stiffness. Front Bioeng Biotechnol. 9, 276 (2021).

20. L. Figueiredo, R. Pace, C. D’Arros, G. Réthoré, J. Guicheux, C. Le Visage, P. Weiss, Assessing
glucose and oxygen diffusion in hydrogels for the rational design of 3D stem cell scaffolds in
regenerative medicine. J Tissue Eng Regen Med. 12, 1238-1246 (2018).

21. S. Mueller, G. Millonig, G. N. Waite, The GOX/CAT system: A novel enzymatic method to
independently control hydrogen peroxide and hypoxia in cell culture. Adv Med Sci. 54, 121-135
(2009).

22. C. Li, W. Chaung, C. Mozayan, R. Chabra, P. Wang, R. K. Narayan, A New Approach for On-
Demand Generation of Various Oxygen Tensions for In Vitro Hypoxia Models. PLoS One. 11,
0155921 (2016).

23. C. S. Dawes, H. Konig, C. C. Lin, Enzyme-immobilized hydrogels to create hypoxia for in vitro
cancer cell culture. J Biotechnol. 248, 25-34 (2017).

24, Q. H. GIBSON, B. E. SWOBODA, V. MASSEY, Kinetics and Mechanism of Action of Glucose Oxidase.
Journal of Biological Chemistry. 239, 3927-3934 (1964).

25. H. N. Kirkman, G. F. Gaetani, Mammalian catalase: a venerable enzyme with new mysteries.
Trends Biochem Sci. 32, 44-50 (2007).

26. J. Li, D. J. Mooney, Designing hydrogels for controlled drug delivery. Nat Rev Mater. 1, 16071
(2016).

27. K. J. De France, F. Xu, T. Hoare, Structured Macroporous Hydrogels: Progress, Challenges, and
Opportunities. Adv Healthc Mater. 7, 1700927 (2018).

28. M. Rezaeeyazdi, T. Colombani, A. Memic, S. A. Bencherif, Injectable Hyaluronic Acid-co-Gelatin
Cryogels for Tissue-Engineering Applications. Materials 2018, Vol. 11, Page 1374.11, 1374
(2018).

29. S. A. Bencherif, R. W. Sands, D. Bhatta, P. Arany, C. S. Verbeke, D. A. Edwards, D. J. Mooney,
Injectable preformed scaffolds with shape-memory properties. Proc Nat!/ Acad Sci U S A. 109,
19590-19595 (2012).

30. S. A. Bencherif, R. Warren Sands, O. A. Ali, W. A. Li, S. A. Lewin, T. M. Braschler, T.-Y. Shih, C. S.
Verbeke, D. Bhatta, G. Dranoff, D. J. Mooney, Injectable cryogel-based whole-cell cancer
vaccines. Nat Commun. 6, 7556 (2015).

41


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

31. M. Rezaeeyazdi, T. Colombani, L. J. Eggermont, S. A. Bencherif, Engineering hyaluronic acid-based
cryogels for CD44-mediated breast tumor reconstruction. Mater Today Bio. 13 (2022),
doi:10.1016/).MTBI0.2022.100207.

32. T. Colombani, L. J. Eggermont, Z. J. Rogers, L. G. A. McKay, L. E. Avena, R. |. Johnson, N. Storm, A.
Griffiths, S. A. Bencherif, Biomaterials and Oxygen Join Forces to Shape the Immune Response
and Boost COVID-19 Vaccines. Advanced Science. 8, 2100316 (2021).

33. M. Rezaeeyazdi, T. Colombani, L. J. Eggermont, S. A. Bencherif, Engineering hyaluronic acid-based
cryogels for CD44-mediated breast tumor reconstruction. Mater Today Bio. 13, 100207 (2022).

34. T. Colombani, L. J. Eggermont, S. M. Hatfield, Z. J. Rogers, M. Rezaeeyazdi, A. Memic, M. V.
Sitkovsky, S. A. Bencherif, Oxygen-Generating Cryogels Restore T Cell Mediated Cytotoxicity in
Hypoxic Tumors. Adv Funct Mater. 31, 2102234 (2021).

35. X. Li, H. Michael Shepard, J. A. Cowell, C. Zhao, R. J. Osgood, S. Rosengren, B. Blouw, S. A.
Garrovillo, M. D. Pagel, C. J. Whatcott, H. Han, D. D. Von Hoff, D. M. Taverna, M. J. LaBarre, D. C.
Maneval, C. B. Thompson, Parallel Accumulation of Tumor Hyaluronan, Collagen, and Other
Drivers of Tumor Progression. Clin Cancer Res. 24, 4798 (2018).

36. H. Kim, J. Cha, M. Jang, P. Kim, Hyaluronic acid-based extracellular matrix triggers spontaneous
M2-like polarity of monocyte/macrophage. Biomater Sci. 7, 2264-2271 (2019).

37. M. Liu, C. Tolg, E. Turley, Dissecting the dual nature of hyaluronan in the tumor
microenvironment. Front Immunol. 10 (2019), p. 947.

38. P. H. Wu, A. E. Opadele, Y. Onodera, J. M. Nam, Targeting integrins in cancer nanomedicine:
Applications in cancer diagnosis and therapy. Cancers (Basel). 11 (2019), ,
doi:10.3390/cancers11111783.

39. T. Colombani, L. J. Eggermont, S. M. Hatfield, Z. J. Rogers, M. Rezaeeyazdi, A. Memic, M. v.
Sitkovsky, S. A. Bencherif, Oxygen-Generating Cryogels Restore T Cell Mediated Cytotoxicity in
Hypoxic Tumors. Adv Funct Mater. 31, 2102234 (2021).

40. M. Gilden, A. Jess, J. Kammann, E. Maser, H. Seibert, Cytotoxic potency of H202 in cell cultures:
impact of cell concentration and exposure time. Free Radic Biol Med. 49, 1298-1305 (2010).

41. ). Qian, E. B. Rankin, Hypoxia-Induced Phenotypes that Mediate Tumor Heterogeneity. Adv Exp
Med Biol. 1136, 43 (2019).

42. W. Al Tameemi, T. P. Dale, R. M. K. Al-Jumaily, N. R. Forsyth, Hypoxia-Modified Cancer Cell
Metabolism. Front Cell Dev Biol. 7, 4 (2019).

43, L. Yang, S. Venneti, D. Nagrath, Glutaminolysis: A Hallmark of Cancer Metabolism.
https.//doi.org/10.1146/annurev-bioeng-071516-044546. 19, 163—194 (2017).

44, I. Marchiq, J. Pouysségur, Hypoxia, cancer metabolism and the therapeutic benefit of targeting
lactate/H+ symporters. J Mol Med (Berl). 94, 155 (2016).

42


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

45, N. V. lyer, L. E. Kotch, F. Agani, S. W. Leung, E. Laughner, R. H. Wenger, M. Gassmann, J. D.
Gearhart, A. M. Lawler, A. Y. Yu, G. L. Semenza, Cellular and developmental control of 02
homeostasis by hypoxia-inducible factor 1 alpha. Genes Dev. 12, 149-162 (1998).

46. A. Soleimani, H. K. Farshchi, F. Mirzavi, P. Zamani, A. Ghaderi, Y. Amini, S. Khorrami, K.
Mashayekhi, M. R. Jaafari, The therapeutic potential of targeting CD73 and CD73-derived
adenosine in melanoma. Biochimie. 176, 21-30 (2020).

47. P. Rajabi, A. Neshat, M. Mokhtari, M. A. Rajabi, M. Eftekhari Dr., P. Tavakkoli, The role of VEGF in
melanoma progression. J Res Med Sci. 17, 534 (2012).

48. S. D. Girouard, A. C. Laga, M. C. Mihm, R. A. Scolyer, J. F. Thompson, Q. Zhan, H. R. Widlund, C. W.
Lee, G. F. Murphy, SOX2 contributes to melanoma cell invasion. Lab Invest. 92, 362—-370 (2012).

49, P. Giovanelli, T. A. Sandoval, J. R. Cubillos-Ruiz, Dendritic Cell Metabolism and Function in
Tumors. Trends Immunol. 40, 699-718 (2019).

50. L. M. Paardekooper, W. Vos, G. Van Den Bogaart, Oxygen in the tumor microenvironment: effects
on dendritic cell function. Oncotarget. 10, 883—896 (2019).

51. Y. Li, S. P. Patel, J. Roszik, Y. Qin, Hypoxia-Driven Immunosuppressive Metabolites in the Tumor
Microenvironment: New Approaches for Combinational Immunotherapy. Front Immunol. 9
(2018), d0i:10.3389/FIMMU.2018.01591.

52. L. M. Paardekooper, W. Vos, G. van den Bogaart, L. M. Paardekooper, W. Vos, G. van den
Bogaart, Oxygen in the tumor microenvironment: effects on dendritic cell function. Oncotarget.
10, 883-896 (2019).

53. J. Jantsch, D. Chakravortty, N. Turza, A. T. Prechtel, B. Buchholz, R. G. Gerlach, M. Volke, J.
Glasner, C. Warnecke, M. S. Wiesener, K.-U. Eckardt, A. Steinkasserer, M. Hensel, C. Willam,
Hypoxia and Hypoxia-Inducible Factor-1a Modulate Lipopolysaccharide-Induced Dendritic Cell
Activation and Function. The Journal of Imnmunology. 180, 4697—4705 (2008).

54. L. M. Paardekooper, M. B. Bendix, A. Ottria, L. W. de Haer, M. ter Beest, T. R. D. J. Radstake, W.
Marut, G. van den Bogaart, Hypoxia potentiates monocyte-derived dendritic cells for release of
tumor necrosis factor a via MAP3K8. Biosci Rep. 38 (2018), doi:10.1042/BSR20182019/98282.

55. J. E. Rayahin, J. S. Buhrman, Y. Zhang, T. J. Koh, R. A. Gemeinhart, High and Low Molecular Weight
Hyaluronic Acid Differentially Influence Macrophage Activation. ACS Biomater Sci Eng. 1, 481-493
(2015).

56. D. Jiang, J. Liang, P. W. Noble, Hyaluronan as an immune regulator in human diseases. Physiol
Rev. 91, 221-264 (2011).

57. S. Misra, V. C. Hascall, R. R. Markwald, S. Ghatak, Interactions between hyaluronan and its
receptors (CD44, RHAMM) regulate the activities of inflammation and cancer. Front Immunol. 6,
201 (2015).

43


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

58. C. Termeer, F. Benedix, J. Sleeman, C. Fieber, U. Voith, T. Ahrens, K. Miyake, M. Freudenberg, C.
Galanos, J. C. Simon, Oligosaccharides of Hyaluronan Activate Dendritic Cells via Toll-like
Receptor 4. J Exp Med. 195, 99 (2002).

59. M. H. Kim, S. D. Green, C. C. Lin, H. Konig, Engineering Tools for Regulating Hypoxia in Tumour
Models. J Cell Mol Med. 25, 75817592 (2021).

60. S. Bhattacharya, K. Calar, P. De La Puente, Mimicking tumor hypoxia and tumor-immune
interactions employing three-dimensional in vitro models. Journal of Experimental & Clinical
Cancer Research 2020 39:1. 39, 1-16 (2020).

61. K. M. Park, S. Gerecht, Hypoxia-inducible hydrogels. Nature Communications 2014 5:1.5, 1-12
(2014).

62. l. Lee, J. H. Woo, M. Lee, T. J. Jeon, S. M. Kim, Hypoxic Physiological Environments in a Gas-
Regulated Microfluidic Device. Micromachines (Basel). 10 (2019), doi:10.3390/MI110010016.

63. K. M. Yamada, E. Cukierman, Modeling Tissue Morphogenesis and Cancer in 3D. Cell. 130, 601-
610 (2007).

64. S. Weinhouse, O. Warburg, D. Burk, A. L. Schade, On respiratory impairment in cancer cells.
Science (1979). 124, 267-272 (1956).

65. 0. Warburg, On the origin of cancer cells. Science (1979). 123, 309-314 (1956).

66. J. Chiche, M. C. Brahimi-Horn, J. Pouysségur, Tumour hypoxia induces a metabolic shift causing
acidosis: a common feature in cancer. J Cell Mol Med. 14, 771 (2010).

67. W. Al Tameemi, T. P. Dale, R. M. K. Al-Jumaily, N. R. Forsyth, Hypoxia-Modified Cancer Cell
Metabolism. Front Cell Dev Biol. 7, 4 (2019).

68. B. Muz, P. de la Puente, F. Azab, A. K. Azab, The role of hypoxia in cancer progression,
angiogenesis, metastasis, and resistance to therapy. Hypoxia. 3, 83 (2015).

69. F. Spinella, V. Caprara, R. Cianfrocca, L. Rosano, V. Di Castro, E. Garrafa, P. G. Natali, A. Bagnato,
The interplay between hypoxia, endothelial and melanoma cells regulates vascularization and cell
motility through endothelin-1 and vascular endothelial growth factor. Carcinogenesis. 35, 840
(2014).

70. K. M. Bae, Y. Dai, J. Vieweg, D. W. Siemann, Hypoxia regulates SOX2 expression to promote
prostate cancer cell invasion and sphere formation. Am J Cancer Res. 6, 1078 (2016).

71. G. N. Masoud, W. Li, HIF-1a pathway: role, regulation and intervention for cancer therapy. Acta
Pharm Sin B. 5,378 (2015).

72. N. Devarajan, R. Manjunathan, S. K. Ganesan, Tumor hypoxia: The major culprit behind cisplatin
resistance in cancer patients. Crit Rev Oncol Hematol. 162, 103327 (2021).

73. M. Hockel, P. Vaupel, Tumor Hypoxia: Definitions and Current Clinical, Biologic, and Molecular
Aspects. JNCI: Journal of the National Cancer Institute. 93, 266—276 (2001).

44


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

74. X. Song, X. Liu, W. Chi, Y. Liu, L. Wei, X. Wang, J. Yu, Hypoxia-induced resistance to cisplatin and
doxorubicin in non-small cell lung cancer is inhibited by silencing of HIF-1alpha gene. Cancer
Chemother Pharmacol. 58, 776—784 (2006).

75. Y. Li, L. Zhao, X. F. Li, Targeting Hypoxia: Hypoxia-Activated Prodrugs in Cancer Therapy. Front
Oncol. 11, 2920 (2021).

76. D. M. Gilkes, G. L. Semenza, D. Wirtz, Hypoxia and the extracellular matrix: drivers of tumour
metastasis. Nat Rev Cancer. 14, 430 (2014).

77. R. Abou Khouzam, K. Brodaczewska, A. Filipiak, N. A. Zeinelabdin, S. Buart, C. Szczylik, C. Kieda, S.
Chouaib, Tumor Hypoxia Regulates Immune Escape/Invasion: Influence on Angiogenesis and
Potential Impact of Hypoxic Biomarkers on Cancer Therapies. Front Immunol. 11, 3479 (2021).

78. B. S. Sgrensen, M. R. Horsman, Tumor Hypoxia: Impact on Radiation Therapy and Molecular
Pathways. Front Oncol. 10, 562 (2020).

79.  G.L.Semenza, Intratumoral hypoxia and mechanisms of immune evasion mediated by hypoxia-
inducible factors. Physiology. 36, 73—-83 (2021).

80. R. Abou Khouzam, R. F. Zaarour, K. Brodaczewska, B. Azakir, G. H. Venkatesh, J. Thiery, S. Terry, S.
Chouaib, The Effect of Hypoxia and Hypoxia-Associated Pathways in the Regulation of Antitumor
Response: Friends or Foes? Front Immunol. 13, 337 (2022).

81. M. Oshi, S. Newman, Y. Tokumaru, L. Yan, R. Matsuyama, P. Kalinski, |. Endo, K. Takabe,
Plasmacytoid Dendritic Cell (pDC) Infiltration Correlate with Tumor Infiltrating Lymphocytes,
Cancer Immunity, and Better Survival in Triple Negative Breast Cancer (TNBC) More Strongly than
Conventional Dendritic Cell (cDC). Cancers (Basel). 12, 1-15 (2020).

82. C. Termeer, M. Averbeck, H. Hara, H. Eibel, P. Herrlich, J. Sleeman, J. C. Simon, Targeting dendritic
cells with CD44 monoclonal antibodies selectively inhibits the proliferation of naive CD4+ T-
helper cells by induction of FAS-independent T-cell apoptosis. Immunology. 109, 32 (2003).

83. V. L. Hegde, N.P.Singh, P. S. Nagarkatti, M. Nagarkatti, CD44 mobilization in allogeneic dendritic
cell-T cell immunological synapse plays a key role in T cell activation. J Leukoc Biol. 84, 134-142
(2008).

84. M. Yang, Y. Liu, G. Ren, Q. Shao, W. Gao, J. Sun, H. Wang, C. Ji, X. Li, Y. Zhang, X. Qu, Increased
expression of surface CD44 in hypoxia-DCs skews helper T cells toward a Th2 polarization.
Scientific Reports 2015 5:1. 5, 1-12 (2015).

85. C. Ghirelli, F. Reyal, M. Jeanmougin, R. Zollinger, P. Sirven, P. Michea, C. Caux, N. Bendriss-
Vermare, M. H. Donnadieu, M. Caly, V. Fourchotte, A. Vincent-Salomon, B. Sigal-Zafrani, X.
Sastre-Garau, V. Soumelis, Breast Cancer Cell-Derived GM-CSF Licenses Regulatory Th2 Induction
by Plasmacytoid Predendritic Cells in Aggressive Disease Subtypes. Cancer Res. 75, 2775-2787
(2015).

86. A. Mancino, T. Schioppa, P. Larghi, F. Pasqualini, M. Nebuloni, I. H. Chen, S. Sozzani, J. M. Austyn,
A. Mantovani, A. Sica, Divergent effects of hypoxia on dendritic cell functions. Blood. 112, 3723—
3734 (2008).

45


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

87. J. Jantsch, D. Chakravortty, N. Turza, A. T. Prechtel, B. Buchholz, R. G. Gerlach, M. Volke, J.
Glasner, C. Warnecke, M. S. Wiesener, K.-U. Eckardt, A. Steinkasserer, M. Hensel, C. Willam,
Hypoxia and Hypoxia-Inducible Factor-1a Modulate Lipopolysaccharide-Induced Dendritic Cell
Activation and Function. The Journal of Immunology. 180, 4697—4705 (2008).

88. T. Abudula, T. Colombani, T. Alade, S. A. Bencherif, A. Memic, Injectable Lignin- co-Gelatin
Cryogels with Antioxidant and Antibacterial Properties for Biomedical Applications.
Biomacromolecules. 22, 4110-4121 (2021).

89. M. Jurga, M. B. Dainiak, A. Sarnowska, A. Jablonska, A. Tripathi, F. M. Plieva, I. N. Savina, L.
Strojek, H. Jungvid, A. Kumar, B. Lukomska, K. Domanska-Janik, N. Forraz, C. P. McGuckin, The
performance of laminin-containing cryogel scaffolds in neural tissue regeneration. Biomaterials.
32, 3423-3434 (2011).

90. Y. Liu, K. Xu, Q. Chang, M. A. Darabi, B. Lin, W. Zhong, M. Xing, Highly Flexible and Resilient
Elastin Hybrid Cryogels with Shape Memory, Injectability, Conductivity, and Magnetic Responsive
Properties. Advanced Materials. 28, 7758-7767 (2016).

91. M. Rezaeeyazdi, T. Colombani, A. Memic, S. A. Bencherif, Injectable Hyaluronic Acid-co-Gelatin
Cryogels for Tissue-Engineering Applications. Materials. 11 (2018), doi:10.3390/MA11081374.

92. M. Sitkovsky, D. Lukashev, Regulation of immune cells by local-tissue oxygen tension: HIF1a and
adenosine receptors. Nature Reviews Immunology 2005 5:9. 5, 712—721 (2005).

93. M. V. Sitkovsky, J. Kjaergaard, D. Lukashev, A. Ohta, Hypoxia-Adenosinergic Immunosuppression:
Tumor Protection by T Regulatory Cells and Cancerous Tissue Hypoxia. Clinical Cancer Research.
14, 5947-5952 (2008).

94. D. Escors, M. Gato-Cafas, M. Zuazo, H. Arasanz, M. J. Garcia-Granda, R. Vera, G. Kochan, The
intracellular signalosome of PD-L1 in cancer cells. Signal Transduction and Targeted Therapy 2018
3:1.3,1-9(2018).

95. R. Vuillefroy de Silly, P. Y. Dietrich, P. R. Walker, Hypoxia and antitumor CD8+ T cells: An
incompatible alliance? Oncoimmunology. 5 (2016), doi:10.1080/2162402X.2016.1232236.

96. S. Labiano, F. Meléndez-Rodriguez, A. Palazén, A. Teijeira, S. Garasa, |. Etxeberria, M. A. Aznar, A.
R. Sanchez-Paulete, A. Azpilikueta, E. Bolafios, C. Molina, H. de la Fuente, P. Maiso, F. Sanchez-
Madrid, M. O. de Landazuri, J. Aragonés, |I. Melero, CD69 is a direct HIF-1a target gene in hypoxia
as a mechanism enhancing expression on tumor-infiltrating T lymphocytes. Oncoimmunology. 6
(2017), d0i:10.1080/2162402X.2017.1283468.

97. 003831 - OT-1 Strain Details, (available at https://www.jax.org/strain/003831).

98. S. Konjar, B. Blankenhaus, M. Veldhoen, Oxygen starvation during T cell priming boosts cancer-
killing potential. Transl Cancer Res. 7 (2018), doi:10.21037/17876.

99. M. M. Fort, M. W. Leach, D. M. Rennick, A role for NK cells as regulators of CD4+ T cells in a
transfer model of colitis. Journal of immunology. 161, 3256—3261 (1998).

46


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

100. M. N. Rivas, M. Hazzan, K. Weatherly, F. Gaudray, I. Salmon, M. Y. Braun, NK cell regulation of
CD4 T cell-mediated graft-versus-host disease. J Immunol. 184, 6790-6798 (2010).

101. K. D. Cook, S. N. Waggoner, J. K. Whitmire, NK Cells and Their Ability to Modulate T Cells during
Virus Infections. Crit Rev Immunol. 34, 359 (2014).

102. C. H.Wong, K. W. Siah, A. W. Lo, Estimation of clinical trial success rates and related parameters.
Biostatistics. 20, 273-286 (2019).

103. T. Colombani, L. J. Eggermont, S. M. Hatfield, Z. J. Rogers, M. Rezaeeyazdi, A. Memic, M. V.
Sitkovsky, S. A. Bencherif, Oxygen-Generating Cryogels Restore T Cell Mediated Cytotoxicity in
Hypoxic Tumors. Adv Funct Mater. 31, 2102234 (2021).

104. M. Rezaeeyazdi, T. Colombani, L. J. Eggermont, S. A. Bencherif, Engineering hyaluronic acid-based
cryogels for CD44-mediated breast tumor reconstruction. Mater Today Bio. 13, 100207 (2022).

105. M. Rezaeeyazdi, T. Colombani, A. Memic, S. A. Bencherif, Injectable Hyaluronic Acid-co-Gelatin
Cryogels for Tissue-Engineering Applications. Materials 2018, Vol. 11, Page 1374. 11, 1374
(2018).

106. J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. Preibisch, C.
Rueden, S. Saalfeld, B. Schmid, J. Y. Tinevez, D. J. White, V. Hartenstein, K. Eliceiri, P. Tomancak,
A. Cardona, Fiji: an open-source platform for biological-image analysis. Nature Methods 2012 9:7.
9, 676-682 (2012).

47


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figures


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A

= Hypoxic Cell

Ir ﬂf@ ,r,r@ c© (@ Culture
ryo- ell
APR APG APC | polymerization Seeding >
- < X
Initiator | Catalyst
ole
Hyaluronic Acid > 5,0 ©
== Methacrylate Residues

~ 7~
~ - @ Acrylate-PEG-RGD (APR)

<>\ ”@ Acrylate-PEG-Glucose

Oxidase (APG)

-
i & Acrylate-PEG-Catalase (APC)
c © D-Glucose
@ Hydrogen Peroxide

@ D-Glucono-1,5-lactone CELL CULTURE MEDIUM

JIXOdAH

CD73

Doxorubicin
tGlutamate

4 Glutamine

Hypoxia-inducing
Cryogel (HIC)

Tumor

DC

tcp73

tPD-L1

tcpe9
} PD-1

tcTLA-4
l Granzyme
l Perforin B

} TNF-a

Tumor & T-cell



https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

(Which wa ot Gortfied by éfé’eeg’é$)1i(i%’ezlgifl’hgl/fzoC?.SE%Y‘&NSCQN%tg%‘il,c;‘RdJtalcel,xlysé‘)tozéf&a?“theppgpghi i perpenty. i1 made
Figure 1: Schematic illustration of the fabrication process of HICs and their ability to induce a
hypoxic tumor microenvironment. A) HICs are first fabricated by mixing HAGM, APG, APC, APR,
and the initiator system (TEMED/APS) in water (H20) and subsequently reacted at subzero
temperature (-20°C) for 16h to allow cryogelation (step 1). Once the cryopolymerization is complete,
HICs are thawed at RT, washed thoroughly with PBS, transferred into a well plate (1 cryogel/well),
seeded with cancer cells or immune cells, and subsequently incubated under normoxic conditions (i.e.,
within a standard incubator operating at 18.6% O2) (step 2). When HICs are immersed in a cell culture
medium supplemented with D-glucose, APG depletes Oz by catalyzing the oxidation of D-glucose (G)
to D-glucono-1,5-lactone (GL) and hydrogen peroxide (H202). The resulting H202 is sequentially
hydrolyzed by APC to H20 and %z Oz, inducing hypoxic conditions (0.5-2% O2). B) HICs recreate a
hypoxic tumor microenvironment and can be leveraged as a tool to investigate the effect of hypoxia on
cancer cells such as adaptive changes of their metabolism, phenotype, and response to
chemotherapeutics (upper panel). HICs can also be used to induce hypoxia-mediated DC inhibition

and phenotypic changes (middle panel) and as a platform to mimic cancer-immune cell interactions in

3D and better understand hypoxia-driven immunosuppression on tumor-reactive T cells (lower panel).
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Figure 2: Physical characteristics of HICs. HICs were formulated with APG (0.01, 0.02, 0.04, or
0.1%) and APC (0.4%). Blank cryogels (i.e., APC-free and APG-free) were used as control. A-B)
Confocal microscopy (A) and SEM (B) images depicting the macroporous and interconnected network
of cryogels (blank and HICs). C-F) Physical characterization of blank cryogels and HICs: (C) Mean
pore size, (D) Pore connectivity, (E) Swelling ratio (Qm), and (F) Young’s modulus. G) Confocal images
displaying the incorporation efficiency of enzymes (APC and APG) into cryogels. APC was fluorescently
labeled with fluorescein (green) and APG with cyanine-5 (magenta). H) Photographs of blank cryogels
and HICs pre and post-syringe injection. Each image or photograph is representative of n = 5 samples.
Values represent the mean + SEM (n = 5-8 cryogels), and data were analyzed using ANOVA and
Dunnett's post-hoc test (compared to blank cryogels). *p < 0.05. Scale bars = 100 um (A, B, G) and 4

mm (H).


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

(@]

Glucose (g/L)

H:0: (HM)

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.10.523477; this version posted January 10, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Well Plate

02 Probe
160 g
120 —e- Blank :-16
0.01 F s
80~ —o- 0.02 C
APG (%) o
sl =
407 = 0.1 E 4
0 T T 1 T T 0
0 1 2 3 4 5 6
Time (Days)
7 =
0.01
B == (.02
5 7 | APG (%)
== 0.04
ull - 0.1
0 1 2 3 4 5 6
Time (Days)
200
0.1
1504 == 0.2 | 7oG (0p)
- (04
100« == 1.0
50 =
o'rﬁ Ll T T T T
0 1 2 3 4 5 6

Time (Days)

Lid

Cryogel
Media

Sensor
Spot

(%) =0

G Blank Cryogel HIC APC-free HIC

E

<100
275 .
=

® 50

s

2 25

o

0 Blank 0.01 0.02 0.04 0.4
HIC (%)

0.02% HIC

-

(=

o
L

Cellular Hypoxia (%)

Blank HIC

H&E Stain

MT Stain


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

(WhiCh Was ot Gertte by peer review) is the authoTRINGET. Wit has arantet orx & licence b iy the PrapAtin PerPet.iy I matie
available under aCC-BY-NC-ND 4.0 International license.
Figure 3: HICs create a hypoxic environment while remaining cytocompatible and
biocompatible. A) Schematic describing the experimental setup for O2 measurements. Blank cryogels
or HICs (0.04% APG) were incubated in a p48 well plate at 37°C under normoxic conditions (18.6% O2
= 140 mmHg). Each well contained 0.5 mL of complete DMEM and a contactless O2 sensor spot was
attached to its bottom. Changes in dissolved O2 tension were recorded every 30s. B) Sustained O2
depletion from blank cryogels or HICs. C-D) Kinetics of glucose consumption (C) and H202 production
(D) from enzymatically active HICs. E) Viability and confocal images of B16-F10 cells cultured in blank
cryogels or HICs (0.4% APC, 0.01-0.1% APG) after 24 h of incubation. Blue = nuclei stained with DAPI,
red = dead cells labeled with ViaQuant Far Red, green = actin cytoskeleton labeled with Alexa Fluor
488 phalloidin, yellow = polymer walls labeled with rhodamine. F) Quantification and confocal images
of cellular hypoxia of B16-F10 cells cultured in blank cryogels or HICs (0.04% APG, 0.4% APC) after
24 h of incubation. Blue staining = nuclei stained with DAPI, purple = hypoxic cells stained with
Hypoxyprobe-1. G) Histological analysis. Masson's trichrome (MT) and hematoxylin and eosin (H&E)
staining of cuboidal cryogels (dimensions: 4 x 4 x 1 mm3) explanted 28 days following subcutaneous
injections in the dorsal flanks of C57BL/6 mice. Samples: blank cryogel (left column), HIC: 0.04% APG
+ 0.4% APC (middle), and APC-free HIC: 0.04% APG (right column). H&E staining highlights the
macroporous polymeric network of cryogels (interconnected dark blue fibers), infiltrated leukocytes
(dark blue dots), fibrin formation (purple), and surrounding tissues (cryogel-free). Black arrows indicate
the boundary between the cryogel and the host tissue. Confocal and histological images are
representative of n = 5 samples per condition. Values represent the mean + SEM and data (panel F)

were analyzed using ANOVA and Dunnett's post-hoc test (compared to blank cryogels, n = 5). *p <

0.05. Scale bars = 100 um (E, F) and 100 ym (G).
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Figure 4: HIC-based cancer models induce hypoxia-induced cell metabolism, phenotype, and
resistance to chemotherapeutics. A) Quantification of pH change in cell culture medium after 24, 48,
and 72 h of incubation of B16-F10 cells cultured in blank cryogels or HICs. The green area represents
the physiological pH values of the cell culture media. B) Concentrations of Lactate, Glutamine, and
Glutamate from the cell culture media of B16-F10 cells cultured in blank cryogels or HICs after 24, 48,
and 72 h of incubation. C) Gene expression levels of HIF-1a, VEGFa, CD73, and SOX2 in B16-F10
cells cultured in blank cryogels or HICs for 24 and 48 h. D—F) Viability of B16-F 10 cells cultured in blank
cryogels or HICs and treated with doxorubicin (D), cisplatin (E), and tirapazamine (F) at various
concentrations (0—31.6 uM) for 24, 48, and 72 h. All cell culture studies were conducted under normoxic
conditions (i.e., within a standard incubator operating at 18.6% O2). Values represent the mean + SEM

and data were analyzed using ANOVA and Dunnett's post-hoc test (compared to blank cryogels, n =

5-6). *p < 0.05, **p < 0.01, ***p < 0.001.


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

L.

= 48h

Blank Cryogel
E B3 24h

B3 Blank Cryogel

B Medium

B

Dendritic Cell

E=aBlank Normoxia E=3HIC  E==Blank Hypoxia

S " x ] ol = = " m ] w
: *_ ¢ €3], ¢ £
* *
* *
b <
-——=}F--q F—-—--—--—
ils z z
flg
1 | | | | 1 1 1 1] |} | | | ) | ) 1 ) 1 |
o o [=] (=] (=] [=] o o Q (=] (=] [=] i=] o o o~ D w L] (=]
“ u ..OI W O < «N u m o« w0 L o~ -~
(%) s0a ,98aD .0z28 (%) soa ,21£00 .0zz8 (qui/Bu) o-4NL
L R X . e 5y ® e K
.,m * - | * ? - * ’ | * -e -
g
T b | . N I | u.T
-z =z = Z 4
[ [ )
. Mo L o i o o
.m ' | e- - x | x |
S
= bl Tts Ve 5
{ $ b |
| | | ] | | | | 1 | | 1 1] 1 | | | 1 1 | | 1 1 | ] 1
(=1 (=] o (=} o o o o [=] =] [=] o o o k=] (=2 o o o (=] o o Qo o (=] o (=] o
w =] w0 o o~ M u w @ W = W m m [-=] w0 <t ™~ .-..M m «© 0 = o~
(%) soa ,0zz8 (%) soQ ,9800 .0zz9 (%) s2Q ,IIDHIN .0229 (%) s0a ,21£aD 0229
. w_ & | @ m o 2| - <+ | @ 2 | @
.M * .OAV- - * - v | $ -
[=X
)
BE + Lk 1o "=y e |3 {-
¢ [ *| 9= [
@ L o _.m i Lo | Lgf® o _.m f A X
5 4f - 100 [ e - ® .
S
- * | i N R P L =
<0 LUK L
(%) soa ,0zz9 O (%) s0Q ,980a9 .0229 (%) s0a ,IOHW .0zZ9 (%) soa ,21£0D .0zz9
o
. [7- 3]
2 | p 1 ® Le : @ Lo 3 He
© << - -G - H =D | -
a
D =~ ©_ 1 u_t = ¢ | |
= =z z z
8 4 2 ﬂ ¢ i
> i
Yo - | Ll o i 3* e _. P
.wn.u *$ - * $ 1 =
[ S . =
° _M X o - u_s’ -2 ‘l.m =
[ ] o~
*8 @ N o A . N N N
- T89S %0 %« m .n0|u 8 8 § &8 © 8 8 8 8 2@ R °

O (%) s2a ,98092 ,0zz4a

(%) s0Q IIOHIN ,0Z29

(%) soa ,Z1eao ,0zz9


https://doi.org/10.1101/2023.01.10.523477
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 5: HICs influence subset change and LPS-induced activation of DCs. A) Schematic depicting LPS-induced DC activation via
TLR4 stimulation under normoxic conditions, leading to increased expression of specific cell surface markers of maturation and production
of proinflammatory cytokine. B) Fractions of B220" CD11b* CD11c* DCs after 48 h of incubation in cryogel-free and blank cryogel-
containing cell culture media under normoxic or hypoxic conditions. DCs were first pre-incubated for 24 h and subsequently treated with
LPS for another 24 h. C-D) Fractions of activated B220* (C) and B220- (D) DCs associated with increased expression of CD86, MHCII,
or CD317. E) Fractions of B220+ CD11b+ CD11c+ DCs and activated B220- DCs cultured in blank cryogel-containing cell culture media
without (24 h) or with (48 h) pre-incubation under normoxic or hypoxic conditions. F-G) Evaluation of DC activation (F) and cytokine
secretion (G) in the presence of blank cryogels or HICs. (F) Fractions of activated DCs associated with increased expression of CD86 or
CD317. (G) Proinflammatory cytokine secretion. Concentrations of IL-6 and TNF-a in cell supernatants were measured by ELISA. Across
all studies, non-treated DCs (NT) were cultured in LPS-free medium and used as control. Cell culture studies were conducted under
normoxic (i.e., within a standard incubator operating at 18.6% O2) or hypoxic (i.e., within a tri-gas incubator operating at 1% O2) conditions.
Values represent the mean £+ SEM (n = 5) and data were analyzed using ANOVA and Dunnett's post-hoc test. **p < 0.01, ***p < 0.001,

###p < 0.001 (*compared to cell culture media or blank cryogels, *compared to normoxia).
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Figure 6: HICs induce hypoxia-driven T-cell immunosuppression. Activation and cytotoxic activity
of OT-1 T cells against B16-OVA cells. Cells were co-cultured within blank cryogels or HICs for 24 h
under normoxic or hypoxic conditions. A) Quantification of OT-1 T cell-mediated cytotoxicity. B) Time-
lapse images demonstrating OT-1 T cell-mediated attack against B16-OVA in blank cryogels and HICs
after 1h (top) and 4h (bottom) of incubation. B16-OVA and OT-1 T cells are pseudocolored in green
and red, respectively. C) Fractions of B16-OVA cells overexpressing HIF-1a, CD73, and PD-L1. D)
Fractions of OT-1 T cells overexpressing CD69, CTLA-4, MHC-l, CD25, PD-1, and H2Kb. E)
Concentrations of secreted perforin, granzyme B, IFNy, and TNF-a from OT-1 T cells. F) Frequencies
of cytokine-producing CD44" OT-1 T cells post-stimulation with SIINFEKL peptide. All cell culture
studies were conducted under normoxic conditions (i.e., within a standard incubator operating at 18.6%

O2). Values represent the mean £+ SEM (n = 5—6) and data were analyzed using ANOVA and Dunnett's

post-hoc test (compared to blank cryogels in normoxia). *p < 0.05, ***p < 0.001.
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Supplementary Figure 1: Glucose-dependent oxygen depletion induced by HICs. A) 0.04% HICs
induce hypoxia following glucose addition to the medium. B—C) Glucose consumption rates of HICs
containing various concentrations of APG (0.01-0.1%) during the induction of hypoxia (B) or the steady
state phase (C). D) Hydrogen peroxide (H202) production from HICs during the induction of hypoxia.
E-G) steady state of Oz (E), time-to-hypoxia (F), and hypoxia duration (G) induced by HICs (containing
0.4% APC + 0.04% APG). Values represent the mean £+ SEM (n = 5 cryogels). Data were analyzed
using ANOVA and Dunnett's post-hoc test (* compared to 0.01% APG). **p < 0.05.
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Supplementary Figure 2: APC grafting efficiency within HICs. Confocal images showing the
grafting efficiency of various APC concentrations (0—1%) within the polymer walls of cryogels. APC was
fluorescently labeled with fluorescein (green) and APG with cyanine-5 (purple). Each image is
representative of n = 5 samples. Scale bars = 100 uym.
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Supplementary Figure 3: Cytocompatibility of HICs 3 days post subcutaneous injection.
Histological analysis of explanted blank cryogels and HICs containing 0.04% APG and 0.4% APC (HIC)
or only 0.04% APG (APC-free HIC). Hematoxylin and eosin (H&E) and Masson's trichrome (MT)
staining were performed. The arrows indicate the boundary between the cryogel and the host tissue.
Histological images are representative of n = 5 samples per condition. Scale bars = 100um.
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Supplementary Figure 4: HICs induce resistance to chemotherapeutic treatments. A-B)
Representative confocal images (n=5) of B16-F10 cells (A) and 4T1 cells (B) viability within blank
cryogels and HICs after 72 h treatment with doxorubicin (2 uM) in normoxia. Blue = nuclei stained with
4' 6-diamidino-2-phenylindole (DAPI), red = dead cells stained with ViaQuant Far Red, green = actin
cytoskeleton stained with Alexa Fluor 488 phalloidin, yellow = polymer walls stained with rhodamine.
Confocal pictures are representative of n = 5 samples per condition. Scale bars = 100 uM.
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Supplementary Figure 5: HICs inhibit doxorubicin and cisplatin-induced 4T1 cell death. A-B)
4T1 cell survival in blank cryogels and HICs after exposure to various concentrations (0-31.6 yM) of
doxorubicin (A) and cisplatin (B) for 24, 48, and 72 h in normoxic conditions. Values represent the mean
+ SEM (n = 5-6).
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Supplementary Figure 6: HICs impact DC subset and activation after CpG ODN stimulation. A)
Schematic depicting DC activation in normoxia after CpG ODN stimulation. B) Fractions of B220*
CD11b* CD11c" after 48 h of incubation in normoxic or hypoxic conditions in medium alone or in the
presence of blank cryogels. DCs were first pre-incubated for 24 h and then treated with LPS for 24 h.
Non-treated DCs (NT) that received LPS-free medium were used as control. C-D) Fractions of
activated B220* (C) and B220- (D) DCs determined using CD86, MHCII, or CD317 activations markers.
E) Fractions of B220+ CD11b+ CD11c+ DCs, and of activated B220- DCs in the presence of blank
cryogels without (24 h) or with (48 h) pre-incubation in normoxia or hypoxia. F-G) Evaluation of DC
activation (F) and cytokine secretion (G) in the presence of blank cryogels or HICs. (F) Fractions of
activated DCs were determined using CD86 or CD317 activations markers. (G) IL-6 and TNF-a
concentration in the cell culture supernatant. Data were analyzed using ANOVA and Dunnett's post-
hoc test (*: compared to medium or blank cryogels, #: compared to normoxia). **p < 0.01, #p < 0.01,
***p < 0.001, ##p < 0.001.
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Supplementary Figure 7: HICs recapitulate hypoxia-mediated DC inhibition in HA-rich
environments. A) Fractions of B220*, B220- CD86*, B220- CD317*, and B220- MHCII* after 48 h of
incubation in normoxic or hypoxic conditions well plates coated with HA or in the presence of blank
(HAGM) cryogels or PEGDM cryogels. DCs were first pre-incubated for 24 h and then treated with LPS
or ODN for 24 h. Non-treated DCs (NT) incubated in an LPS-free medium were used as a control. B)
Fractions of B220* DCs and B220- MHCII* DCs cultured in the presence of blank cryogels or HICs in
normoxic or hypoxic conditions. Values represent the mean + SEM (n = 5-6). Data were analyzed using
ANOVA and Dunnett's post-hoc test (compared to PEGDM (A) or blank (B) cryogels). **p < 0.01, ***p
< 0.001.
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Supplementary Figure 8: HICs impact T cell activation and function. B16-OVA-laden blank
cryogels and OT-1 T cells were co-cultured in normoxic or hypoxic conditions for 24 h. A) Fractions of
B16-OVA cells expressing CD39 and MHC-I. B) Fractions of OT-1 T cells expressing CD8, CD44,
CD137, and LAGS3. Values represent the mean £+ SEM (n = 5-6). Data were analyzed using ANOVA
and Dunnett's post-hoc test (compared to blank cryogels). ***p < 0.001.
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