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Vaccine and immunotherapy development needs to be timely to provide treatments for infections
and cancer. Current platforms for testing vaccines and immunotherapies are limited to cell cultures
with little physiological relevance or animal models that have species-specific responses.
Likewise, cancer drugs and signaling pathways are evaluated in cell cultures without key
environmental cues or stromal support. To address these limitations, we developed immune
organoids that recapitulate aspects of lymph nodes and spleen to study antigen presentation in
immune tissues and drug response of malignant immune cells. We highlighted existing immune
organoid models and vaccine adjuvants (Chapter 1). To investigate materials suitable for immune
organoids, we compared the effect of PEG endpoint chemistry and mechanoreceptor integrin
ligands on B cell maturation (Chapter 2). Incorporating immune organoids in models of malignant
immune cells, we showed that lymphomas were susceptible to drugs in an extracellular matrix and
stromal cell-dependent manner (Chapter 3). To study the mode of antigen presentation, we
engineered and compared cell-based and artificial polymeric bead-based antigen presenting cells
(Chapter 4). Inspired by the particle-based presentation of protein antigens, we developed an
immunomodulatory nanogel that enhance immune response in animal models and immune
organoids. Finally, we presented potential ideas to further improve of immune organoids (Chapter

5). In the long term, immune organoids can be used to develop vaccines and immunotherapies.
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CHAPTER 1
Antigen Presentation in Models of Immune Tissues

1.1 Abstract

Vaccines and immunotherapy are studied in 2D cell cultures or animal models. However, these
methods of evaluating therapeutics have drawbacks. 2D in vitro models of immune tissues lack
physiological relevance. Biological processes are difficult to decouple in in vivo animal models,
and species-dependent signaling reduces the relevance of animal models to human responses. This
chapter introduces immune organoids and antigen presentation. Immune organoids recapitulate
ECM motifs and mechanical cues that 2D cell cultures lack. Polymer endpoint chemistry of
immune organoids is discussed in Chapter 2. We explore how immune organoids are used to study
B cell malignancies, which are further discussed in Chapter 3. Modes of antigen presentation for
immune cell interactions and immunomodulatory nanovaccine delivery are discussed in Chapter

4.

1.2 Introduction

Vaccines are used to teach the immune system how to fight off disease-causing organisms before
the body encounters them. The immune system responds to pathogens by an innate immune
response, which is the body’s first line of defense, and an adaptive immune response, which is
slower and learns to target specific pathogens when encountered again. B lymphocytes produce
antibodies to neutralize pathogens. Antibodies bind to disease-causing organisms as a part of the
adaptive immune response! (Figure 1-1A). Antibodies are produced by B lymphocytes, which are
produced in primary lymphoid organ bone marrow, and home to secondary lymphoid organs,

which include lymph nodes, spleen, and Peyer’s patches (Figure 1-1B). Vaccines are used to train



the body to produce antibodies against pathogens such as bacteria and viruses (Figure 1-1C). In a
secondary lymphoid organ, B cells encounter antigen and undergo activation by receiving signals
from follicular helper T cells (Figure 1-2A). Signals such as CD40L and B-cell activating factor
(BAFF) are required for B cell activation and survival. CD40L and T cell receptor on T follicular
helper (Tfh) cells bind with CD40 and MHC, respectively, on B cells for B cell activation. BAFF

is produced by macrophages, monocytes, and dendritic cells?.

To produce antibodies with high specificity to an antigen, B cells enter B cell zones within
secondary lymphoid organs and form germinal centers (GCs). Germinal centers are organized into
dark zones and light zones. GC B cells expressing CXCR4 migrate toward CXCR4 ligand
CXCL12 (SDF-1) in dark zones®. Within germinal centers dark zones, B cells rapidly proliferate
and undergo somatic hypermutation of the variable region genes (Figure 1-2B). Antigen-specific
B cell receptors (BCRs) must be selected to neutralize disease causing organisms, so the large
number of B cells undergo selection. Follicular dendritic cells (FDCs) present antigen to B cells,
and cells with high affinity BCR continue to proliferate and mutate whereas cells with low affinity
BCR undergo apoptosis, programmed cell death. After several cycles of proliferation, somatic
hypermutation, and selection, B cells undergo class switching to form immunoglobulin isotypes
that have improved function for fighting disease-causing organisms. B cells then differentiate into
plasma cells, which produce antibodies, or memory B cells, which circulate long term to retain the
ability to fight off recurrences of disease-causing organisms by differentiating into plasma cells
and producing antibodies. Germinal centers and immunity are generally studied using complex

transgenic mouse models.



1.3 Immune Organoid Models of Germinal Centers

Since CD40L signal from T cells is required for B cell activation and germinal formation, cell-
based presentation of CD40L*, or cell-free CD40L> have been used to stimulate B cells in in vitro
models of germinal centers. Fibroblasts transfected with CD40L and BAFF (40LB) induced
expansion of GC-like cells in vitro*. Few primary B cells survive in 2D co-culture®, so 3D immune
organoid models have been developed to more closely mimic in vivo conditions and allow for

primary B cell survival and proliferation.

Integrin ligands provide ECM signals to immune cells. GC B cells express avp3 integrins, which
bind to vitronectin protein RGD, and a4p1 integrins, which bind to VCAM-1 mimicking REDV.
RGD-functionalized gelatin hydrogels induced rapid proliferation of primary murine B cells, with
antibody isotype class-switching®. PEG-MAL hydrogel immune organoids allow for enrichment

of antigen-specific B cells’.

1.4 B Cell Malignancies

Mutations in B cells can cause dysregulated proliferation and resistance to cell death, leading to
cancerous lymphomas. Lymphomas are a heterogeneous group of cancers that initiate in lymph
nodes, and the most common form (~30% of cases) is the aggressive diffuse large B-cell
lymphoma (DLBCL) subtype. Despite the heterogeneity of lymphomas, patients are treated
uniformly with an initial therapy of rituximab, cyclophosphamide, doxorubicin, vincristine, and
prednisone (R-CHOP). Patients with DLBCL treated with R-CHOP have a five-year survival rate
as low as 50% due to high chemoresistance. Activated B cell diffuse large B cell lymphoma (ABC-

DLBCL) is one of the most drug-resistant DLBCLs. Fluid flow has been shown to upregulate



surface expression of BCRs and integrin receptors in ABC-DLBCLs with CD79A/B mutations or

WT BCRs®.

1.5 Antigen Presentation to Immune Cells

In secondary lymphoid organs, small soluble antigens can diffuse through pores in the subcapsular
sinus to activate follicular B cells, but larger antigens are presented to B cells by dendritic cells,
macrophages, or follicular dendritic cells (FDCs). FDCs maintain germinal center structure by
producing CXC-chemokine ligand 13 (CXCL13), which attracts B cells presenting CXCR5.
Within GCs, FDCs present antigen to B cells to select for high affinity B cells in GC light zones.
GC B cells used strong myosin Il contractility and high pulling forces on the BCR to directly
regulate BCR binding to antigen®. Human GC B cells use pod-like structures to pull on antigen,
where high affinity GC B cells form stable synapses with antigen and low affinity GC B cells have
dynamic engagement and disengagement with antigen'’. B cell contractility contributes to testing
antigen affinity by breaking bonds between weakly bonded BCR-antigen and only allowing B cells

to internalize antigen with high-affinity bonds*!.

GC B cells require continuous presentation of antigen to undergo affinity maturation. FDCs are
difficult to isolate. FDC-like cell line HK was established from human tonsils2. HK cells
supported B cell proliferation and retained expression of some FDC markers such as CD14, CD40,
ICAM-1, and VCAM-1, but lost expression of FDC markers CD19, CD23, CD21, and DRC-1.

Another way to present antigen to B cells is engineering artificial cells to use FDC mimics.

Artificial APCs have been produced by coupling a soluble human leukocyte antigen—



immunoglobulin fusion protein (HLA-Ig) and CD28-specific antibody to beads®®. These artificial

APCs were then used to expand antigen-specific cytotoxic T cells.

1.6 Toll-Like Receptors in Immunity

Toll-like receptors (TLRs) are a class of proteins that recognize pathogen-associated molecular
patterns (PAMPS) to activate innate immunity4. Ten TLRs have been identified in humans, and
thirteen TLRs have been identified in mice. TLR5 recognizes bacterial flagellin, and activation of
TLR5 activates NFxB and TNF-a production through MyD88™. TLR2 recognizes several ligands
including molecules with diacyl and triacylglycerol moieties, proteins, and polysaccharides'®. TLR
ligands have been tested in vitro and in vivo, but there is variation of relevant receptors and
downstream signaling among species. Organoids can be used to test species-specific TLR

signaling while incorporating 3D environmental cues.

1.7 Nanovaccines and Adjuvants for Immunomodulation

Aged individuals and individuals with underlying health conditions can have poor immune
responses to conventional vaccines. Aged individuals had decreases compared to young
individuals in TNF-a, IL-6, and/or IL-12 (p40) production in myeloid dendritic cells and in TNF-
a and IFN-a production in plasmacytoid dendritic cells in response to TLR1/2, TLR2/6, TLR3,
TLR5, and TLR8 engagement in mDCs and TLR7 and TLR9 in pDCs*’. Older individuals are
recommended to receive high dose or adjuvanted influenza vaccines*®. In healthy individuals and
individuals with less robust immune response, vaccine efficacy can be increased by improving
trafficking to lymphoid organs and adding adjuvants to stimulate the immune response.

Lymph nodes contain large number of antigen presenting cells such as dendritic cells and



macrophages, therefore delivering vaccines directly to lymph nodes induces stronger immune
responses than delivering to peripheral tissues. Vaccine vehicle size, charge, and composition can

be tuned to target lymph nodes for higher vaccine efficacy®®.

Nanoparticles have shown promise as vaccine delivery vehicles because their structure and
composition were formulated to boost immunogenicity. Self-assembled ferritin based nanoparticle
vaccines elicited potent neutralizing antibodies against a broad spectrum of HINZ1 viruses®.
Hemagglutinin-stabilized stem ferritin nanoparticles formed from hemagglutinin A (H1N1 1999)
elicited broadly cross-reactive antibodies that completely protected mice and partially protected
ferrets against lethal heterosubtypic HSN1 influenza virus challenge?!. The hemagglutinin stem is
highly conserved, unlike the head region, which undergoes antigenic drift. Mice injected with a
combination of polyanhydride nanoparticles and a pentablock copolymer-based hydrogel
developed high neutralizing antibody titers, reduced viral load upon H5N1 challenge??. This
combination nanovaccine also induced higher neutralizing antibody titers and reduced viral load
against HIN1 influenza A virus in young and aged mice, potentially though enhanced activation

of dendritic cells?.

Adjuvants are also play a key role in improving vaccine efficacy. Adjuvants enhance the
immunogenicity of the antigens. The most commonly used adjuvant, aluminum hydroxide (alum),
works by releasing uric acid to induce monocyte differentiation into inflammatory dendritic cells?.
TLR agonist adjuvants activate inflammatory innate immune responses and promote adaptive
immunity. TLR agonists have been studied in vaccines for cancer therapy?®>28, anthrax?®, parasitic

infections®®3, bacterial infections®?, and viral infections****. MPLA (TLR4 agonist) and CpG



(TLR9 agonist) have been loaded onto nanodiscs to treat mice with melanoma?’. A small molecule
TLR7/8 agonist loaded onto a polymer scaffold increased vaccine immunogenicity for inducing
antibodies and T cell immunity®®. These formulations all involve taking a polymer and loading it
with TLR agonists to boost immunity. However, a polymer that is itself a TLR agonist has not
been used in nanovaccine treatment before. Discovery of materials with endogenous

immunostimulatory properties can improve nanovaccine immune response.

1.8 Figures
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Figure 1-1: Antibodies neutralize disease-causing organisms.
A) B cells respond to pathogens by secreting antibodies to neutralize the antigen. T cells kill
infected cells or signal other immune cells to destroy pathogens.
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B) Antibodies are produced in secondary lymphoid organs. Within secondary lymphoid organs are
B cells zones containing germinal center structures.
C) Vaccines can be used to prime the adaptive immune response to retain immunological memory

for disease-causing organisms.
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Figure 1-2: B cell activation and germinal center.

A) Naive B cells encounter Tth cells to undergo activation.

B) B cells undergo clonal expansion and somatic hypermutation in GC dark zones. B cells migrate
to GC light zones, where they undergo selection for high affinity BCRs. After class-switch
recombination and recycling between LZ and DZ, GC B cells exit GC and differentiate into

memory B cells or plasma cells.



CHAPTER 2
Organoid polymer functionality regulates germinal center response!

2.1 Abstract

2D cell culture of B cells with stromal cells does not provide environmental cues to induce in vivo-
like germinal center response. In this chapter, polyethylene glycol (PEG)-based immune organoids
are developed to elucidate the effects of polymer end-point chemistry and integrin ligands on
germinal center-like B cell phenotype, to better define the lymph node microenvironment factors
regulating ex vivo germinal center dynamics. Notably, PEG vinyl sulfone or acrylate fail to sustain
primary immune cells, but functionalization with maleimide (PEG-4MAL) leads to B cell
expansion and germinal center-like induction. Incorporation of niche-mimicking peptides reveals

that collagen-1 promotes germinal center-like dynamics and epigenetics.

2.2 Introduction

Early efforts to elucidate B cell differentiation involved a controlled environment of naive B cells
co-cultured in 2D with stromal cells, called 40LB*. These cells were engineered to provide critical
signals for B cell survival and differentiation, including the T cell signal CD40L and B cell
activating factor (BAFF), secreted in vivo by FDCs. However, the in vitro 2D presentation of these
signals is not sufficient for the induction of a germinal center response that resembles an in vivo-
like response®’, suggesting a critical role for the 3D microenvironment. Indeed, we have previously
shown that incorporation of naive murine B cells and 40LB in 3D organoids engineered from
gelatin and silicate nanoparticles®® can significantly drive germinal center B cell phenotype,

transcriptome, and somatic hypermutation just after 4 days ex vivo®’, similar to in vivo immunized

" This chapter was published in 2*Graney, Lai et al., Advanced Functional Materials 2020
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mice. To better decouple the signals driving this response, we further engineered modular
organoids with tunable microenvironments using a four-arm polyethylene glycol presenting
maleimide (PEG-4MAL) functionalized with thiolated ECM-mimicking peptides and
enzymatically degradable crosslinkers’. Using this system, we have shown that interactions
between integrins and VCAM-1-mimicking peptide regulated phosphorylation of key proteins in
murine B cell receptor (BCR) signaling, and demonstrated the ability of immune organoids to
generate antigen-specific 1gG1 antibodies through the addition of soluble antigen and
incorporation of T cell signals, such as Fas ligand’. However, to date, the role of PEG end-group
chemistry in regulating the germinal center response and contributions of microenvironment-
epigenome interactions have not yet been explored, despite that such interactions would be
expected to regulate cell behavior. In this chapter we present a direct comparison of PEG endpoint

chemistry in the engineering of immune organoids.

2.3 End Group of Hydrogel Macromer and Murine B Cell Survival

To study the effect of various ECM and integrin-binding proteins found in the B cell follicle, we
sought to use hydrogel platforms where integrin-binding ligands of interest can be functionalized
for presentation to B cells and supporting stromal cells. Although matrices from naturally derived
materials have been attempted to build immune tissues, as reviewed by us®, including our work
using a gelatin-based organoid system®3, which presented RGD motifs, natural materials do not
afford easy control over the microenvironment and presentation of various distinct integrin ligands,
may induce confounding effects on immune cell activation due to nonintegrin receptor-ligand
interactions, such as CD44 binding in hyaluronic acid-based hydrogels*®, and may suffer from

viscosity issues and batch-to-batch variability. Furthermore, we have previously shown that the

10



photopolymerization of gelatin methacrylate does not generate germinal center response®®,
Therefore, we chose to use a milder polymerization reaction that does not require toxic radical
photoinitiators for the UV curing. Several alternative chemistries exist for cell encapsulation and
cross-linking under physiological conditions, including Schiff-base formation*#?, amine-NHS
ester coupling®, Diels—Alder reaction*#°, radical-mediated thiol-ene*® and thiol-yne*’, and
nucleophilic additions of thiols to alkenes or alkyne esters or epoxy groups*->*. However, among
these, as discussed elsewhere®®, Schiff-base reactions are reversible under physiological conditions
and the reaction kinetics of amine-NHS ester, Diels—Alder, chemistries are not highly suitable for
homogeneous distribution of cells throughout the hydrogel. In contrast, thiol-based moieties, such
as peptides and polymeric macromers, can react with activated alkenes or alkynes using
photogenerated radicals (e.g., acrylate and norbornene groups) or through Michael addition
chemistry with maleimides (MAL), vinylsulfones (VS), and acrylates (ACR). Michael-addition
hydrogel networks form through a step- growth polymerization of the thiol and an electron-
deficient group (e.g., VS), stemming from a two-part propagation process where a thiolate ion
reacts with the VS group to form a carbon-based anion. The resulting anion reacts with another
thiol group to form the next thiolate ion, leading to a repetitive process that generates a covalently

crosslinked network®®,

In our studies, we chose to test poly(ethylene glycol) (PEG) hydrogels based on 4-arm PEG
macromers with either terminal vinyl sulfone (PEG-4VS), acrylate (PEG-4ACR), or maleimide
groups (PEG-4MAL) (Figure 2-1A). These polymers were chosen because they have the same
PEG macromer backbone, similar molecular weight ~20 000 Da, can be functionalized to pre- sent

integrin-specific peptides that are cysteine-terminated via a similar Michael-type addition reaction,
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and are crosslinked using di-thiolated crosslinkers at physiological pH and temperature under mild
conditions®, as opposed to UV crosslinking (Figure 2-1B). While all three chemical functionalities
in PEG hydrogels have been studied for a wide range of mammalian cells (PEG-MAL*%"°8 PEG-
VS8 PEG-ACR®), they have not been compared directly to each other for their impact on
primary B cells for the induction of germinal centers. This is an important biomaterial
consideration given the growing interest in building immune tissues®*3%*, and the limited ability

of natural matrices to control the microenvironment and integrin ligand presentation.

We first characterized the survival of our engineered stromal cell 40LB®3® (developed and
provided by Daisuke Kitamura®), which are BALB/c 3T3 fibroblasts stably transduced with both
T cell-derived CD40 ligand (CD40L) and FDC-secreted B cell activation factor. We tested
conditions where the hydrogel macromers formed fast gels (<1 min) versus slow gels (>1 min) by
tuning the pH of the PEG macromer and crosslinker type. Specifically, we tested the impact of the
ratio of MMP-9 degradable crosslinker peptide (GCRDVPM |SMRGGDRCG, referred to as
VPM) with nondegradable crosslinker dithiothreitol (DTT). The rationale for using VPM was that
our RNA sequencing has revealed a significantly higher expression of MMP-9 in germinal center
B cells as compared to naive B cells, but other MMPs were indifferent (Figure 2-1D). We observed
high viability among fast gelling PEG-4MAL hydrogels irrespective of the crosslinker pH and
VPM:DTT ratio (50 or 100% VPM) (Figure 2-1C). In contrast, PEG-4VS at 50% VPM or PEG-
AMAL at either 50% or 100% VPM, both of which gelled slowly at lower PEG macromer (pH 6),
showed cytotoxic effects on 40LB stromal cells (Figure 2-1C). There were no major differences
between the stability of hydrogels (Figure 2-1D), except that slow gelling hydrogels formed a more

uniform hydrogel than fast gelling ones, which can be attributed to wrinkling due to rapid pipetting

12



of fast gelling hydrogels. We, therefore, continued with formulations that showed high viability so
that the effects can be delineated between B cells and 40LBs. We next examined the effect of
polymer chemistry on B cell viability and induction of germinal center by co-encapsulating freshly
isolated naive murine B cells and 40LBs in the hydrogel organoid and culturing in the presence of
10 ng mLt IL-4, regular RPMI with 10% FBS and 1% antibiotics. In these initial studies, we
chose a VCAM-1 mimicking peptide REDV, recently reported by us’. Interestingly, unlike 40LB
cells, primary B cells failed to survive and proliferate in both vinyl sulfone and acrylate
functionalized organoids (Figure 2-1E,F). Using CD19 as the surface biomarker of B cells and
GL7 as surface epitope protein indicative of activated germinal center B cells, we found that B
cells cocultured in PEG-4MAL organoids yielded a significantly higher number of CD19" B cells
and germinal center-like (CD19"GL7") B cells (Figure 2-1E-G). The GL7 expressing B cells
(green) co-localized with 40LB stromal cells (yellow, spread), as revealed by confocal imaging
studies (Figure 2-1H). Collectively, this is the first study, to the best of our knowledge, that
establishes the superiority of advanced PEG-4MAL hydrogels with those functionalized with vinyl
sulfone and acrylate, at least within the conditions tested, in regulating the fate of primary B cells

toward induction of germinal centers.

To understand the molecular impact of the three hydrogels with similar underlying crosslinking
mechanisms but different end-point functionalities, we examined the viability of B cells and
generation of the apoptotic phenotype of germinal center- like B cells, i.e., CD19*GL7"Fas" cells.
The number of viable B cells in PEG-4MAL organoids were significantly higher as determined
using a live/dead flow cytometry assay (Figure 2-11), in contrast to PEG-4VS and PEG-4ACR,

alluding to the toxic effects of vinyl sulfone and acrylates. In addition, proliferative germinal center
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B cells exhibit a phenotype that is characteristic of apoptosis-sensitive cells through increased
levels of death- inducing molecule Fas®®. Apoptosis through the expression of Fas is critical to the
negative selection of germinal center B cells in vivo and for maintaining the efficacy of these
specialized cells. We observed that the PEG-4MAL organoids generated a significantly higher
number of CD19*GL7*Fas* B cells (Figure 2-1J), in contrast to PEG-4VS and PEG-4ACR
organoids. The expression of Fas was, however, similar across all three polymer matrices,
suggesting that the molecular impact of PEG-4MAL is through enhanced survival of primary B
cells, in contrast to the toxicity induced by PEG-4VS and PEG-4ACR. Further temporal analysis
of proliferative and apoptotic signals would be needed to understand the molecular impact of PEG-
4-VS and PEG-4ACR on B cell signaling. It should be noted that the differences in the degree of
macromer functionalization, the hydrolysis rate of the end group, and reactivity toward thiols could
vary among the 3 macromers that are evaluated in the current study, and can impact final crosslink
density and stiffness of the hydrogels*®, which may, in turn, affect B cell viability and germinal
center induction. Further analysis of the impact of these factors on the proliferative and apoptotic

signals is warranted.

2.4 Collagen 1 Mimicking Peptide Regulates Germinal Center Phenotype

Various follicle-associated stromal cells, including FDCs, express the collagen 1 gene. This is
further supported by the presence of collagen conduits in B cell follicles and whole lymph node®®.
How collagen-mimicking matrices compare to fibronectin, vitronectin, or VCAM-1 ligands in
inducing germinal centers remains unknown. Here, we examined three synthetic adhesive peptides
with different integrin-binding specificities (Figure 2-2A). GFOGER is a triple- helical synthetic

peptide derived from type | collagen with high binding affinity for a1p1, a2f1, a1081 and
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a1151%768 REDV is a tetrapeptide Arg-Glu-Asp-Val that mimics VCAM-1 in its ability to bind
a4p1 integrins® on B cells, and RGD is a short linear peptide present in vitronectin, fibronectin
and other ECM proteins that bind several integrins, including av3, avpl, and a581°"7%", We
have previously shown that scrambled inactive peptides, such as GRDGSPC, do not engage
integrins on B cells and fail to impact B cell receptors that are critical to downstream signaling and
immune response’, and therefore RDG only groups were not included in the current study. We did,
however, incorporate RDG scramble peptides in the organoids as a filler to overcome solubility
and viscosity issues when 100% GFOGER is used. Therefore, we used the 0.3 molar ratio of
GFOGER, REDV, or RGD and 0.7 molar ratio of RDG. While all three peptides supported
induction of nearly similar percentage of CD19*GL7" germinal center phenotype cells by day 4 in
presence of 40LB cells (Figure 2-2B), GFOGER peptide-functionalized PEG-4MAL organoids
significantly increased the hallmark proliferative CD19"GL7*Fas™ phenotype by =10% as
compared to REDV and RGD peptides (Figure 2-2C). There were no significant differences
between REDV and RGD peptides in the induction of CD19*GL7*Fas* population. Similarly, we
observed a significant increase in the number of CD19*GL7"Fas* cells in GFOGER-organoids
than in other matrices (Figure 2-2D). By day 6, the differences between matrices were lost,
suggesting that matrices can play a role in the initial time course of induction of the germinal center
phenotype (Figure 2-2E). Such studies are difficult to perform in vivo due to the migratory
behavior of B cells that manifest unique cell cycle stages and emphasize the need for ex vivo

immune organoids where nearly all cells are synchronized to similar states.

15



2.5 Materials and Methods

2.5.1 Biomaterials and Peptides

PEG-4MAL with 20 kDa molecular weight and >90% purity and PEG-4ACR with 21 kDa and
>97% were purchased from Laysan Bio. PEG-4VS with 21 kDa molecular weight and >90% purity
was purchased from Sigma. Integrin avf3-binding RGD peptide (GRGDSPC, >90% purity),
scrambled peptide (GRDGSPC, >90% purity), integrin a4$1-binding REDV peptide (GREDVGC,
>90% purity), GFOGER peptide (GYGGGPGPPGPPGPPGPPGPPGFOGERGPPGPPGPP
GPPGPPGPC, >90% purity), and matrix metalloproteinase (MMP)-9 degradable VPM peptide
(GCRDVPMSMRGGDRCG, >90% purity) were purchased from Aapptec. Nondegradable
dithiothreitol (DTT) crosslinker was purchased from Sigma Aldrich. All components were

reconstituted in 0.01 m HEPES buffer with pH 7.4.

2.5.2 Stromal Cell Culture and Mitomycin-c Treatment

40LB stromal cells, genetically modified from NIH/3T3 fibroblasts to express CD40 ligand and
produce B cell activating factor, as described previously*®7373872 were obtained from Dr. Daisuke
Kitamura®. 40LB cells were cultured in Dulbecco’s Modified Eagle Medium containing 10% fetal
bovine serum and 1% penicillin-streptomycin (P/S) and routinely passaged at 90% confluency.
Before encapsulation in organoids, 40LB were mitotically inhibited via incubation with 0.01 mg

mL ™ mitomycin-C at 37 °C for 45 min.

2.5.3 Naive B Cell Isolation from Mice
For experiments involving wildtype (WT) B cells, spleens were harvested from female C57BL/6

mice, aged 8-15 weeks, from the Jackson Laboratory. Where indicated, mice aged >2 years were
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used to compare the effects of aging. Spleens were dissociated using a sterile plunger, as previously
described®, and the cell suspension was incubated in RBC lysis buffer for 5 min at room
temperature to remove red blood cells. Naive B cells were purified from the splenocyte suspension
by negative isolation using an EasySep Mouse B Cell Isolation Kit from Stem Cell Technologies,
according to the manufacturer’s instructions. All animals were handled in compliance with the
procedures approved by the Institutional Animal Care and Use Committee (IACUC) at Cornell

University and the University of California, San Francisco.

2.5.4 Organoid Fabrication

Synthetic immune organoids containing 7.5% w/v of PEG-4MAL or PEG-4VS or PEG-4ACR
were fabricated using the corresponding PEG macromer, adhesives peptides, and crosslinkers.
PEG-4MAL was functionalized at pH 7.4 with thiolated adhesive peptides RGD, REDV, or
GFOGER at a 4:0.3 MAL-to-peptide molar ratio, and RDG scramble at a 4:0.7 MAL-to-peptide
molar ratio for 30 min at 37 °C. MMP9-degradable VPM peptide and nondegradable DTT
crosslinkers were combined at a 1:1 VPM-to-DTT molar ratio and a 4:1.5 MAL-to-crosslinker
molar ratio and adjusted to pH 5-6. 40 000 Naive B cells and 40 000 40LB stromal cells were
suspended in the crosslinker solution, and 5 pL of crosslinker-cell suspension was injected into 5
pL functionalized PEG-MAL in each well of a nontreated 96 well plate. The droplet was mixed
rapidly via pipet and cured at 37 °C for 15 min. Post-incubation, Roswell Park Memorial Institute
(RPMI) 1640 media containing 10% FBS, 1% P/S, and 10 ng mL ™ interleukin-4 (IL-4, Peprotech)

was added to each organoid. The media was replenished every 3 days.
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2.5.5 Flow Cytometry

On days 4 or 6, organoids were rinsed in 1X PBS and enzymatically digested in 125 U mL™
collagenase type 1 (Worthington Biochemical) for 1 h at 37 °C. Enzyme activity was terminated
by the addition of buffer containing serum, and the cells were filtered to remove organoid debris
using 96 well MultiScreen Mesh Filter Plates (EMD Millipore). Cells were resuspended in 1X
PBS with viability dye (Thermo Fisher) and incubated in the dark on ice for 30 min. Cells were
then resuspended in FACS Buffer (PBS** with 2% FBS, 1% P/S, and 0.005 x 10 M EDTA)
containing antibodies against cell surface antigens and incubated in the dark on ice for 1 h. Post-
incubation, the cells were washed and resuspended in FACS Buffer. For intracellular antigens, the
cells were fixed for 30 min in Fixation/ Permeabilization Buffer (eBioscience Foxp3/Transcription
Factor Staining Buffer) and incubated in permeabilization buffer containing antibodies for 1 h on
ice, protected from light. Anti-mouse monoclonal antibodies targeting cell surface antigens
included anti-GL7 (FITC, PE, eFluor660; clone GL 7; Thermo Fisher), anti-B220 (PE-Cy7; clone
RA3-6B2; Thermo Fisher), anti-Fas (APC; clone 15A7; Thermo Fisher), anti-CD19 (FITC; clone
1D3; Thermo Fisher), anti-CD138 (FITC; clone 300506; Thermo Fisher), anti-IgD (PE; clone 11—
26C; Thermo Fisher), and anti-CD38 (APC; clone 90; Thermo Fisher). Anti-mouse monoclonal
antibodies targeting intracellular antigens included anti-H3k27me3 (AF488, AF647; clone
C36B11; Cell Signaling), anti-EZH2 (eFluor 660; clone AC22; Thermo Fisher), anti-CBP (FITC,
AF488; clone C-1; Santa Cruz), anti-H3k27ac (AF647; clone D5E4; Cell Signaling), anti-IRF4
(FITC, PE, PE-Cy7; clone 3E4; Thermo Fisher), and anti-BCL6 (PE, APC; clone BCL-DWN,;

Thermo Fisher).
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2.5.6 Imaging Analysis

For imaging, organoids were cultured in glass-bottom 35 mm dishes or 96-well glass bottom
dishes. After 4 days in culture, organoids were fixed in 4% paraformaldehyde in PBS for 15 min,
permeabilized with 0.5% Triton-X-100 in PBS for 30 min, and blocked with normal 20% normal
goat serum for 30 min. Organoids were then incubated with fluorescence-conjugated primary
antibodies (anti-GL7-AF488, Thermo Fisher, 1:200 dilution; anti-NP-AF647, Novus Biologicals,
1:200 dilution; rat anti-lgM) overnight. After washing with PBS, organoids were incubated with
secondary antibodies (goat anti-rat 1gG, AFP647, Thermo Fisher) and actin stain (phalloidin-
AF568, Thermo Fisher; phalloidin-AF555, Thermo Fisher) and nuclear stain (DAPI) for 4 hours.
Organoids were washed and resuspended in PBS. The organoids were imaged on a Zeiss LSM710

confocal microscopes. Bright field images were taken on an EVOS XL Core microscope.

2.5.7 Statistical Analysis

Statistical analysis was performed using GraphPad Prism software. Data analysis used an unpaired
two-tailed t-test or one-way analysis of variance (ANOVA) with Tukey’s post hoc test or two-way
ANOVA with Sidak’s multiple comparison test. Quantitative analyses as scatter or bar graphs are
presented as means + SEM. In all studies, *P < 0.05, **P <0.01, and ***P < 0.001 unless otherwise

stated. Nonsignificance is denoted by “ns.”
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Figure 2-1: Hydrogel macromer end-modification chemistry regulates the survival and
differentiation of primary immune cells.

A) Chemical structure of the vinyl sulfone, acrylate, and maleimide functional groups at the end
of four-arm PEG.

B) Schematic of immune organoid formation with co-cultured CD40L- and BAFF-presenting
stromal cells and primary, naive B cells.

C) Effects of pH and degradability on 40LB cell viability in PEG-4VS and PEG- 4MAL hydrogels.
D) Representative brightfield images illustrating the effects of pH and degradability on stromal
cell network formation in PEG-4VS and PEG-4MAL organoids.

E) Quantitative flow cytometric analysis of CD19+ B cell in four-arm PEG hydrogels modified
with maleimide, vinyl sulfone, or acrylate, indicating survival in hydrogels.

F) Flow cytometric gating strategy and germinal center-like B cell (CD19+GL7) formation in four-
arm PEG hydrogels modified with maleimide, vinyl sulfone, and acrylate.

G) Effects of maleimide, vinyl sulfone, and acrylate functionalization on stromal cell network
formation and survival of B cells in PEG-based organoids.

H) Confocal imaging of germinal center-like B cell (GL7+) and its relative localization with 40LB
stromal in PEG-4MAL organoids. Green: GL7, Yellow: Actin (false color from red), Magenta:
DAPI (false color from blue).

1) Effect of four-arm PEG end-modification chemistry on cell viability of CD19+ B cells cultured
in organoids for 4 days.

J) Quantitative flow cytometric analysis of CD19+GL7+Fas+ germinal center-like B cell
formation after 4 days of culture in four-arm PEG hydrogels modified with maleimide, vinyl

sulfone, or acrylate. All data represent mean + S.E.M. and were analyzed via one-way ANOVA
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with Tukey’s posthoc multiple comparisons test. ****p < (0.0001, ns = not significant; N = 5.
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Figure 2-2: Collagen-mimicking GFOGER peptide ligand differentially regulates germinal
center-like B cell activation and signaling.

A) Sequences of integrin-binding peptides incorporated into PEG-4MAL organoids.

B,C) Effects of GFOGER peptide ligand on the percent of B) B220"GL7" B cells and

C) proliferative B220"GL7*Fas™ B cells, in contrast to VCAM-1-like and RGD peptide ligands in
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organoid grown cultures of naive B cells with 40LB and IL-4.

D,E) Time-dependent effects of varying integrin ligand on the number of B220*GL7 Fas* cells on
D) Day 4 and E) Day 6. All data represent mean + S.E.M. and were analyzed via one-way ANOVA
with Tukey’s posthoc multiple comparisons test. *p<0.05, **p<0.01, ***p < 0.001, ns = not

significant; N = 5.
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CHAPTER 3
Lymphoid tumor microenvironment controls BCR signaling in lymphomas

3.1 Abstract

Activated B cell-like diffuse large cell lymphoma (ABC-DLBCL) develop in B cell follicles of
secondary lymphoid organs and are among the most drug-resistant DLBCLs. ABC-DLBCLSs are
characterized by constitutive activation of NF-kB, driven by activation of the B cell receptor
(BCR), toll-like receptor (TLR), and PI3K pathways due to activating mutations within the BCR-
TLR-PI3K superpathway. However, these activating mutations are insufficient to explain the
limited response to BCR pathway targeted therapies. Here, we demonstrate that cellular and
biophysical factors in the lymphoid tumor microenvironment (Ly-TME) modulate the cooperative
signaling in ABC-DLBCLs. We identified microenvironment components that mediated resistance
to standalone MALT1 inhibitors and determined their effect on the BCR-PI3K-TLR
superpathway. Our studies define the complex crosstalk between malignant ABC-DLBCL cells
and selective components of Ly-TME to uncover previously unexplored resistance to clinical

inhibitors of the BCR pathway.

3.2 Introduction

Increased understanding of the molecular mechanisms underlying non-Hodgkin’s lymphoma
(NHL) has opened the door for targeted therapy in aggressive diffuse large B-cell lymphoma
(DLBCL). Based on distinct gene expression profiles, DLBCLs are classified into B cell receptor
signaling-driven activated B cell-like (ABC) subtypes and epigenetics-driven germinal center B
cell-like (GCB) subtypes’ ", but have widely divergent outcomes’. ABC-DLBCL is the most

chemo-resistant subtype to the frontline therapy R-CHOP, with 40% of patients experiencing no
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response or relapse’®’’. Genetic alterations interact with clinical factors to impact overall survival
in DLBCL™"*78-80 Improved therapies are needed for all DLBCLs, but most urgently for the
activated B cell-like (ABC) DLBCL subtypes with distinct gene expression profiles and immune

microenvironments, including the presence of CD4+ T cells®!.

The survival of ABC-DLBCLs depends on the constitutive activation of NF-kB through the B cell
receptor (BCR), toll-like receptor (TLR), and phosphoinositide-3-kinase (PI3K) pathways’3,
Several inhibitors targeting these pathways are therefore being explored®:®. Ibrutinib, an
irreversible inhibitor of Bruton’s tyrosine kinase (BTK), displayed activity in clinical trials for
ABC-DLBCL patients with CD79 mutations but only produced responses in 37% of total ABC-
DLBCL cases partially due to downstream mutations, such as CARD11’®. The mechanisms
through which ABC-DLBCLs are resistant to current therapies are not fully understood. These
BCR and TLR pathways are activated in part due to hallmark ABC-DLBCL mutations (i.e.,
CD79A/B, myeloid differentiation primary response 88 (MYD88), caspase recruitment domain-
containing protein 11 (CARD11), and more). However, the chronic signaling through mutations
is relatively weak. We hypothesize that complex growth signals from lymph node tumor
microenvironment (Ly-TME) further stimulate BCR and TLR pathways in ABC-DLBCLs,

causing resistance to therapeutics.

The CBM complex, which includes CARD11, B-cell lymphoma/leukemia 10 (BCL10), and
mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1), integrates signals
from the cooperative BCR, TLR, and PI3K pathways to activate NF-xB and presents a downstream

target that can disrupt many of the upstream mutations that drive aberrant signaling. MALT1

26



protein is necessary for ABC-DLBCL proliferation and survival by leading to constitutive NF-xB
signaling through its function as a scaffold protein in 1B kinase (IKK) complex activation* and
as a paracaspase that cleaves inhibitors of NF-kB88%8_As the only paracaspase in the human
genome, MALT1 also has a structurally unique enzymatic pocket, offering the possibility of
developing targeted inhibitors with high specificity. Hence, targeting MALT1 can potentially
impact a broad cross-section of ABC-DLBCL patients with reduced off-target effects and without
causing toxicity to other organs®?2®87  Irreversible MALT1 catalytic pocket inhibitors, MI-2 14,
and an irreversible MALT1-selective, peptidomimetic inhibitor, Compound 3 (C3)%" display
activity against ABC-DLBCLs in vitro and in vivo. Similar results have been reported for
compounds that inhibit MALT1 through an allosteric, reversible mechanism®, Although MALT1
inhibition has emerged as a promising therapeutic approach against ABC-DLBCLs, tumors can
engage feedback mechanisms that limit the activity of signaling pathway inhibitors, as has indeed
been shown for MALT1 inhibitors as well®2. Even though we understand that the Ly-TME is
composed of immune cells, stromal cells, and extracellular matrix (ECM)®, to date, we do not
fully understand the impact of Ly-TME on the CBM complex and their cooperation with
constitutively active pathways in ABC-DLBCLs, and consequently, on the efficacy of inhibitors
and/or agonists to adequately suppress these networks. Constitutive BCR engagement by cognate

self-antigen drives BCR clustering in ABC-DLBCL®.

We identify PEG-based polymers that support lymphoma growth. We identify TME components
that induce MALT1 and TLR signaling and induce a high degree of coordination of the BCR-
PI3K-TLR superpathway to mediate resistance to standalone MALT1 inhibitors. We identify TME

components that upregulate BCR clustering.
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3.3 End Group of Hydrogel and Lymphoma Organoids

Lymphomas have not been characterized together in maleimide, vinylsulfone, and acrylate end
group hydrogels. We used Michael-addition chemistry to crosslink gels with MMP-9 degradable
crosslinker VPM and nondegradable crosslinker DTT. To first test lymphoma growth in various
polymer end group hydrogels, we used a murine B cell lymphoma cell line, WEHI-231 to
determine lymphoma viability. Lymphoma cells in PEG-MAL organoids proliferated and formed
clusters, but PEG-VS and PEG-ACR organoids had disperse lymphoma cells after 4 days (Figure
3-1A). As with primary B cells in Section 2.3, WEHI-231 grew in PEG-4MAL hydrogels but
showed poor survival in PEG-4VS and PEG-4ACR (Figure 3-1B,C). The longer gelation time and
therefore longer exposure to uncrosslinked VS and ACR groups could have a cytotoxic effect on

lymphoma cells. The remaining lymphoma organoid studies used PEG-4MAL hydrogels.

3.4 Lymphoma Susceptibility to Drug, Stromal Support, and Tumor Microenvironment

Inside the hydrogels, spherical CD20" DLBCLs localized over the spread CD40L-presenting
stromal cells within 48 hr (Figure 3-2). The CD40L presentation resulted in a significantly reduced
cell death of CD20+ ABC-DLBCL cells (11-16%) in response to another 48 hr treatment with
MALT1 inhibitor (MI-2), added to the cell culture media in which the PEG-4MAL hydrogel-based
organoids were growing (Figure 3-3A). Both 125 nM and 2000 nM MI-2 doses effectively killed
84-99% of CD20" ABC-DLBCL cells in organoid conditions that did not present CD40L
compared to those that presented CD40L (Figure 3-3). CD40L presentation further attenuated the
effect of MALT1 inhibitor on cell proliferation, as shown by a dye dilution assay (Figure 3-3B).
These results suggest that CD40L-mediated signaling from T cells can affect the efficacy of

MALT1 inhibitor and the resistance is more prevalent in 3D physiological conditions than in 2D.
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We next sought to understand whether the collagen-mimicking GFOGER peptide, which binds to
multiple A1 integrin dimers, would induce similar changes in MALT1 inhibition and signaling.
The GFOGER peptide adopts a triple-helical conformation that mimics collagen I and is necessary
for its bioactivity, including binding to integrins®. HBL1 cells cultured in GFOGER-organoids
had an LC50 of 178.5 nM, approximately two-fold higher than that in RGD and almost four-fold
than that in REDV (Figure 3-4A). MALTL1 in GFOGER-organoids was higher than REDV-

organoids (Figure 3-4B).

We next determined whether IL10, which is highly expressed in ABC-DLBCL patients and
supports ABC-DLBCL survival and proliferation®’:%2, was dependent on integrin-binding ligands.
MALT1 controls cytokine expression, including IL10, by cleaving mRNA decay regulators, such
as roquin-1, an E3 ubiquitin ligase that is a master regulator of the immune system homeostasis®’.
We have previously reported that MALT1 inhibition downregulates 1L108 and in the current
study, we observed that MI-2 LD50 values and IL10 secretion values had the same ascending order
(REDV < RGD < GFOGER), illustrating how TME-mediated IL10 secretion can affect MALT1
inhibitor efficacy. (Figure 3-4C). Overall, these results highlight that cross-talks between the ECM
and integrins on ABC-DLBCL cells can modulate MALT1 signaling and the efficacy of MALT1
inhibitor. Notably, CD40L inclusion overcame the ECMs effect and led to a significant resistance

to MALT1 inhibitor regardless of peptide presentations (Figure 3-4D).

3.5 BCR Clustering in Lymphoma Organoids

Malignant B cells co-opt multiple proliferative and survival pathways activated downstream of the
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BCR to promote their growth, survival, and response to therapeutics®®. We hypothesized that the
binding of CD40L to CD40 might intersect with BCR pathway signals, upregulating the expression
of BTK, MALT1, BCL10, and NF-xB. To investigate how CD40L stromal signals and peptide
ligand affects BCR clustering, we imaged single DLBCL cells within organoids and counted IgM
BCR puncta per cell (Figure 3-5A,B). Addition of CD40L increased the number of IgM BCR
puncta in both HBL1 and OCI-Ly10, suggesting that stromal CD40L boosts BCR engagement
(Figure 3-5C,D). DLBCLS in GFOGER-organoids had more IgM BCR puncta than DLBCLSs in
REDV-organoids, suggesting that GFOGER induced increase in BCR clustering leads to enhanced

BCR pathway signaling.

3.6 BCR Signaling in Lymphoma Organoids

We next determined whether CD40L presentation increased downstream pBTK expression, as
indicated by phosphorylation of its Tyr551 residue (Figure 3-6A). Subsequent treatment of BTK
inhibitor Ibrutinib paralleled the trends observed after MALTL inhibition (Figure 3-6B),
supporting that CD40L reduced cell death. The inclusion of CD40L increased MALT1 and pNF-
kB expression in human PDX cells (Figure 3-6C,D), supporting the hypothesis that CD40L
enhances BCR pathway signaling, which contributes to MALT1 inhibitor resistance in ABC-

DLBCLs.

3.7 Materials and Methods
3.7.1 Polymer and Peptides
Four-arm maleimide-functionalized polyethylene glycol (PEG-4MAL) with 20 kDa molecular

weight and > 90% purity was purchased from Laysan Bio, Inc. Peptides (>95% purity) were
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purchased from  AAPPTec and included collagen 1 mimic “GFOGER”
(GGYGGGP(GPP)sGFOGER(GPP)sGPC, where O=hydroxyproline), fibronectin/vitronectin
mimic “RGD” (GRGDSPC), VCAMI mimic “REDV” (GREDVGC), control peptide
(GRDGSPC), and protease-sensitive crosslinker (GCRDVPMS|MRGGDRCG). Nondegradable
crosslinker dithiothreitol (DTT) was purchased from Sigma Aldrich. All components were

reconstituted in 0.01 M HEPES with pH 7.4.

3.7.2 Chemical Compounds

Mitomycin C was purchased from Santa Cruz Biotechnology. Idelalisib, dasatinib, masitinib, and
ibrutinib were purchased from Selleckchem. MALTL1 inhibitor, MI-2, was purchased from Tocris
Bioscience, and Compound 3 (C3) was obtained from Ari Melnick (Weill Cornell Medicine, New
York, NY). Previously listed chemicals were reconstituted in DMSO. CpG ODN 2395 was

purchased from InvivoGen and reconstituted in endotoxin-free water.

3.7.3 Cell Culture

OCI-Ly3, OCI-Ly10, and HBL1 were obtained from Ari Melnick (Weill Cornell Medicine, New
York, NY). OCI-Ly3 and OCI-Ly10 were cultured in Iscove’s medium supplemented with 20%
FBS, and HBL1 was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10% FBS and 10 mM HEPES. All ABC-DLBCL cells were grown in the
presence of penicillin G/streptomycin and 2 mM L-Glutamine. CD40L-L cells, genetically
modified L cells to express human CD40 ligand, as described previously were obtained from Dr.
Hideki Ueno and cultured in RPMI supplemented with 10% FBS and 80 ug/ml geneticin (Thermo

Fisher). WEHI-231 was obtained from Jason Cyster (UCSF, San Francisco, CA) and cultured in
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RPMI with 10% FBS, 1% P/S, 10 mM HEPES, Glutamax, and 2-mercaptethanol. All cells were

grown at 37°C in a humidified atmosphere of 5% CO2.

3.7.4 Hydrogel-based Organoid fabrication

Organoids were formed in synthetic hydrogels made of PEG-4MAL with typically a 7.5% (w/v)
macromer concentration. PEG-4MAL was first functionalized at pH 7.4 with thiolated adhesive
peptides RGD, REDV, GFOGER or control peptide RDG for 30 minutes at 37°C. While RGD,
REDV were used at 3 mM concentration, due to size constraints, GFOGER was functionalized at
lower molarity (1 mM), with all additional maleimide sites occupied by the scrambled control
peptide to make up for 3 mM total peptide concentration. This decrease in molarity did not
significantly alter the MI-2 LD50 of HBL1 cells in RGD- or REDV-organoids. Protease-sensitive
crosslinker (VPM) and non-degradable crosslinker (DTT) were combined at a 1:1 molar ratio and
adjusted to pH 6. Briefly, before combining the polymer and crosslinker, cell mixtures were
suspended in the crosslinker solution. When using cell lines, cell mixtures included 40,000 cells
ABC-DLBCL cells with or without 40,000 CD40L-L cells. For PDX samples, mixtures included
80,000-200,000 PDX cells with or without 50,000 CD40L-L cells. After mixing, cell-crosslinker
solutions were immediately injected into an equal amount of functionalized PEG-4MAL located
in a well of a nontreated 96 well plate. The ensuing droplet was mixed via pipetting and cured for
15 minutes at 37°C. Appropriate media was added post-incubation to begin organoid cultures. The
media was replenished every two days. In some experiments, organoid stiffness was modulated by

varying PEG-4MAL w/v or the ratio of adhesive peptide to crosslinker.
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3.7.5 Flow Cytometry

At the end of the desired culture time, organoids were washed with PBS and enzymatically
digested in 125 U/ml type I collagenase (Worthington Biochemical) for 1 hour at 37°C. Buffer
containing serum was added at the end of this incubation to terminate the enzymatic activity.
Organoid debris was removed using 96 well MultiScreen Mesh Filter Plates (EMD Millipore), and
the ensuing cells were resuspended in FACS Buffer (PBS++ with 2% FBS, 1% penicillin
G/streptomycin, and 5 mM EDTA). Cells were first stained with antibodies against cell surface
antigens and incubated in the dark on ice for 1 hour. For intracellular antigens, cells were then
fixed and permeabilized using the eBioscienceTM Foxp3/Transcription Factor staining buffer
(Thermo Fisher) set or BD PhosflowTM fix buffer | when antigen phosphorylation was of interest.
After fixation, cells were incubated in permeabilization buffer with antibodies against intracellular
antigens for 1 hour on ice. Cells were analyzed using an Accuri C6 flow cytometer. Data were
analyzed using FlowJo to determine the percentage or number of positive cells, median and mean

fluorescent intensities, and the distribution of fluorescent intensity.

Human antibodies included anti-BCL10 (AF488; clone EP606Y; abcam), anti-CD20 (FITC, PE,
PE-Cy7, APC; clone 2H7; Thermo Fisher), anti-MALT1 (AF647; clone EP603Y; abcam), anti-
phospho-BTK (PE; clone M4G3LN; Thermo Fisher), phospho-NFkB p65 (PerCP-eFluor 710;
clone B33B4WP; Thermo Fisher), phospho-S6 (Ser235/236) (AF647; clone D57.2.E; Cell
Signaling Technology), phosphor-SRC (Tyr418) (PE; SC1T2M3; Thermo Fisher), and TLR9
(FITC, PE, APC; eB72-1665; Thermo Fisher). Canine antibodies included anti-CD3, anti-CD4,
anti-CD20 (clone 6C12; InvivoGen), anti-CD45, anti-MHC 11, and anti-Thy-1. Additional stains

included CellTraceTM CFSE (Thermo Fisher) to measure cell proliferation as well as
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LIVE/DEADTM fixable stains (Green Dead Cell, Far Red Dead Cell; Thermo Fisher) or

propidium iodide (Thermo Fisher) to measure cell viability.

3.7.6 Organoid Treatment

Organoids were fabricated, and cells were allowed to interact with the surrounding environment
for 48 hours prior to treatment with any inhibitors. MI-2, was then added for 48 hours. After the
desired treatment time, organoids were then degraded as previously described. Cells were
subsequently stained with CD20 and LIVE/DEADTM fixable stains and analyzed via flow
cytometry. Live CD20" cell numbers were normalized to vehicle-treated organoids, and GI50
values were calculated using GraphPad Prism 8 software. To visualize live and dead cells in
organoids, separate organoid samples that had undergone the desired treatment regimen were
washed with PBS™ and stained in 4 nM Calcein AM and 4 nM Ethidium Homodimer in media for
45 minutes at 37°C. The staining solution was then replaced with fresh media, and organoids were

directly imaged for live (green) and dead (red) populations on a Nikon TE200U microscope.

3.7.7 Imaging Analysis

On day 4, organoids were fixed in 4% paraformaldehyde for 15 minutes at room temperature and
rinsed with PBS twice. Cells were permeabilized with 0.5% Triton-X 100 for 30 minutes and
washed with PBS. Organoids were resuspended in 20% normal donkey serum blocking buffer.
Primary antibody staining solution (rabbit anti-human CD20, Thermo Fisher; mouse anti-human
IgM, Thermo Fisher) was added and incubated overnight at 4°C. After incubation in primary
staining solution, organoids were washed with PBS and incubated in secondary staining solution

(donkey anti-rabbit IgG AFP488, Thermo Fisher; donkey anti-mouse 1gG AFP647, Thermo
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Fisher; DAPI; phalloidin AF555, Thermo Fisher) for 4 hours at 4°C. Organoids were rinsed with
PBS twice and imaged on Zeiss LSM700 and Zeiss LSM710 confocal microscopes. IgM puncta
were counted manually on maximum intensity projections of single-cell zstack images. Numbers

of puncta were plotted on GraphPad Prism.
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Figure 3-1: Hydrogel macromer end-modification chemistry regulates the survival of murine
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lymphoma cells.
A) Bright field images of organoids and representative flow cytometry gating for CD19 and Live-

Dead staining.
B-C) WEHI-231 viability in PEG-MAL, PEG-VS, and PEG-ACR. 1-way ANOVA test *P<0.05,

****P<0,0001 (n = 5).
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Figure 3-2: DLBCL organoids.
(Top) Schematic of PEG-4MAL hydrogel-based organoids with nondegradable and matrix

metalloproteinase degradable crosslinkers (purple) functionalized with adhesive peptides (red).
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Hydrogels encapsulated lymphoma cells (blue) and supporting cells (yellow). (Bottom) Confocal
microscopy z-stacks of PEG-4MAL hydrogel-based organoids with ABC-DLBCL cell line HBL1

(CD20, Green), Cd40L-transduced stromal cells (Actin, spread), and nucleus (DAPI).
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Figure 3-3: DLBCL response to MALTL1 inhibitor MI12 with stromal support.

A) Left: Flow cytometry and Right: Survival (normalized to vehicle-treated) of HBL1 cells
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cultured with or without CD40L-presenting cells after 48 hours of culture and subsequent 48 hours
of treatment with increasing concentration of MALTL inhibitor MI-2 in the range of 0-2000 nM
(n=5).

B) Assessment of proliferation after pre-labeling cells with CFSE and subsequent 96-hour culture,
including 48-hour treatment with 2000 nM MI-2. Representative flow cytometry histograms with
unlabeled cells as well as vehicle or MI-2 treated CFSE-labeled cells is on left. Quantification of
CFSE for each culture condition, where results indicate the means £ SEM of 4 replicates, is on the

right. Unpaired t-test, ****P<0.0001.
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Figure 3-4: DLBCL response to MALT1 inhibitor MI12 with ECM variations.
A) Survival (normalized to vehicle-treated) of HBL1 cells normalized to vehicle-treated cultured
in indicated conditions that compare GFOGER-presenting organoids to those that present REDV

(left) and RGD (right) after 48 hours of culture and subsequent 48 hours of treatment with MI-2.
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Results indicate the means = SEM of 5 replicates.

B) Median fluorescent intensity of MALT1 in HBL1 cells cultured in indicated conditions for 96
hours. Unpaired t-test, *P<0.05 (n=3-4).

C) IL10 secreted from cells cultured in indicated conditions for 96 hours. 1-way ANOVA,
**P<0.01, ****P<0.0001 (n = 15).

D) Survival (normalized to vehicle-treated) of ABC-DLBCL cell line HBL1 cultured in either
GFOGER+REDV or GFOGER+RGD functionalized hydrogels (with or without CD40L-
presenting cells) after 48 hours of culture and subsequent 48 hours of treatment with increasing

concentration of MALTL inhibitor, MI-2. Results indicate the means + SEM of 5 replicates.
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Figure 3-5: Presentation of CD40L signal and GFOGER peptide ligand boost puncta
formation in DLBCLs.

A) Representative images of IgM puncta on HBL1 cells in organoids. Scale bars are Sum.

B) Number of puncta per cell in HBL1 organoids. 6 cells were imaged per organoid in 5 organoids.
1-way ANOVA, ****P<0.0001 (n = 30).

C) Representative images of IgM puncta on Ly10 cells in organoids. Scale bars are 5um.
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D) Number of puncta per cells in Ly10 organoids. Each point represents a single cell within an
organoid. 12 cells were imaged per organoid in 5 organoids. 1-way ANOVA, **P<0.01,

****P<(.0001 (n = 57-60).
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Figure 3-6: Tumor microenvironment and BCR signaling.

A) pBTK median fluorescent intensity in human PDX cells cultured in organoids with and without
CD40L for 96 hours. Unpaired t-test, ***P<0.001 (n =4).

B) Survival (normalized to vehicle-treated) of human PDX cells cultured in indicated conditions
after 48 hours of culture and subsequent 48 hours of treatment with increasing concentration of

BTK inhibitor, Ibrutinib. Results indicate the means + SEM of 6 replicates.
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C) Median fluorescent intensity of MALTL1 in human PDX cells cultured in £CD40L stromal cell
conditions for 96 hours. Unpaired t-test, ****P<0.0001 (n =4).
D) Median fluorescent intensity of pNFkB in human PDX cells cultured in +CD40L stromal cell

conditions for 96 hours. Unpaired t-test, **P<0.01 (n =4).
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CHAPTER 4
Multi-mode antigen presentation for immunomodulation

4.1 Abstract

Follicular dendritic cells (FDCs) maintain germinal center architecture and play a key role in
germinal center B cell selection. Here we show cellular- and bead-based models of FDC
presentation of antigen to germinal center B cells. Biomaterials-based nanovaccines, such as those
made of poly(lactic-co-glycolic acid) (PLGA), can induce stronger immunity than soluble antigens
in healthy wild-type mouse models. However, whether metabolic syndrome can influence the
immunological responses of nanovaccines remains poorly understood. Here, we first show that
alteration in the sensing of the gut microbiome through Toll-like receptor 5 (TLR5) and the
resulting metabolic syndrome in TLR5~ mice diminish the germinal center immune response
induced by PLGA nanovaccines. We next demonstrate that the low immune response can be
rescued by an immunomodulatory Pyr-pHEMA nanogel vaccine, which functions through TLR2
stimulation, enhanced trafficking, and induced stronger germinal center response than alum-
supplemented PLGA nanovaccines. To further investigate germinal center response to nanogels,
we use immune organoids to show that Pyr-pHEMA nanogels induced stronger germinal center
response and epigenetic activity ex vivo. The study highlights the potential for immunomodulation

under gut-mediated metabolic syndrome conditions using advanced nanomaterials.

4.2 Introduction
Follicular dendritic cells (FDCs) are required to maintain germinal center architecture®. FDCs in
vivo capture and process antigen for uptake by germinal center (GC) B cells during selection for

high-affinity B cell receptors (BCRs). are mobile, membrane-based presentation of antigen for

43



increased antigen uptake. Using these models will improve understanding of immune cell function

as well as vaccine uptake.

At a smaller scale than FDC-antigen-GC B cell interactions, mode of antigen presentation in
vaccines affects vaccine uptake. Ways to improve vaccine efficacy include targeting immune
tissues and using adjuvants to boost the immune response. Lymph nodes have been targeted for
vaccine delivery to improve efficacy®®. Material, size, and surface charge of vaccines are tuned to
increase trafficking to lymph nodes and uptake by antigen presenting cells. Vaccine efficacy is
reduced in patients with dysregulated immune systems resulting from conditions like metabolic

syndrome.

Metabolic syndrome is a cluster of metabolic disorders, such as systemic inflammation, insulin
resistance, and obesity®*®. The National Cholesterol Education Program Adult Treatment Panel
111 definition®®%" is one of the most widely used criteria of metabolic syndrome and incorporates
the key features of hyperglycemia/insulin resistance, visceral obesity, atherogenic dyslipidemia,
and hypertension. Metabolic syndrome can originate from a variety of factors such as gut
microbiome, diet, and genetic mutations, among others®. The gut microbiome is particularly
interesting because it has been implicated as a cause of metabolic syndrome®*, and multiple lines
of evidence link the gut microbiota and metabolic syndrome to the immune system and, more
directly, to vaccine response®1%, In one example, mice deficient in Toll-like receptor 5 (TLRS5, a
cell surface protein that senses flagella on gut bacteria) spontaneously developed metabolic
syndrome'® and have also been shown to have a poor soluble antigen response’®. In the latter

study, soluble influenza vaccine response showed a direct correlation between expression of TLR5
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and the magnitude of the antibody response. The study further showed that TLR5-mediated
sensing of the microbiota also affected antibody responses to the inactivated polio vaccine. Despite
these studies, it remains unclear whether the gut microbiome can regulate the response of
materials-based nanovaccines, which have the potential to mount stronger immune response than
soluble vaccines, even in the absence of adjuvants. It also remains unclear whether
immunomodulatory nanomaterials can overcome any immune regulations imposed by gut

microbiome and metabolic syndrome.

Here, we first elucidate how TLR5-mediated sensing of the microbiota and the associated
metabolic syndrome modulates the immune response induced by conventional PLGA
nanovaccines. We disrupted the gut microbiome sensing using TLR5”~ mice and observed that
the resulting metabolic syndrome diminishes the immune response induced by conventional PLGA
nanovaccines in the absence of any exogenous adjuvant. The PLGA nanovaccines show reduced
particle trafficking to draining lymphoid tissues, and nanovaccines further changed the selective
composition of the gut microbiota. By chronically treating WT mice with antibiotics since
weaning, we show that disrupting gut signaling leads to poor vaccine response in an obesity-
independent manner. We next engineer an immunomodulatory pyridine—poly(hydroxyethyl
methacrylate) (Pyr-pHEMA), which self- assembles with protein antigens to form a nanogel
vaccine. The Pyr-pHEMA nanogels overcome the diminished response of PLGA vaccines in the
metabolic syndrome model by modulating the immune response in immune cells through TLR2
and mount B cell response higher than alum-supplemented PLGA nanovaccines. The results
highlight the potential of advanced nanomaterials as immunomodulatory vaccines under gut-

mediated metabolic syndrome conditions.
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4.3 Cellular Presentation of Antigen

To study antigen presentation ex vivo, we fabricated hydrogel-based organoids to encapsulate
40LB stromal cells, B cells isolated from C57BL/6 mouse spleens, and the antigen. The hydrogel
consisted of 4-arm polyethylene glycol maleimide (PEG-MAL) functionalized with REDV peptide
and crosslinked with VPM and DTT. We presented 4-hydroxy-3-nitrophenylacetyl-ovalbumin
(NP-OVA) antigen on the surface of follicular dendritic cells, HK, using a biotinylated HLA
antibody and streptavidin conjugation (Figure 4-1A-B). Surface NP-OV A was present on stromal
cells on day 0, but by day 4 was no longer present. HK-NP-OVA boosted the number of activated
B cells (GL7*CD19") in organoids compared to soluble NP-OVA only, and was similar to HK
with soluble NP-OVA (Figure 4-1C). This suggests that the presence of HK increased the activated
B cell numbers rather than cell membrane presentation of antigen. HK cells lost surface NP-OVA
by day 4, but FDCs in vivo are able retain antigen for long periods of time. Therefore we decided

to use more persistent presentation of antigen in the organoids, we moved to a bead-based system.

4.4 Bead Presentation of Antigen

We conjugated NP-OVA to 5 um polystyrene beads using a streptavidin-biotin reaction (Figure
4-2A). NP was present on the surface of the beads throughout the duration of culture in organoids
(Figure 4-2B). Bead-based presentation of NP-OVA increased the number of NP-specific germinal
center-like cells compared to soluble NP-OVA or no antigen (Figure 4-2C). This suggests that
antigen specificity of B cells can be improved with the use of polystyrene beads due to the mode

of antigen uptake.
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4.5 PLGA Nanovaccines Mount Limited Immunity Under Gut-Mediated Metabolic
Syndrome in Mice'

We examined whether altered sensing of the gut microbiome and the resulting metabolic syndrome
regulate the success of a model PLGA nanovaccine, which is among the most widely used
nanovaccine platformsi®®%  Mice were immunized subcutaneously either with PLGA
nanovaccines formulated with 50 ug of 4-hydroxy-3-nitrophenyl acetyl hapten conjugated to
ovalbumin (NP-OVA) or as a soluble NP-OVA antigen. Previous studies have shown that mice
immunized with soluble NP-OVA antigen induce NP-specific immune response'®; therefore, our
experimental design did not initially include additional adjuvants to better understand the efficacy
of PLGA nanovaccines. Thirty-five days later®”1%, a booster dose was injected, and after another
10 days, cells were harvested from the spleen and the draining lymph node. Nanovaccines induced
significantly higher GL7"FAS*CD19* germinal center B cells in the lymph node after
immunization as compared to soluble NP-OVA (Figure 4-3A). In contrast, there was no difference
in the vaccine response between soluble NP-OVA—injected TLR5 " and nanovaccine-injected

TLR5™" mice.

We quantified CD138" plasma cells in draining lymph nodes and observed a trend similar to that
of the germinal center response (Figure 4-3B). The antigen-specific immunoglobulin G (IgG)
antibodies in the blood serum increased 2.5- to 3.5-fold in WT mice but not in TLR5™~ mice,
further confirming that only the WT mice gained the benefits associated with PLGA vaccination,

when compared to the soluble antigen (Figure 4-3C).

it Sections 4.5-4.7 was published in **Mosquera, ..., Lai et al., Science Advances 2019
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4.6 Immunomodulatory Nanogel Mode of Stimulation

It is well established that materials or biologics that mimic bacterial pathogen-associated molecular
patterns are capable of stimulating TLRs on the surface of immune cells. In a competing theory by
Seong and Matzinger', hydrophobic portions of biological molecules and potentially materials
can act as universal damage-associated molecular patterns to initiate an immune response, in
particular through TLR2 and TLR4¥7 1% New studies have shown that select small-molecule
compounds that are aromatic in nature and structurally unrelated to any known TLR2 agonists can
function as TLR2 agonists'®, Since Pyr-pHEMA has hydrophobic pyridine attached to pHEMA
and pyridine is an aromatic compound, we next investigated whether Pyr-poHEMA nanogel would
stimulate immune cells either through TLR2 or TLR4 or, alternatively, through TLR5 or TLR9.
We transfected TLR2, TLR4, or TLR9 into human embryonic kidney (HEK) 293 cells (that
endogenously express TLR5) and exposed the cells to Pyr-pHEMA nanogels carrying NP-OVA
antigen (20 pg/ml), antigen alone (20 pg/ml), or media. Pyr-pHEMA nanogels stimulated TLR2
signal, as indicated by high relative light units of luciferase (Figure 4-4A), but had minimal effect
on TLR4, TLR5, and TLR9, similar to antigen alone and media. These results suggest that Pyr-
pHEMA nanogels function through TLR2 (Figure 4-4B) and that the stimulation is driven by
polymer and not the complexed protein. We tested this hypothesis by comparing immune response
in TLR27~, TLR4™~, and WT mice (Figure 4-4C). Previous studies'!! have shown that the small
intestinal TLR5 expression is not regulated through TLR2 or TLR4, as shown by unchanged levels
of small intestinal TLR5 transcript in small intestinal tissues of TLR2™~ and TLR4 ™~ mice. These
studies further showed that TLR5 " mice did not affect TLR2 and TLR4 mRNA levels. Therefore,

we do not expect TLR5 to be influenced in TLR2 and TLR4 mice.
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4.7 Immunomodulatory Nanogels in Murine Model of Gut-Mediated Metabolic Syndrome

We immunized TLR2™~, TLR4 ™", and WT mice with NP-OVA as a soluble antigen or formulated
with Pyr-pHEMA nanogel. We observed that while both WT and TLR4 - deficient mice had
significantly elevated GL7*FASTCD19* germinal center B cell population relative to their soluble
counterparts, TLR2~"- deficient mice did not experience any increase in humoral immunity

relative to the soluble antigen.

We immunized male TLR5™~ mice either with Pyr-pHEMA nanogels formulated with 50 pg of
NP-OVA or as a soluble antigen to determine whether the nanogel would boost the immune
response beyond the soluble formulation. Ten days after the booster dose, Pyr-pHEMA nanogels
induced a significant 1.5-fold higher GL7*FAS*CD19" germinal center B cells in the lymph node
as compared to soluble NP-OVA (Figure 4-5A). This is in contrast with PLGA vaccines (Figure
4-3), suggesting that Pyr-pHEMA can rescue the poor immune response in the male TLR5 /"
mouse model. Analysis of CD138" cells unveiled a similar trend, and the Pyr-pHEMA response
was comparable in TLR5™~ and WT mice (Figure 4-5B). The antigen-specific antibodies in the
blood serum confirmed that engineered Pyr-pHEMA nanogel rescued the limited immune response

shown in PLGA nano- vaccines as compared to the soluble antigen (Figure 4-5C).

As indicated in Figure 4-5D, addition of alum to PLGA nanovaccines rescued the B cell response
in TLR5~ mice to the level of WT mice immunized with PLGA nanovaccines alone. In contrast,
Pyr-pHEMA nanogels without any exogenous adjuvant induced higher germinal center response
in TLR5 ™~ mice as compared to alum-supplemented PLGA nanovaccines. Therefore, Pyr-pHEMA

nanogels offer an immunomodulatory effect without the combinatorial delivery of adjuvants.
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4.8 HIN1 Pyr-pHEMA Nanogel Formulation

The studies presented above showed that pyr-pHEMA nanogels boosted germinal center cell
numbers in vivo. However, these studies used model antigen NP-OVA, and we wanted use
complex antigens such as HIN1. We wanted to test how direct interactions between pyr-pHEMA
nanogels and B cells affected germinal center response ex vivo. We hypothesized that pyr-pHEMA
nanogels would increase the number of germinal center-like cells in immune organoids. Pyr-
pHEMA and inactivated HIN1 were mixed to form self-assembly nanogels (Figure 4-6A).
Nanoparticles <200 nm can traffic through lymph nodes to encounter B cells'*2. We decided to use
the formulation that yielded an average size of 240.0£96.9 nm (Figure 4-6B). The loading

efficiency of HLN1 as measured by ELISA was >90% (Figure 4-6C).

4.9 Germinal Center Response to HIN1 Nanogels

Comparing soluble HIN1 to lower dose of nanogel H1N1, the lower dose of nanogel H1N1 still
had higher numbers of GL7*CD19" activated B cells than a higher dose of soluble HIN1 (Figure
4-6D). We tested a lower dose of HIN1 and found similar response, where nanogel HIN1 had
higher numbers of germinal center-like B cells than soluble HIN1 (Figure 4-6E). Enhancer of
zeste homolog 2 (EZHZ2) is a histone methyltransferase that silences genes by catalyzing histone 3
lysine 27 trimethylation (H3k27me3). EZH2 is required for germinal center formation®”. CDKN1A
stops cell cycle progression, so EZH2-mediated silencing of CDKN1A allows for progression of
cycle, which in turn allows for germinal center formation. We measured EZH2 expression levels
and found no significant differences, but its epigenetic activity by H2k27me3 had increased

expression levels, indicating higher epigenetic activity (Figure 4-6F,G).
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4.10 Pyr-pHEMA NP-OVA Nanogels in Organoids

We wanted to determine whether the boost in immune response was due to the pyr-pHEMA
polymer itself, or the nanogel presentation of antigen. We moved back to using NP-OVA as the
antigen because we did not want the highly immunogenic HIN1 to mask the effects of pyr-
pHEMA in nanogels. We found that nanogel NP-OVA increased the number of activated B cells
over both unassembled pyr-pHEMA and soluble NP-OV A, which indicated that higher activation
of B cells was due to nanogel presentation of NP-OVA rather than polymer alone (Figure 4-7A).
Nanogel NP-OVA also increased the number of EZH2*CD19* cells and H3k27me3"EZH2*CD19*
over soluble NP-OVA (Figure 4-7C-D). EZH2 expression was higher in nanogel NP-OVA groups
than soluble NP-OVA groups (Figure 4-7C). The expression levels of H3k27me3 in nanogel NP-
OVA samples were not higher than in soluble NP-OVA samples, indicating that nanogels did not

boost epigenetic activity of EZH2 (Figure 4-7D).

4.11 Intravital 3-Photon Imaging of Murine Lymph Node

Cy1Cre-Confetti mice!*®4  in which B cells in the germinal center (GC) stochastically express
one or two of four different fluorescent proteins (CFP in membrane, GFP in nucleus, YFP and
RFP in cytoplasm), providing 10 color combinations. We used 3-photon microscopy to image GC
B cells in vivo. Using 1300 nm excitation and 3 detection channels we visualized multi-color GC
B cells 8-10 days after mice immunization with NP-OVA in alum (Figure 4-8A,B). The GFP and
YFP signals were detected by the same detection channel, as their spectral separation is small. We
could distinguish 7 color combinations because GFP/RFP was distinguishable from YFP/RFP. To
distinguish the light zone (LZ) and dark zone (DZ) in the GC, we labeled the follicular dendritic

cells in the LZ with an Alexa Fluor 594-counjugated CD35 antibody (Figure 4-8A). Intravital 2PM
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has been used before to image the GCs in the popliteal LN*'>%6 as most GCs are in the shallow
region of the popliteal LN in the cortical side. However, it is challenging to reach the bottom of
large GC (DZ thickness ~100 um) by 2PM. The lower part of GC DZ at 250-300 um depth in
popliteal LN imaged by 890 nm 2PM was blurry, while the entire GC was clearly visible by 1300

nm 3PM (Figure 4-8A,B).

4.12 Materials and Methods
4.12.1 Cell Culture
40LB was cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine

serum and 1% penicillin/streptomycin.

4.12.2 Cell Membrane Presentation of Antigen

HK cells were incubated with a biotin anti-HLA-ABC antibody (Biolegend). NP-OVA was
functionalized with streptavidin using a Lightning-Link Streptavidin Conjugation Kit (Novus)
according to manufacturer’s instructions. HK with biotin anti-HLA-ABC antibody was then

washed and incubated with streptavidin-NP-OVA for 1 hr.

4.12.3 Particle-Based Presentation of Antigen
5 um biotin functional polystyrene beads (Nanocs) were incubated with streptavidin-NP-OVA for

1 hr at room temperature, centrifuged, and washed with PBS.

4.12.4 Organoid Fabrication

7.5% weight/volume 4-arm PEG-MAL (20 kDa) hydrogels were fabricated according to
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previously reported methods. Briefly, one out of four arms of PEG-MAL (Laysan Bio) were
functionalized with thiolated peptidle GREDVGC (Aapptec), and the remaining arms were
crosslinked using a 50%/50% mixture of MMP9 degradable GCRDVPMSMRGGDRCG
(Aapptec) and nondegradable dithiothreitol (DTT) (Invitrogen). All components were
reconstituted in 1% HEPES buffer. 40LB cells were treated with mitomycin C for 45 minutes and
washed twice with PBS. B cells were isolated from WT C57BL/6J or B6.129P2-Ptprc<a>
Igh<tm1Mnz>/J (B1-8) mouse spleens using EasySep Mouse B Cell Isolation Kit (StemCell
Technologies) according to the manufacturer’s instructions. Organoids were cultured in Rosewell
Park Memorial Institute (RPMI) 1640 supplemented with 10% fetal bovine serum and 1%

penicillin/streptomycin.

4.12.5 Mouse Studies

Mice were immunized either subcutaneously or intraperitoneally with 50 pug of NP-OVA
encapsulated into pyr-pHEMA, a dose-matched soluble formulation (50 ug/mL), or PBS. For Pyr-
pHEMA, TLR5~~ mice were intraperitoneally immunized either with nanovaccines formulated
with 50 ug of NP-OVA or as a soluble antigen to determine whether the nanogel would boost the
response beyond the soluble formulation. Previous work has shown that subcutaneous,
intramuscular, and intraperitoneal injections all elicit a strong immune response in engineered
vaccines; however, intraperitoneal vaccination has a shorter timeline for induction of immune
response’'”118 Two weeks later, a booster dose was injected, and after another 10 days, cells were
harvested from the draining lymph node. Similar studies were performed with TLR2™~, TLR4 ™",
and WT mice with matched age and gender. For 3-photon imaging of mouse popliteal lymph

nodes, NP-OVA with adjuvant Imject Alum (Thermo Scientific), which contains an aqueous
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solution of aluminum hydroxide (40 mg/mL) and magnesium hydroxide (40 mg/mL) plus inactive
stabilizers, were prepared as per the manufacturer’s recommendation. Briefly, Imject Alum was
added dropwise with constant mixing to the NP-OVA so that the final volume ratio of Imject Alum
to immunogen was 1:1 and injected into mouse footpad. All animal studies were performed in

compliance with the Institutional Animal Care and Use Committee (IACUC) at Cornell University.

For in vivo GC B cell imaging, Cy1Cre-Confetti mice were generated by mating Cyl-cre mice
((B6.129P2(Cqg)-Ighgltm1(cre)Cgn/J, The Jackson Laboratory) with R26R573 Confetti mice
(Gt(ROSA)26Sortm1(CAG-Brainbow2.1)Cle/J, The Jackson Laboratory). For immunization of
the Cy1Cre-Confetti mice, we injected 50 pL of the mixture of NP-OVA (2mg/ml in PBS, N-5051,
Biosearch Technologies) and alum at a 1:1 volume ratio into the footpad of the mouse. To label
follicular dendritic cells in the popliteal LN, we injected 2 pg CD35 antibody (558768, BD
Bioscience) conjugated with Alexa Fluor 594 (A20185, Thermo Fisher) into the footpad of the

mouse about 12 hours before the imaging.

4.12.6 Pyr-pHEMA Polymer Synthesis

Nicotinoyl chloride hydrochloride was dissolved in tetrahdydrofuran (THF). A mixture of
polyhydroxyethylmethacrylate (P0HEMA) and 4-dimethylaminopyridine (DMAP) was dissolved
in THF. pHEMA/DMAP was added to the nicotinoyl chloride hydrochloride dropwise. The
reaction was allowed to continue overnight. The mixture was transferred to a tube and centrifuged.
The THF solvent portion was collected and the powder at the bottom was discarded. Th solvent
was allowed to evaporate, leaving a solid in the tube. The solid products were dissolved in

dichloromethane (DCM), washed with DI water and brine. The DCM portion was extracted and
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allowed to fully evaporate. The remaining solid was reconstituted in DCM. The product was
crashed out by adding the DCM solution to cold ether. The product was further washed with cold

ether. Ether was allowed to evaporate to leave the pyr-pHEMA product.

4.12.7 Nanogel Assembly, Size Characterization, and Loading Efficiency

Nanogels were formed by adding 0.2 mL of 0.2 mg mL-1 pyridine-pHEMA in dimethylformamide
to protein solution. Protein solutions were 100 and 200 pg mL? H1IN1 antigen and 1, 10, and 100
ng mL™ NP-OVA. Size distribution of nanogels was characterized on NanoSight at the Cornell
Nanoscale Science and Technology Facility. Loading efficiency was determined by using ELISA
to measure hemagglutinin concentrations in the HIN1 antigen solution before nanogel assembly
and supernatant after centrifugation of nanogels, taking the difference, and dividing by the

concentration before nanogel assembly.

4.12.8 Flow Cytometric Analysis

For organoids, after 4 days in culture, cells were extracted by washing organoids in PBS and
incubating organoids in 125 U/mL collagenase type | in serum-free RPMI for 1 hr at 37°C.
Hydrogel mixture was filtered through 60 um filter plate (Sigma) to get cell suspension. Cells were
washed and stained in FACS buffer. Antibodies used for staining were NP-AF647 (Novus), GL7-

AF488, CD19-PE-Cy7, and EZH2-eFluor660 (Thermo Fisher).

Antibodies used for staining include GL7-AF488, CD19-PE-C7, FAS-APC, H3k27me3-AF488,
EZH2-eFluor660, NP-AF647, and B220-PE-Cy7. Flow cytometry samples were run on a BD

Accuri C6. Analysis was performed on Flowjo.

55



4.13 Acknowledgements
The authors acknowledge partial financial support from the NIH and NIAID (1R01AI1132738-

01Al1to A.S.) and the NSF CAREER Award (award no. 1554275 to A.S.).

4.14 Figures
A B Day 4
Streptavidin 3 "3
NP-OVA s " 3 NF
o i E a "3 g
Z o ; Zz _
Biotin Anti-HLA-ABC 1 3
' ‘ Antibody o' o' SN
Side Scatter Side Scatter
HK Cells with
MHC | Unstained HK
B NP-OVA-loaded HK
C * % D *k E
*K KK
*ok ok 40000 — *% 80000
40000 +
5 5 X
— - v 60000
0O 2 30000 ot o 30000 o| 3 — 3 . %_%
03 ES &y o ° £0 :
I~ o ] N @ | —
® 5 20000 . W G 20000 T & 40000
5 £ 5 m N —
3 £ ¢ S 40000 | I° 8 20000
2 @ 10000~ £
= 2 :
0 T T 0 f T 0 T T
Sol. NP-OVA + + - Sol. NP-OVA  + + - Sol. NP-OVA + + -
HK -+ o+ HK -+ 4 HK -+t
Mem. NP-OVA - -  + Mem. NP-OVA -+ Mem. NP-OVA - - +

Figure 4-1: Cellular and bead-based presentation of antigen affects B cell antigen specificity.
A) Follicular dendritic cells HK with surface NP-OVA.

B) Gating of NP staining on stromal cells on days 0 and 4.

C) Number of activated B cells from organoids with HK-NP-OVA.

D) Number of B cells expressing epigenetic indicator EZH2.
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E) Expression of EZH2 in B cells from organoids with HK-NP-OVA. All groups were mean +
S.E.M., compared with one-way ANOVA with Tukey’s posthoc multiple comparisons test (n =

4). **p < 0.01, ***p < 0.001
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Figure 4-2: Bead-based presentation of antigen.

Number of GL7+NP+ B Cells

A) 5 um biotin beads with streptavidin NP-OVA.
B) Gating of NP staining on NP-OVA beads on days 0 and 4.
C) Number of NP-specific activated B cells from organoids with NP-OVA beads. Mean + S.E.M.,

one-way ANOVA with Tukey’s posthoc multiple comparisons test (n =4). *p < 0.05, ***p <0.001
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Figure 4-3: PLGA nanovaccines manifest limited humoral immune response in male TLR5™~
mice.

A) Gating strategy for GL7*FAS*CD19" Scatterplot presents the percentage of GL7*FAS*CD19*
germinal center B cells in the lymph node of male mice 10 days after booster vaccination with
either soluble NP-OVA (4-hydroxy-3-nitrophenylacetyl hapten conjugated to ovalbumin) antigen
or PLGA nanovaccines formulated with NP-OVA. PBS, phosphate-buffered saline; FAS, fatty
acid synthase.

B) Gating strategy for CD138" plasma cells. The scatterplot presents the percentage of CD138*
plasma cells in the lymph node after booster vaccination.

C) The scatterplot presents the antigen-specific antibodies in the serum of male mice after

immunization. Statistics was performed using an unpaired, two-tailed t test (n = 3). In all studies,

58



*P <0.05 and **P < 0.01. ns denotes nonsignificant differences. MFI, mean fluorescence intensity.
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Figure 4-4: Immunomodulatory nanogels stimulate TLR2.

A) TLR stimulatory activity of Pyr-pHEMA nanogels and controls in HEK293 cells transfected
with TLR2, TLR4, and TLR9. HEKSs endogenously express TLR5. Luciferase activity indicates
activation of a TLR. Statistics was performed using a two-way ANOVA with Bonferroni’s
correction (n = 5).

B) Schematic presenting the proposed hypothesis that Pyr-pHEMA nanogels function through
TLR2.

C) Fold change in GL7*FAS'CD19" germinal center B cell population between nanogel and
soluble formulations. All nanogel groups were compared by an unpaired, two-tailed t test with
their soluble counterparts, and data are presented as means £ SEM (n =5 WT nanogel, n =4 WT
soluble, n =6 TLR2” nanogel, n =5 TLR2™" soluble, n =4 TLR4 ™" nanogel, and n =3 TLR4™~

soluble). In all the studies, *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 4-5: Pyr-pHEMA nanogels rescue the antigen-specific germinal center response in
male TLR5™ mice.

A) Pyr-pHEMA nanogel induced germinal center B cell population.

B) CD138" population.

C) Antigen-specific antibody levels in the serum

D) Fold change in GL7"FAS'CD19* germinal center B cell population between Pyr-pHEMA
nanogel, PLGA nanovaccines, and PLGA nanovaccines adjuvanted with alum. All particles were
loaded with NP-OVA antigen. All groups were compared by one-way ANOVA with Tukey’s post
hoc test, and data are presented as means £ SEM (n = 4). In this study, *P < 0.05, **P < 0.01, and

***p < 0.001.
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Figure 4-6: Germinal center response to HLIN1 nanogels in immune organoids.

A) Self-assembly of pyr-pHEMA and protein into nanogel.

B) Size distribution of nanogels from NanoSight.

C) Loading efficiency of nanogels measured by hemagglutinin ELISA.

D) Representative gating for CD19 and GL7 for B cells in organoids. Percent and number of
germinal center B cells with high dose of HIN1. 1-way ANOVA test. **P<0.01, ***P<0.001,
****P<(0.0001

E) Number of germinal center B cells with lower dose of HIN1. Unpaired t-test. **P<0.01

F) Representative gating for EZH2. Percent EZH2* cells and EZH2 expression. Unpaired t-test. ns
denotes non-significant.

G) Representative gating for H3k27me3. Percent H3k27me3* cells and H3k27me3 expression.

Unpaired t-test. *P<0.05, ns denotes non-significant
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B) Representative gating for CD19 and GL7, and number of activated B cells in organoids. 1-way
ANOVA test.

C) Epigenetic response of EZH2. Number of EZH2"B220" B cells and expression of EZH2.

D) Epigenetic activity through H3k27me3. Number of H3k27me3*EZH2"B220" B cells and
expression of H3k27me3. All groups were compared using one-way ANOVA test. **p<0.01,

**p<0.01, ***p<0.001, ****p<0.0001
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Figure 4-8: In vivo 3-photon imaging of GC B cells in confetti mouse lymph node.
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A, B) Comparison of GC B cell imaging by 2PM and 3PM. YZ (a) and XY (b) images show multi-
color B cells in a GC of the popliteal LN of Cy1Cre-confetti mouse at 8 days after immunization.

LZ is labeled with Alexa Fluor 594-conjugated CD35 antibody. Scale bars, 50 pm.
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CHAPTER S

5.1 Summary

We demonstrated that maleimide polymer end chemistry yielded viable and functional immune
organoids over vinylsulfone and acrylate end groups (Chapter 0). We showed that ECM and
stromal cells in organoids affect lymphoma drug response and BCR signaling (Chapter CHAPTER
3). We showed that particle-based presentation of antigen to B cells in organoids improved BCR
antigen specificity (Chapter Error! Reference source not found.). We showed that
immunomodulatory nanogels boost germinal response in vivo and ex vivo with both model and

complex antigens.

5.2 Future Outlook

5.2.1 Adding Complexity to ex vivo Models of Lymphoid Tissues

Bridging the gap between ex vivo organoids and animal models will allow for more rapid and cost-
effective vaccine and therapeutic development. We need to increase the complexity of immune
organoids to capture in vivo responses ex vivo. Next steps include recapitulating spatial
organization of lymphoid tissues, adding stromal cells and factors, and further studying mechanical

cues.

5.2.2 Spatial Patterning of B Cell Follicles

The current immune organoid model has a mixture of B cells and 40LB stromal cells in an evenly
mixed organoid. However, germinal centers are divided into dark zones, where B cells undergo
proliferation and somatic hypermutation of the antibody variable region genes, and light zones,

where B cells compete for binding to antigen on follicular dendritic cells. CXCL12-expressing and
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CXCL13-expressing stromal cells maintain the architecture of these germinal center
compartments. Spatially homogenous germinal centers limited interactions between B cells and
Tth cells, which reduced GC output and affinity maturation compared to spatially segregated
germinal centers'®. Future studies can show how spatial patterning of LZ and DZ ex vivo affects

GC output and affinity maturation.

5.2.3 Cell Migration in Germinal Centers

Stromal cells in germinal center dark zone express CXCL12, which facilitates migration of
CXCR4-expressing GC B cells. GC B cells with high CXCR4 expression migrate toward the dark
zone. When the cells divide, the daughter cells have reduced surface CXCR4, which causes
migration into the light zone. FDCs present antigen to GC B cells in the light zone and provide
survival signals to cells with high affinity to antigen and apoptotic signals to cells with low affinity
to antigen. The cycle of proliferation and checking is essential to forming high-affinity, antigen-
specific antibodies. Future work would be to capture this process to further understand affinity
maturation. CXC12-expressing stromal cells are difficult to isolate, so microfluidic devices will
be used to generate chemokine gradients. GC B cells and their daughter cells can be tracked to
determine how they divide and move back and forth between dark zones and light zones. Patterning
of CXCL12 will create limited spaces of CXCL12 that B cells with CXCR4 can interact with,

creating competition for CXCL12 between CXCR4" and CXCR4"° GC B cells.

5.2.4 Incorporating Follicular Dendritic Cells and Mimics
Due to the low numbers of FDCs in lymphoid tissues (<1% of cells), we have been using FDC

mimics to present antigen to GC B cells. We presented antigen on human FDC-like cell line HK.
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Murine FDC-like cell lines pFL and FL-Y have been shown to express FDC genes including
CD21, FcyRIIB, lymphotoxin B receptor, ICAM-1, VCAM-1, IL-6, and C4*?°, However, these cell
lines have different characteristics from primary FDCs. In the last few years, relatively
straightforward methods of isolating FDCs from murine or human secondary lymphoid tissues by
flow cytometry have been reported*?>!22, The next step in adding stromal support in organoids
should be to isolate primary FDCs and add them to the light zone of a GC LZ/DZ microfluidic

model.

5.2.5 B Cell Receptor and Mechanical Signaling in Organoids

Materials mimicking secondary lymphoid organ stiffness (2300 + 1000 Pa) have been shown to
be optimal for immune stromal cell function®. Fluid flow enhances proliferation of malignant B
cells through upregulation of expression of IgM, integrin 4, and integrin 18, We would like to
incorporate fluid flow in healthy immune tissue models. GC B cells have been shown to use

myosin Il contractility and high pulling on BCR forces to regulate BCR binding to antigen®.

5.2.6 B Cell Affinity Separation

To model affinity maturation ex vivo, high affinity B cells need to be expanded in organoids. In
the absence of survival or apoptotic cues from FDCs, we can remove low affinity B cells and
continue culturing high affinity B cells. Microfluidic devices coated with antigen can be used to
separate cells with high-affinity and low-affinity BCRs. Future studies aim to use fluid flow to
modulate detachment force in microfluidic devices. We can also use microfluidic devices to study
how B cells distinguish between high and low affinity binding to antigen. B cell contractility helps

separate high and low affinity BCRs by mechanically testing the strength of antigen binding*. The
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separation device can also be used to study antigen affinity as a function of cell type.
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APPENDIX

A.1 Lymphoma Migration via Chemotaxis

Antibodies are routinely formed in vertebrates in response to infections, vaccines, or autoimmune
disorders. Ex vivo high-affinity antibodies used as therapeutic agents are developed from fused
hybridoma models, directly from animal models, genetic engineering of bacteriophages, or cloning
antibodies from single antigen-specific human B cells. Yet, these processes cannot explain
immune reactions and host-pathogen interactions. There are no mammalian, ex vivo lymphoid
tissue-like technologies to understand antibody formation dynamics, generate human antibodies,
or test efficacy of candidate vaccines. Here we incorporate stromal-specific chemokine gradients
in 3D ex vivo immune organoids on a microfluidic chip to capture germinal center (GC) B cell

dynamics.

FDCs express CXCL13 to recruit B cells to GCs. CXCL12-expressing reticular cells (CRCs)
support GC B cells in the dark zone and facilitate migration from light to dark zone in the GC
recycling process that produces high-affinity antibodies. CRCs are not easily isolated, therefore
we have engineered a CXCL12 concentration gradient on chip to incorporate the chemotaxis effect
of CXCL12 on GC B cells (Figure A-1). Devices were fabricated from polydimethylsiloxane
(PDMS) bonded to glass microscope slides. The center channel was filled with a hydrogel
containing B cells. The top channel was filled with media containing CXCL12, and the bottom
channel was filled with media only. Gradient formation on chip was verified through images of
dextran-FITC diffusing through PEG hydrogels (Figure A-2). 5 kDa and 10 kDa dextran-FITC
were chosen because murine CXCL12 (7.9 kDa) falls between those two sizes. Both 5 kDa and 10

kDa dextran-FITC maintained a concentration gradient after 4 hours, whereas food dye, which is
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only about 0.5-1 kDa, was evenly diffused after 4 hours. Murine lymphoma WEHI-231 cells,
which migrate in response to CXCL12, were seeded in a PEG-filled microfluidic channel,
stimulated with a CXCL12 gradient, imaged, and quantified in high and low CXCL12
concentration zones (Figure A-3). WEHI cells migrated into the CXCL12 media channel but did

not migrate into the media only channel.

A.2 Materials and Methods

Microfluidic Device Fabrication

PDMS (Sylgard) base was mixed with crosslinker at a 1:10 ratio, desiccated, poured over
microfluidic mold, and baked at 60°C for 2 hrs. Devices were cut and holes were punched for
fluidic and hydrogel inlets and outlets. Devices were bonded to clean microscope slides using

oxygen plasma (Harrick).

Gradient Formation in Microfluidic Device

7.5% w/v PEG-VS hydrogels were formed by mixing PEG-VS with VPM/DTT crosslinkers and
injected into central channel of the microfluidic device. Devices were incubated at 37°C for 15
minutes. Media containing dextran-FITC (or red food dye) was injected into the top fluidic
channel, and media only (or media containing blue food dye) was injected into the bottom fluidic

channel.

B Cell Migration in Microfluidic Device
WEHI-231 cells stained with CellTracker Green (Thermo Fisher) were mixed into hydrogel

mixture and injected to the central channel in the microfluidic device. Devices were incubated at
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37°C for 15 minutes. Media containing CXCL12 was injected in one fluidic channel, and media

only was injected in the other fluidic channel.
Imaging Analysis
Bright-field images for food dye diffusion were taken on an EVOS XL Core microscope.

Fluorescence images were taken on a Nikon TE2000U and analyzed on ImageJ.

A.3 Figures

Polydimethylsiloxane bonded to ’,’
microscope slide glass R4

CXCL12 0.8 mm

Media + CXCL12 gradient l

>

Cells 100 um 100 ym

1.6 mm

Media only

-~
--o
--o
--o

Microfluidic mold courtesy of Prof. Jianping Fu
Figure A-1: Microfluidic device for gradient formation in 3D hydrogel.

Microfluidic device is fabricated from PDMS bonded to microscope slide glass.
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Figure A-2: Gradient formation in hydrogel channel in microfluidic device.
A) Size of dyes and particles relative to chemokine CXCL12.

B) Diffusion of food dye in PEG gel over time.

C) Schematic of microfluidic device with dextran-FITC.

D) Dextran-FITC concentration gradient after 4 hours in device.
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Figure A-3: WEHI-231 migration in 3D hydrogel with CXCL12 gradient.
CXCL12 concentration is high at the top of the channel and low at the bottom of the channel.

White line denotes the outer edge of the pillars holding the PEG gel in the central channel.
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