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ABSTRACT

The purpose of this dissertation is to investigate the use of novel polymeric nanomaterials

for modulation of the humoral immune system. I focus on developing materials for tar-

geted antigen delivery in order to alter the subsequent antigen-specific antibody response for

vaccination and tolerance-inducing therapeutics.

In Chapter 1, I review the immune pathways involved in mounting an antibody response

including the roles of antigen presenting cells (APCs), T cell and B cells. I introduce the

fields of vaccination and antigen-specific tolerance and highlight the open questions involving

antigen delivery and recognition by the immune system. Reflecting on these questions, I

discuss the value of engineered nanomaterials as tools for better modulating these responses.

In Chapter 2, I build upon previous work and engineer APC-targeted polymersomes

for use as a COVID-19 vaccine. Using the receptor binding domain (RBD) of the SARS-

CoV-2 spike protein as the target antigen, I formulate RBD-encapsulated (RBDencap)

and RBD-surface decorated (RBDsurf) polymeromes for co-administration with adjuvant-

ing monophosphoryl-lipid A (MPLA)-encapsulted polymersomes. I analyze the resulting

immune response to vaccination and compare the effects of encapsulated and surface-bound

delivery of RBD to find that vaccination with RBDsurf alone elicited strong neutralizing IgG

responses as well as RBD-specific CD8+ T cell responses.

In Chapter 3, I present a mannose glycopolymer conjugate (p(Man)) for increased anti-

gen delivery to the tolerogenic microenvironment of the liver. I investigate the effects of

p(Man)-antigen delivery on antigen-specific T and B cell responses. Using uricase as a model

immunogenic therapeutic, I demonstrate the capacity of p(Man)-uricase pre-treatment to re-

duce the uricase-specific antibody response upon future antigen experience. Lastly, I probe

the effects of antigen post-translational glycosylation on p(Man)-antigen treatment and dis-

cuss the use of the Uox-/- mouse as a potential model of anti-drug antibody-mediated loss

of therapeutic efficacy.

In Chapter 4, I discuss the conclusions and future directions of both projects.
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CHAPTER 1

BACKGROUND AND INTRODUCTION

1.1 The innate and adaptive immune system

The immune system is a complex collection of highly evolved cells and signaling molecules

specialized to identify and eliminate invading pathogens from the body. This system can

be divided into two main responses: the innate response and the adaptive response. The

innate immune response provides a first-line of defense against pathogens, engulfing invaders

non-specifically. The innate immune response also recruits the adaptive immune system via

signaling molecules to activate a more pathogen-specific response. The adaptive immune

response is less immediate, but more specialized. It is composed of T cells and B cells

expressing highly variable receptors. These receptors can bind to and recognize antigens,

smaller fragments of the invading pathogens, with unique specificity. Antigen-specific adap-

tive cells help to activate and mount a more efficacious attack against pathogens. Once

the response is over, the activated T and B cells differentiate into long-lived memory cells

capable of quickly re-activating if the pathogen is encountered again(1).

An important set of cells in the innate immune response are antigen presenting cells

(APCs). Dendritic cells, as well as macrophages, and B cells can act as APCs(2). Under

steady state conditions, APCs uptake antigens from the surrounding environment and pro-

cess these antigens into peptide fragments. APCs present the peptide fragments on their

surface MHC-II molecules to T cells, which recirculate researching for their cognate pep-

tide:MHC (pMHC) complex specific to their T cell receptor (TCR). A subset of APCs, den-

dric cells (DCs), play a critical role in the activation of T cells. In order to identify pathogens,

DCs highly express receptors specific to evolutionarily conserved features of known pathogens

called pathogen-associated molecular patterns (PAMPs), including bacterial flagella and cell

wall components, and viral double stranded RNA(3). These receptors are known as pat-

tern recognition receptors (PRRs) and include toll-like receptors (TLRs), c-type lectin re-
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ceptors (CLRs), nucleotide oligomerization domain (NOD)-like receptors (NLRs), retinoic

acid-inducible gene-I (RIG-I)-like receptors (RLRs), and absent in melanoma-2 (AIM2)-like

receptors (ALRs)(4). When DCs and other APCs bind PAMPs through these receptors,

they activate and upregulate co-stimulatory surface molecules like CD80 and CD86 and

pro-inflammatory cytokines like TNFα and IL-6(5). These signals are required for T cell

activation upon its binding to the presented pMHC-II.

The adaptive immune response is mediated by B and T cells. B cells recognize the three-

dimensional structure of an antigen through their B cell receptor (BCR) and thus mount

responses against specific proteins, polysaccharides and other structures. T cells in contrast

do not recognize full antigen, but can recognize a small peptide fragment when it is dis-

played on a major histocompatibility complex (MHC) on an antigen presenting cell. CD4+

T cells are directors of downstream antigen-specific responses and can recognize exogenously

produced extracellular peptides presented on MHC class II on specialized antigen present-

ing cells (APCs). Cytotoxic CD8+ T cells can recognize endogenously produced peptide

presented on MHC class I on nucleated cells. The presentation of extracellularly produced

antigen on MHC class I is known as cross-presentation and is limited to a specialized subset

of APCs(6).

In order to be activated, T cells need three steps or ’signals’. First, the T cell’s TCR

binds a pMHC expressed on the surface of a DC. TCR-pMHC binding is known as ’signal 1’.

Second, CD28, a co-receptor on T cells, must bind the cognate B-7 family molecules on DCs.

These molecules are upregulated on DCs in response to PRR engagement(7). Productive

signaling through the TCR and CD28 triggers the phosphorylation of associated immunore-

ceptor tyrosine-based activation motifs (ITAMs) in the cytoplasm and downstream signaling

through the Ras-extracellular signal-related kinase (ERK)-activator protein (AP)-1 pathway,

the inositol triphosphate (IP3)-Ca2+-nuclear factor of activated T cells (NFAT) pathway,

the protein kinase C (PKC)θ-IκB kinase (Iκκ)-nuclear factor (NF)-κB pathway, and the

tuberous sclerosis complex (TSC)1/2-mammalian target of rapamycin (mTOR) pathway(8).
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Third, T cells need stimulation by cytokines secreted by the DCs. Once activated, T cells

will differentiate into a variety of effector cell fates. CD4+ T cells can differentiate into Th1,

Th2, Th17, Tfh or Treg pathways to promote different types of antigen-specific immune

responses(9). CD8+ T cells can be activated to become cytotoxic T lymphocytes (CTLs)

through effective antigen presentation to CD8+ T cells by APCs on MHC class I(10; 11).

The pathway ultimately taken by a T cell will be dependent on the cytokines produced by

the DCs and present in the environment(12).

1.2 The humoral immune response

The humoral immune response is a portion of the adaptive immune response first recognized

by Ehrlich in 1908(13). Ehrlich theorized that antibodies generated by the immune system in

response to invading pathogens and toxins could specifically neutralize these foreign entities

upon secondary exposure. Our understanding of how cells generate these highly specific

antibodies through proliferation and activation in response to antigen was further refined by

Burnet’s 1960 theory of clonal selection(14) and by 1987 Tonegawa’s discovery of Ig chain

gene rearrangement as the molecular mechanism allowing for the wide diversity of antibody

molecules(15).

The role of the adaptive immune response is to mount highly specialized attacks against

specific pathogen-associated antigens while maintaining tolerance to antigens associated with

innocuous self and commensals. An important element in the adaptive immune response is

the production of highly specific antibodies capable of recognizing and binding to three-

dimensional antigens. The recognition of specific antigens is mediated though their binding

to a highly variable region of the antibody. A vast antibody repertoire with the potential

to bind a near infinite variety of epitopes is generated through gene rearrangement during

B cell development(16; 17). The binding of an antibody to its target can result in several

outcomes. The antibody may simply neutralize the function of the antigen, or elicit effector

functions through Fc receptor binding. The conserved region of the antibodies, the Fc region,
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determines the antibody’s isotype and its specificity to different Fc receptors. The antibody

isotypes include IgD, IgM, IgA, IgE and IgG. IgD is expressed by naive B cells, but the role

of IgD antibodies is still unclear. IgM and IgA are important for mediating complement

activation and can localize to mucosal barriers(18). IgE binds FcϵRI on the surface of

basophils and mast cells, causing their degranulation upon recognition of its cognate antigen

and antibody cross-linking(19). IgG is the most common isotype in serum and binds to a

variety of FcγR leading to a variety of functions including antibody-dependent cytotoxicity

and opsonization as well as immune-modulatory effects(20).

1.3 The initiation of an antibody response

There are two scenarios in which the immune system can mount an antibody response,

one which relies on help from T cells (T cell dependent, TD) and one which does not

(T cell independent, TI). Both methods lead to the activation of näıve B cells. B cells

are lymphocytes which mature in the bone marrow and express a BCR on their surface.

The BCR is a surface-bound form of an antibody immunoglobulin. During the course of

maturation the B cells undergo stages of regulatory control to eliminate self-reactive BCR.

A mature, näıve B cell will recirculate through the secondary lymphoid organs (SLO) until

bound antigen signals through its BCR. Antigens are presented to B cells in the SLO by

follicular dentridic cells (FDCs) which localize to the follicle and capture and display antigens

on their surface via immune complexes(21; 22).

1.3.1 T cell independent response

B cells can be activated without T cell help if the antigen has sufficient multivalency to

cross-link and trigger signaling through the clustering of BCRs, leading to engagement of

the cell cycle for differentiation(23). Activating cytokines BAFF and APRIL, produced by

innate cells, can also increase the signaling upon antigen recognition as can signaling of
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PAMPs though TLRs on the B cell’s surface. TI responses typically result in differentiation

of B cells into a short-lived antibody-secreting plasmablasts, but can form long lived plasma

cells in some cases(24). Additionally, since class-switch recombination (CSR) is necessary for

Ig isotype switching occurs in germinal centers, TI responses are characterized by primarily

IgM and occasionally carbohydrate-specific IgG3 responses(25; 26).

1.3.2 T cell dependent response

In contrast to TI responses, TD B cell responses can result in longer-lived and higher affinity

antibody responses through the differentiation of B cells into long-lived plasma cells and

formation of germinal centers where somatic hypermutation (SHM) and class-switch recom-

bination (CSR) can occur. A TD response begins when a näıve CD4+ T cell recognizes its

cognate peptide antigen presented by a dendritic cell on MHC-II. The signals encountered

by the T cell upon binding of the TCR will determine if it will upregulate Bcl6 and become

a T follicular helper (Tfh) cell, primed for B cell activation, or a non-Tfh effector cell such as

Th1, Th2, Th17 or Th9(27). IL-2 is the most potent inhibitor of Tfh differentiation, while

IL-6 and ICOSL signaling are involved in their differentiation(28; 29). Unlike other effector

T cell fates, Tfh cells will stay in the secondary lymphoid organ and migrate to the follicle/

T cell border to interact with B cells(30). In the follicle, B cells encounter antigen displayed

on FDCs. An antigen which binds to the BCR with sufficient affinity will be endocytosed

and peptide from the antigen will be displayed on the MHC-II molecules for presentation to

Tfh cells(31). When a Tfh cell recognizes its cognate pMHC on a B cell, it initiates signals

for B cell activation. To activate B cells, Tfh will secrete IL-4 and IL-21 and signal to the

B cells through CD40L binding(32). T:B cell interactions generate feed-forward loops as B

cells signal through T cells via ICOSL, which subsequently promotes upregulation of CD40L

on T cells, upregulating ICOSL on B cells and so on(33).

Once a B cell is activated by a Tfh it can undergo a number of fates including differ-

entiation into an antibody-secreting plasma cell, germinal center B cell, or a memory B
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cell(34). The plasma cells arising from early B cell response without the germinal center

are short-lived and referred to as extrafollicular, whereas germinal centers give rise to long-

lived plasma cells. However, the factors which determine whether a PC is long-lived are not

fully understood(35). Entry into the GC response is dependent on the extent of T cell help

received(36–38). In the germinal center, the B cells will go through multiple cell cycles of

division in the “dark zone” of the follicle away from the T cells and FDCs. During these cell

cycles, dark zone B cells have high expression of AID and the error prone DNA polymerase

η which induce double-stranded breaks and point mutations in the variable regions of their

BCR leading to a wide diversity of resulting B cell clones(34). CSR can also occur at this

point as the subtype of BCR can be changed from IgM to IgG (including IgG1, IgG2, IgG3

and IgG4 (in humans)), IgE, or IgA. After a specified number of divisions and mutations, the

B cells will migrate back to the “light zone” near the T cells and FDCs(39). These B cells

then compete against each other in a Darwinian manner for survival. There are two potential

mechanisms for germinal center selection of B cells. One potential mechanism, based on the

demonstrated importance of the BCR, is that higher affinity B cells will outcompete other

B cells for the antigen displayed by FDCs and undergo stronger signaling through the BCR,

favoring their survival(40; 41). Another, more supported, mechanism is that higher affinity

B cells will outcompete the others for antigen, leading to more antigen-specific peptide dis-

played on their surface MHC-II and more T cell help, which ultimately favors their survival

and return to the dark zone(42–45). At this point, B cells that do not receive survival signals

will undergo apoptosis(46). The intensity of the T cell response correlates with the speed

and number of cell cycles a B cell experiences in the dark zone leading to a clonal expansion

of high affinity B cells(44; 47). In this manner GCs select for higher affinity B cells, leading

to the development of a higher affinity B cell response.

After undergoing SHM and CSR in the GC, various B cells will differentiate into memory

B cells or antibody-secreting plasma cells. The factors that determine this differentiation are

actively under investigation. Higher affinity of the BCR to antigen gives rise to a stronger
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PC response(40). Lower affinity B cells may become memory B cells. These cells are long-

lived and relatively quiescent, however they can be rapidly reactivated by subsequent antigen

exposure(48; 49). After re-exposure, a subset of memory B cells will differentiate into PCs

and migrate to the blood to then become LLPCs, while others return to germinal centers

for further affinity maturation.

1.3.3 Non-traditional B cells

Herein we have focused our discussion on B2 B cells. Another important subset of B

cells are the B1 B cells. These B cells develop during fetal and neonatal periods and are

self-renewing(50). After development they become enriched in the peritoneal and pleural

cavities(51). B1 B cells are considered to be innate-like and exist in a pre-activated state(52).

Upon exposure to their cognate antigen they can rapidly differentiate into antibody-secreting

cells. Unlike the wide diversity of B2 BCRs, B1 repertoires are enriched for the recognition

of specific carbohydrates and lipids commonly expressed on life-threatening microbes(53).

The IgM antibodies expressed by B1 cells are the dominant contributors to natural IgM

circulating antibodies that act as a first line of defense against pathogens and can augment

follicular B cell responses(54).

Regulatory B cells (Bregs) are a family of B cells that secrete predominantly IL-10, but

also other immunoregulatory cytokines such as TGF-β and IL-35(55). The role of these cells

is an active area of investigation. Genetic models have shown that mice lacking B cells, and

specifically IL-10-producing B cells, result in excessive inflammation(56; 57). Bregs have

also been shown to suppress inflammation in colitis, experimental autoimmune encephalitis

(EAE) and arthritis(57–59). Bregs have been identified among B cells at different stages of

maturation and differentiation including early transitional B cells and highly differentiated

plasmablasts and plasma cells(60–62). There is strong evidence that Breg cells differentiate

in response to increased inflammation(58; 63).
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1.3.4 Antigen-specific immunogenicity

Factors contributing to the strength and duration of an antibody response are still un-

der investigation. Differences between antigens and their trafficking are known to result

in different extents of immunogenicity. Antigen valency, density and duration of antigen

exposure all contribute to the magnitude of the B cell response(64–69). Self-assembling

protein nanoparticles have been used to increase the magnitude and quality of an antibody

response in vaccination through multivalent antigen presentation(70–74). This approach has

proved effective for promoting antibody responses against antigens such as influenza(75),

and RSV(71), however it has also been shown to mount antibody responses to the scaffold

itself rather than the antigen of interest(74; 76). This is dependent on the relative immun-

odominance of the different antigen epitopes. In circumstances when the scaffold antigens

are immunodominant, methods to mask these antigens such as pegylation to prevent recog-

nition by BCRs have been shown to be effective at mounting the antibody response to the

antigen of interest(70; 77). The relative immunodominance of an antigen ultimately depends

on a combination of variables such as B cell precursor frequency, B cell receptor affinity for

antigen, and antigen avidity(78).

1.4 Regulation of autoreactive B cell responses

Regulatory checkpoints exist throughout the B cell development and activation processes

to ensure that a B cell/antibody response is not mounted against self or commensal anti-

gens. These include both B cell intrinsic(79–83) and B cell extrinsic mechanisms(84–87).

The B cell intrinsic mechanisms prevent self-reactive pre-mature B cells from becoming fully

mature and are dependent on BCR and TLR signaling(88). B cells will encounter antigen

during development in the spleen and will as a result tune the responsiveness of their BCR

signaling by downmodulating surface expression of IgM but not IgD and modifying basal

calcium levels(89). Autoreactive B cells thus still exist in the mature repertoire and their
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functional unresponsiveness acts along a continuum to regulate them(90). In the GC and

in the periphery, B cell extrinsic mechanisms predominantly prevent activated B cells from

becoming self-reactive. Pro-apoptotic receptor Fas is expressed on B cells in the GC and is

required to prevent rogue B cells from differentiating into autoreactive antibody-secreting

PCs(91). Self-antigen binding can censor GC output but only when these antigens are ex-

pressed in or near the GCs and not in tissue-specific areas like the kidney or liver(92). Other

mechanisms to suppress autoreactive B cells in the periphery are largely T cell-dependent

and specifically require regulatory Tregs(93). T cell intrinsic mechanisms such as deletion,

anergy, and exhaustion also prevent the activation of self-reactive Tfh cells thus preventing

T cell help and strong autoreactive antibody responses. A subset of regulatory Tfh cells

(Tfr) can also inhibit the GC and temper the activating Tfh effect by competitng with Tfh

cells for B cell binding and producing anti-inflammatory cytokines such as IL-10.

1.5 T cell intrinsic tolerance mechanisms

The aberrant activation of T cells against self or innocuous foreign antigen can have disas-

trous consequences leading to autoimmunity, allergy and other disease states. This damage

is compounded via the critical role of T cells in B cell activation. Therefore the mechanisms

of T cell tolerance are critical for the development of healthy T cell, B cell and antibody

responses. T cell tolerance occurs in two stages; central tolerance occurs during thymo-

cyte development in the thymus, and peripheral tolerance occurs once mature thymocytes

encounter their cognate antigen in the periphery(94).

1.5.1 Central tolerance

T cell development begins when bone marrow-derived precursor cells home to the outer

portion of the thymus, the cortex. In the cortex developing thymocytes will become CD4+

CD8+ double-positive (DP)thymocytes and undergo somatic recombination of TCR genes,
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resulting in a broad repertoire of distinct TCRs with random specificity(94). These DP

TCRs will interact with self-peptide MHC presented on the surface of APCs. If binding is

not sufficient to signal through the TCR, the T cells will die(95). This positive selection

ensures that the resulting T cell compartment will be able to recognize antigens presented

on self-MHC. However, if the binding of the TCR to self-peptide MHC is too strong, the T

cells will also die, in a process called negative selection or clonal deletion to remove highly

self-reactive TCRs from the repertoire(96; 97). The self-antigens presented on MHC for

positive and negative selection in the cortex is limited to ubiquitously expressed antigens.

Self-antigens expressed in a tissue-specific manner outside of the thymus will not be present

in the cortex(98). These tissue-specific antigens can, however, be expressed by unique thymic

endothelial cells (mTECs) in the inner medulla of the thymus(99). Once DP thymocytes are

positively selected they commit to either CD4+ or CD8+ single-positive (SP) thymocytes

and migrate into the medulla. In the medulla they encounter tissue-specific self-antigens

expressed by mTECs and if the affinity is too high they can undergo deletion(100; 101). An

alternative fate for thymocytes that recognize peptide MHC is to differentiate into regulatory

T cells(102; 103). The signals that determine if a self-reactive thymocyte will undergo

deletion or differentiation into Tregs have not yet been fully elucidated. TCR signaling

strength does play an important role(104–106). Some data suggest that high affinity TCR-

pMHC interactions lead to deletion while intermediate affinity interactions lead to Treg

differentiation(107; 108). There may also be a propensity for DP thymocytes in the cortex to

undergo deletion upon recognition of self-peptide MHC while SP thymocytes in the medulla

favor a Treg fate(109; 110). Alternatively mathematical models suggest that clonal deletion

is the result of a single strong TCR signaling event, whereas Treg differentiation is the result

of multiple weaker signaling events over time(110).
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1.5.2 Peripheral tolerance

Within the thymus it is impossible for T cells to self-select against all harmless antigens they

could encounter. In the periphery additional regulatory checkpoints are required to establish

tolerance against antigens such as food antigens, developmental antigens and commensal

microbial antigens. Tolerogenic T cell fates in the periphery include anergy, exhaustion, and

death(111). Regulatory T cells can also be induced in the periphery and provide dominant

tolerogenic control of other immune cells.

Anergy is a dysfunctional T cell state that is the direct result of TCR signaling in a näıve

cell in the absence of co-stimulation. T cell activation requires recognition of its cognate

pMHC to initiate TCR signaling along with a second signal mediated by CD28 ligation.

In the absence of a second signal, defective RAS-mitogen-activated protein kinase (MAPK)

signaling impairs translation of AP-1 into the nucleus and results in partner-less NFAT

signaling(112–115). These signaling pathways result in differentiation into an anergic state.

Hallmark functional changes of anergy include reduced production of IL-2, IFNγ and TNFα

in response to TCR stimulation, and defects in cell cycle progression(116–118). Anergic

CD4+ T cells can be identified as CD44hi CD73hi FR4hi and in mice are found to express

Lag3 and 4-1BB(119; 120). Anergy is long-lasting but reversible. Maintenance of anergy

requires prolonged exposure to the antigen, in the absence of antigen T cells will slowly

recover their functional responsiveness(116–118).

Whereas anergy is a tolerogenic T cell state arising from naive T cells, exhaustion is

a tolerogenic T cell state arising from activated T cells. Exhaustion occurs when a T cell

is activated by chronic signaling through its TCR along with appropriate co-stimulation.

As the stimulation persists, memory T cells fail to develop properly and are functionally

compromised(121–123). Features of exhausted T cells include decreased cytokine production

and high levels of inhibitory receptor expression including PD-1, Lag3, TIGIT, CD38, CD39

and TIM3(123). Exhausted T cells also exhibit altered metabolic and transcriptional states
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and express transcription factor TOX(124; 125).

Aberrantly activated T cells can also undergo deletion in the periphery. Similarly to

anergy, deletion is the result of TCR stimulation in the absence of co-stimulation(126).

The factors determining whether a T cell will become anergic or undergo deletion are not

fully elucidated. After initial TCR activation without co-stimulation, T cells will rapidly

proliferate and the majority will undergo apoptosis while a minority become anergic(127;

128). Cell death via deletion is mediated by an intrinsic pro-apoptotic family member

BIM and is distinct from extrinsic pathways of apoptosis such as FAS and other death

receptors(129; 130).

1.5.3 Regulatory T cells

The previous T cell tolerance mechanisms discussed can be classified as “recessive” tolerance

mechanisms whereby the self-reactive T cells are removed or impaired before they can induce

an immune response. Conversely, the differentiation of self-reactive T cells into Treg fates is

a “dominant” tolerance mechanism. These cells have the capacity to actively suppress im-

mune responses against their cognate antigen. There are two types of Tregs: thymic-derived

nTregs and peripherally-derived pTregs. Both Tregs require FoxP3 as the lineage master-

regulator for Treg cell development and suppressive activity(131). nTregs develop initially

in the thymus after stimulation with self-antigen along with signaling from cytokines and

co-stimulatory molecules in the thymus. pTregs, in comparison, differentiate from näıve T

cells in the presence of TGF-β in the periphery(132). Both classes of Tregs employ a number

of mechanisms of suppression against both conventional T cells as well as APCs. Tregs can

directly suppress conventional T cells through the production of inhibitory cytokines includ-

ing IL-10, TGF-β and IL-35(133; 134). They can also use metabolic disruption mechanisms

including IL-2 sequestration through their high expression of CD25(135) and employ en-

donucleases such as CD73, and CD39 to convert extracellular ATP, an inflammatory signal,

into adenosine triphosphate into adenosine(136). Adenosine then binds the surface of target
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cells, leading to the increase of intracellular cAMP and triggering of downstream suppressive

mechanisms. Tregs can also perform cytolysis of target cells through their production of

granzymes A and B(137). Mechanisms by which Tregs suppress DCs include CTLA-4 and

PD-1 receptor engagement to down-regulate CD80 and CD86 on the surface of DCs as well

as depleting cognate peptide-MHC class II from the surface of DCs.

Using the suppressive mechanisms described above Tregs can effectively control a humoral

immune response by suppressive the activation of APCs and other T cells, limiting available

T cell help to B cells. They can also directly suppress B cells. Treg cells can be found in the

T-B border of follicles and within germinal enters and suppress both the Tfh cells and the

B cells directly in order to control antibody responses(138; 139). Furthermore, studies have

also shown that Treg depletion leads to dysregulated antibody production(140) and Treg

transfer reduces autoantibody responses in autoimmune models(141).

1.6 Antibodies in health and disease

Our understanding of antibody biology has important implications for human health and is

essential for development of novel vaccines and therapeutics. The principle of vaccination was

discovered in parts of China and India when it was noticed that inoculation with smallpox

pustules could induce a mild infection and prevent more severe disease(142). Since that

time, vaccines against deadly diseases such as polio, diphtheria, measles, mumps, pertussis,

rubella and tetanus have led to the eradication or extensive reduction of these diseases world-

wide(143). There are currently vaccines against 32 different diseases licensed by the FDA and

new vaccines are actively under development(144). Antibodies play a large role in the efficacy

of such vaccines. High levels of serum antibodies have been a hallmark of protective immunity

following vaccination(145). The development of neutralizing antibodies capable of binding a

virus in a manner that prevents its invasion into host cells is particularly protective against

many viral infections. Duration of an antibody response also impacts vaccine efficacy. Ideally

antibodies would be long-lasting to impart life-long protection. Long-lasting protection is
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the combined result of the generation of long-lived plasma cells, which persist for years in the

bone marrow, continuously secreting high levels of antibodies, and memory B cells, which

retain the ability to quickly differentiate into antibody secreting cells upon recognition of

their antigen(146). To generate a lasting, high affinity, neutralizing, antibody response is the

goal of many vaccines, however the mechanisms by which vaccines prevent infection are not

necessarily the same by which infection is resolved. Recovery from infection relies heavily on

the induction of both a cellular immune response and a humoral one. In recent years, more

effort has been placed on generating a strong T cell response alongside a strong antibody

response to vaccinate against highly mutating viruses as well as cancer(147).

The diverse repertoire of antibody specificity enables valuable protection against pathogens,

but can also be pathogenic and lead to autoimmunity, allergy and hypersensitivity when

the specificity is directed against a self-antigen. Autoimmune diseases are caused by self-

recognizing antibodies in a number of ways. Antibodies can interfere with the function

of the target molecule such as the acetylcholine receptor (AChR) and muscle-specific ty-

rosine kinase (MuSK), leading to myasthenia gravis(148), or aquaporin 4 (AQP4) leading

to neuromyelitis optica spectrum disorders (NMOSD)(149). Alternatively, systemic lupus

erythematosus (SLE) is a disease resulting in the formation of antibodies specific to nucleic

acids and their associated proteins(150). Binding of these antibodies leads to the formation

of immune complexes which deposit in organs to induce inflammation and tissue damage.

B cells can also play a role in disease progression without directly generating pathogenic

antibodies. Type 1 diabetes is associated with B cells recognizing self-antigen, which can

present self-antigen to T cells on MHC-II leading to activation of a T cell response(151).

Antibody responses against non-self-antigens can also result in pathology. Food allergy,

allergic rhinitis and allergic asthma are caused by allergen-specific IgE, which upon binding

of its antigen and cross-linking of cell-surface bound IgE leads to the degranulation of ba-

sophils and mast cells which secrete pro-inflammatory molecules and proteases, leading to

inflammation and anaphylaxis. Pathogenic antibody responses can also be generated against
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protein-based therapeutics or biologics. Unlike traditional small molecule drugs, novel pro-

tein and viral vector based therapeutics can be recognized by the immune system as foreign

and elicit an immune response. This immune response primarily manifests itself as an anti-

drug antibody (ADA) response(152). The presence of ADAs leads to a number of adverse

effects including loss of therapeutic efficacy, hypersensitivity reactions upon administration

and even life-threatening anaphylaxis.

In order to develop novel treatments to mitigate these antibody-mediated pathologies

of autoimmunity, allergy, and hypersensitivity as well as develop next generation vaccines

against deadly diseases such as HIV, it is important to understand the factors leading to

different types of humoral immune responses and ways to engineer them.

1.7 Engineering strategies for vaccination and tolerance

As collective understanding of the factors which dictate the activation and suppression of

antibody responses has developed, a variety of engineering strategies have also emerged to

fine-tune these responses. These technologies, which seek to increase the epitope-specificity,

strength, and duration of an antibody response, have been employed to design more effective

vaccines. A similar but distinct class of technologies have been employed to activate the

regulatory elements of the humoral response to prevent or diminish an unwanted antibody

response to prevent ADAs and treat autoimmune diseases.

1.7.1 Vaccines

The development of vaccines and mass vaccination programs has been one of the great-

est achievements of public health to date. The development of vaccines against smallpox,

polio, measles, and other deadly diseases has saved more than 10 million lives since the

mid-1960s(153; 154). In this time the technology used to develop new vaccines has pro-

gressed from simple attenuation and inactivation of a pathogen to new technologies such as
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nanoparticle and nucleic-acid based platforms. Certain types of pathogens, however, have

evaded humanity’s best vaccination efforts. Pathogens that resist sterilizing immunity after

natural infection, that mutate frequently with high variability, and that contain intracellular

lifecycles necessitate the development of novel vaccination strategies(155).

1.7.1.1 History of vaccine design

The first vaccines developed in the mid 20th century were developed using either attenuated

or inactivated forms of the pathogen. Attenuated vaccines contain a live strain of the virus

or bacteria that has been extensively cultured in vitro until it mutates sufficiently and is

no longer harmful or infectious in humans. Examples of attenuated vaccines include those

against influenza(156) and the Sabin vaccine against polio(157). These vaccines are advan-

tageous, because, while no longer virulent, the pathogens maintain their native antigens

and capacity to activate an immune response. Attenuated vaccines, however, contain a live

pathogen and cannot be administered to immunocompromised individuals. Furthermore the

culturing required to generate a sufficiently attenuated pathogen can be time-consuming or

impossible if a pathogen is not amenable to in vitro cell culture(155). To address these

concerns, inactivated pathogens were also used in traditional vaccines. These pathogens

were inactivated after exposure to chemicals or elevated temperatures such that they can

no longer replicate. Inactivated vaccines are safer to administer than attenuated vaccines,

however they are substantially less immunogenic and may require multiple booster admin-

istrations to generate a protective immune response(158; 159). The Salk polio vaccine(160),

hepatitis(161), and rabies(162) vaccines are examples of inactivated vaccines. Inactivated

vaccines can be challenging to develop as the method of inactivation must eliminate repli-

cation capacity while maintaining the native antigen integrity. If the antigens are somehow

denatured or slightly altered, they may illicit an immune response that is not specific to the

native pathogen, limiting efficacy.

To ensure safety and incorporate greater control over the immune response to a pathogen,
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subunit vaccine development became an area of active research. Subunit vaccines do not

contain an entire intact pathogen, but instead are composed of specific antigens to more

narrowly target the immune response. Powerful tools have been developed to aid in anti-

gen selection and design. Genomic sequencing of pathogens and bioinformatic techniques

have enabled researchers to identify conserved antigens on the surface of viral and bacterial

genomes that would be unlikely to mutate and evade protective responses(163; 164). Machine

learning tools have been developed to identify potential T cell and B cell epitopes to maxi-

mize the immunogenicity(165–167). The specific antigens identified using these tools can be

reliably produced and purified due to the development of recombinant protein production

techniques. Structural analysis of these antigen epitopes along with antibodies generated

against them can be used to determine the best antigens to use for generating neutralizing

antibody responses(168; 169).

The isolated antigens engineered for subunit vaccines lack PAMPs and are often much

less immunogenic than the intact pathogen. Therefore, successful immune activation re-

quires co-administration with an adjuvant molecule which can signal to pro-inflammatory

immune mechanisms. Aluminum salts such as aluminum hydroxide, aluminum phosphate

and alum precipitated materials have been the most extensively used adjuvants. TLRs are

the targets of most novel adjuvant development due to their role in increasing the antigen

presentation to and activation of T cells(170). An example of a clinically successful sub-

unit vaccine is the HepB vaccine which is composed of hepatitis B surface antigen (HBsAg)

along with either an aluminum adjuvant or a TLR9-activating cytidine-phosphate-guanosine

oligodeoxynucleotide (CpG)(171).

1.7.1.2 Nanomaterials as emerging strategies for antigen delivery

Subunit vaccines are much safer and faster to develop than traditional attenuated pathogens.

Removing an antigen of interest from the native context of its pathogen, however, dramati-

cally changes how the immune system encounters the antigen. In the native context, antigens
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are displayed in a highly repetitive fashion, whereas in a subunit vaccine, antigens are often

monomeric. Native pathogens provide many endogenous PAMPs, whereas subunit vaccines

typically employ a singular adjuvant. Uptake of a native pathogen often results in endoso-

mal escape signaling, whereas phagocytosis of subunit vaccine antigens creates no such help.

Combined, these factors limit subunit vaccine immunogenicity.

To mitigate these concerns, novel delivery approaches are used to mimic the immune sys-

tem’s encounter of a native pathogen. Nanomaterials are a promising strategy for antigen

and adjuvant delivery and improve the efficacy of subunit vacccines through three main ad-

vantages. First, nanomaterial carriers can encapsulate antigens, maintaining their integrity

and stability. Decoration of a nanomaterial’s surface with antigen can also mimic highly

repetitive epitopes found on viruses. Second, nanomaterial carriers can co-encapsulate im-

munostimulatory adjuvants with the antigen to ensure the immune system encounters the

appropriate pro-inflammatory signals upon uptake. Third, nanomaterials allow targeting of

the antigen and adjuvant to target organs such as lymph notes, cells such as APCs, and sub-

cellular locations such as the cytosol. This targeting is achieved through tuning nanoparticle

biophysical properties like size and charge. The following is a description of a variety of

nanoparticle carriers and their use in vaccination.

1.7.1.2.1 Liposomes

Liposomes have been extensively studied for their use in vaccination. They have been shown

to be clinically safe and biocompatible as well as easy to manufacture(172). Antigen delivery

via cationic liposomes leads to depot effect due to the electrostatic interactions between the

liposomes and negatively charged cell membranes, enabling prolonged antigen release at the

site of injection(173). The extent of this depot can be tuned through surface decoration

with PEG moieties to disrupt some electrostatic interactions and improve accumulation into

the lymph nodes(174). Cationic lipids that have been investigated include 1,2-Dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC) and acationic lipid component Dimethyl dioctadecyl-

18



ammonium (DDA), 1,2-Dipalmitoyl-3-trimethylammonium-propane (DPTAP), 1,2-Diacyl-

sn-glycero-3 -ethylphosphocholine (eDPPC), or 3β[N-(N’,N’-Dimethylaminoethane)-carbamoyl]

cholesterol (DC-Chol). Delivery via DC-Chol led to the most pronounced antibody titers

and DC maturation(175). The size of liposomes can also be tuned to alter immune responses.

The modification of liposomes with octarganine (R8), a cell-penetrating peptide along with

pegylation increased particle size from 98 to 273nm and led to a 4 fold increase in localization

to the spleen and resulted in strong IFNγ production(176). Additionally immunization with

liposomes greater than 400nm in diameter led to stronger Th1-skewed anti-viral response

compared to 100nm liposomes(177).

In addition to their tunable physical properties, liposomes are advantageous due to their

capacity to co-deliver both adjuvant and antigen. Adsorption of polyinosinic-polycytidylic

acid (Poly:IC), a synthetic analog of double stranded RNA, onto DOTAP and R8-liposomes

led to TLR3-dependent DC activation and a high frequency of CD8+ T cells(176). Fur-

thermore, vaccine components can be directly targeted to the cytosol through variation in

the lipid composition. Delivery of antigen via the fusogenic lipid DOPE and R8 lead to an

increased amount of antigen in the cytosol and increased antigen presentation on MHCI for

cross-presentation(178).

Several liposome-based vaccines have been approved for clinical trials against intracellular

pathogens such as M tuberculosis(179). Their development and use in vaccination may be

hindered, however, due to their weak stability under physiological conditions, specifically in

the presence of serum components(180). Their administration in vivo often results in rapid

leakage of encapsulated antigens leading to premature vesicle rupture and reduced delivery

efficacy.

1.7.1.2.2 Lipid nanoparticles (LNPs)

Lipid nanoparticles were developed in order to maintain the favorable safety and biocompati-

bility of liposomes, while improving their stability. They are composed of three components,
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a cationic lipid or polymer core, a phospholipid biolayer and an outer PEG-lipid bilayer.

Macromolecules such as proteins and nucleic acids can be effectively encapsulated in the in-

ner core. The cationic lipids in the core enable extremely efficient encapsulation of negatively

charged macromolecules such as nucleic acids(181). The lipid bilayer provides biocompat-

ibility and biomimetic properties while the PEG coating provides steric stabilization and

prolongs the in vivo circulation time of particles. LNPs consisting of poly-(beta-amino es-

ter)(PBAE) were shown to be efficient delivery vehicles for mRNA-based vaccines. The

pH-responsive PBAE promotes endosomal disruption. Thus, the fragile mRNA is both pro-

tected from nucleases in vivo and the lipid vesicle is effectively taken up into the endosome

and subsequently releases the mRNA into the cytosol for translation(182).

The development of LNPs was rapidly accelerated during the COVID-19 pandemic as

LNP-based vaccines carrying the mRNA for SARS-CoV2 spike protein were developed and

FDA approved in less than 1 year(183; 184). These LNP-based vaccines generate strong

humoral and cellular immune responses that persist for more than 6 months(185; 186).

However, after 6 months, they begin to wane and booster administrations are required. LNPs

offer many advantages including their efficient delivery of mRNA, their controlled particle size

and surface functionality, and their good serum stability. Additionally, LNP-based mRNA

vaccines are self-adjuvanting and do not require any additional proinflammatory molecules.

The mechanism underlying the adjuvanting properties of LNPs is not fully elucidated but

appears to be dependent on the ionizable lipid component and the release of pro-Tfh cytokine

IL-6(187). Due to the structure of the lipids and the amphiphilic nature of the phospholipids,

they are capable of encapsulating both hydrophobic and hydrophilic payloads. Disadvantages

of LNPs include the relative difficulty of incorporating larger molecular surface modifications.

Conjugating targeting moieties or antigens to the surface of the LNPs can often affect their

stability and delivery efficiency. Careful evaluation and consideration of the entire fluid

structure is required as additional components are incorporated.
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1.7.1.2.3 Synthetic polymeric nanoparticles

Commonly used synthetic polymers for biocompatible nanoparticles include aliphatic polyesters

such as poly(lactic acid), poly(glycolic acid), poly(ϵ-caprolactone), poly(hydroxybutyrate)

and poly(lactic-co-glycolic acid) (PLGA). PLGA has been explored extensively including in

the clinic due to its safety and biodegradability in vivo(188). Upon hydrolysis it breaks

down into lactic acid and glycolic acid which can be readily metabolized(189). PLGA has

been used to deliver a wide variety of antigens(190–194). One advantage of PLGA nanopar-

ticles in vaccination is their capacity to release antigen for several weeks and months, or in

different phases. The sustained release of antigen enhances immune stimulation as well as

avoids the need for multiple booster administrations(195–197). Additionally PLGA nanopar-

ticles have been used successfully to co-deliver antigen and adjuvant. Oral administration of

PLGA vaccines containing OVA + MPLA induced significantly higher titers of IgG and IgA

antibodies(198) and co-encapsulating BSA and imiquimod prevented their enzymatic degra-

dation and promoted intracellular release and TLR activation(191). A major disadvantage

of antigen delivery using PLGA nanoparticles is that conventional loading techniques involve

the formulation of nanoparticles using a single or double emulsion and solvent evaporation.

This manufacturing process exposes protein antigens to harsh organic solvents and oil-water

interfaces which risks denaturation and loss of antigenicity.

PEI is a cationic polymer widely used for non-viral gene delivery. Due to its cationic

nature, electrostatic interactions with negatively charged nucleic acids such as DNA lead

to the formation of nanoscale polyplexes(199). These polyplexes can bind heparan sulfate

proteoglycans on the surface of cells such as APCs, leading to their endocytosis(200). Once

in the endosome, the PEI demonstrates a proton sponge effect leading to osmotic rupture of

the endosome and cytosolic delivery of the cargo for gene expression(201). This endosomal

escape makes it a promising delivery vehicle for DNA vaccines. Delivery of antigen via PEI-

DNA vaccine increased levels of gene expression by 20-400 fold and enhanced antigen-specific

CD8+ T cell responses by 10-25 fold(202). Delivery of OVA antigen via PEI-DNA has been
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shown to increase rates of OVA cross-presentation on MHC class I(203). A major drawback,

however, of widespread use of such vaccines is high levels of associated cytotoxicity likely

due to membrane disruption(204).

Another family of biocompatible polymers used in vaccine delivery are acrylic acid based

polymers including polymethylmethacrylate (PMMA), poly(ethylacrylic acid), poly(propylacrylic

acid) (PPAA) and poly(butylacrylic acid). These polymers are shown to induce an adjuvant

effect in vivo(205; 206). They are easy to synthesize, biodegradable and demonstrate a good

safety record. In one case, PPAA was formulated to include pH-sensitive and membrane

disruptive properties(207). Its protonation at low pH in the endosome destabilizes the mem-

branes and mimics membrane fusion induced by pathogenic proteins such as hemagglutinin,

likely increasing the associated immune response. Delivery of OVA via PPAA lead to in-

creased intracellular accumulation, enhanced MHC I presentation and CTL activation(208).

Polypropylene sulfide (PPS) nanoparticles offer an additional tunable, biodegradable

material for antigen delivery. These nanoparticles can be precisely engineered at the sur-

face to display chemical moieties or antigens in a disulfide-sensitive manner(209). Solid

core PPS nanoparticles can be formulated for vaccination through conjugating antigens to

the surface, displaying repetitive epitopes amenable for BCR cross-linking and activation.

Alternatively, polymers composed of a di-block PEG-PPS can be formulated into hollow

polymersomes(210). These polymersomes consist of a amphiphilic bilayer polymer shell

surrounding an aqueous core. They are stable and can self-assemble to encapsulate hy-

drophobic adjuvants in the polymer shell or hydrophilic antigens in the aqueous core with-

out exposing protein antigens to any harsh organic solvents(211; 212). Mice immunized with

polymersomes exhibited enhanced induction of IFNγ producing CD4+ T cells while PPS

nanoparticles containing surface-displayed OVA enhanced the clonal expansion of antigen-

specific CD8+ T cells. PEG-PPS nanoparticles and polymersomes offer a biocompatible,

non-toxic antigen delivery system demonstrated to efficiently deliver antigen to DCs for T

cell activation(213).
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1.7.1.2.4 Inorganic nanoparticles

Biocompatible inorganic materials have also been explored for vaccine delivery, though to

a lesser extent. Conjugation of antigens to nanoparticles formulated from gold, carbon

and silica have shown to be biocompatible and protect antigen from degradation. Gold

nanoparticles conjugated to M2e were found to induce robust immune responses against

influenza(214). Single-walled carbon nanotubes were used to deliver peptide antigen to

DCs and enhance IgG responses(215). The clinical translation of inorganic nanoparticles

is currently limited by the lack of data regarding excretion routes, biodegradation behavior

and long-term toxicity.

1.7.1.2.5 Biological nanoparticles

Biological nanoparticles are composed on naturally self-assembling proteins and include

virus-like particles (VLPs), outer membrane vesicles (OMVs) and non-viral derived pro-

tein nanocages such as ferritin. VLPs are derived from single-stranded RNA viruses such

as MS2 bacteriophage, AP205 and Qβ, which due to their small genomes, are easily mod-

ified to generate new surface antigens(216). The antigen of interest can either be fused

to the VLP protein during production or chemically conjugated to the surface. The par-

ticles form through self-assembly of the surface proteins but lack internal viral machinery

enabling replication or infection, thus ensuring their clinical safety. Non-enveloped VLPs

such as these can be expressed quickly and economically in bacterial expression systems and

form highly repetitive, dense and rigid structures on the surface enabling them to efficiently

cross-link BCRs and activate lasting T cell independent responses(217). MS2 coat protein

was successfully fused to L2 surface protein of HPV to produce a vaccine eliciting a strong

antibody response that lasted over 9 months(218). Alternatively if fusion proteins do not

express properly, antigens can be chemically conjugated to VLP surface. For example, the

zika antigen was conjugated to the surface of Qβ nanoparticles using a heterobifunctional

crosslinker SMPH(219). The utility of VLPs has been demonstrated through their successful
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clinical translation. There are currently 4 FDA approve VLP vaccines including Cervarix®

and Engerix® from GSK, Gardasil® and Recombivax® from Merck&Co(216). Outer mem-

brane vesicles naturally bud from the outer membrane of gram-negative bacteria and archaea

in a similar manner to extracellular vesicles. They contain the same PAMPs associated with

the native bacteria including LPS, periplasmic component, nucleic acids, lipoproteins and

outer membrane proteins and thus are self-adjuvating. They can be produced directly from

target pathogens or from safer bacterial hosts engineered to recombinantly express the anti-

gens from the target pathogen(216). The use of recombinant pathogens lowers the level of

containment practices necessary in the manufacturing process, however reliable purification

methods are required and uniformity among the vesicles is difficult to ensure. One risk of

OMVs is that they can contain high amounts of LPS which upon injection in vivo leads to

fever, uncontrolled inflammation and even sepsis(220). Despite these risks, OMV vaccines

have been developed successfully for influenza(221; 222) malaria(223), pertussis(224; 225),

Lyme disease(226), plague(227; 228) and SARS-Cov-2(229–231). There are currently 2 FDA

approved OMV vaccines; Novartis’s Bexero® and Merck’s PedVaxHIB®.

Protein nanocages are made up of non-viral protein subunits that self-assemble to form

macromolecular structures. In a similar manner to VLPs, antigens can be fused to protein

nanocages recombinantly or chemically conjugated to the surface. These structures mimic

the surface properties of pathogens but may require additional boosting or adjuvant due to

their natural lack of PAMPs. Ferritin is an example of a protein nanocage which is composed

of 24 subunits assembled into a 12nm diameter spherical cage(232). Various ferritin-based

vaccines are in clinical trials including 2 influenza trials (NCT03186781,NCT03814720), a

SARS-CoV2 trial (NCT04784767) and a trial for Epstein-Barr virus (NCT04645147).

Engineered viral vectors are another biological delivery system that has emerged in the

course of the COVID-19 pandemic for delivering specific pathogen antigens. Non-pathogenic,

replication-deficient viruses such as adenovirus and adeno-associated virus are genetically

engineered to express pathogen-specific antigens on the surface(233). Due to their nature as
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functional viruses, viral vector vaccines elicit strong immune responses through the activation

of PPRs, while maintaining strong safety profiles. The ChAdOx1 nCoV-19 Covid vaccine

developed by AstraZeneca(234) and Merck’s Ervebo vaccine against Ebola virus(235) are

examples of successful viral vector vaccines. While promising, viral vector based vaccines

suffer from manufacturing challenges associated with large scale production.

The emergence of the SARS-CoV-2 virus and the COVID-19 pandemic demonstrated the

importance of modular, effective vaccine platforms for reducing the spread of novel pathogens

and maintaining public health. In Chapter 2 I will investigate the efficacy of a PEG-PPS

polymersome vaccine platform to generate B and T cell responses against SARS-CoV-2

antigen and I will elicidate how the delivery of surface-conjugated vs encapsulated antigen

results in distinct immunological changes.

1.7.2 Antigen-specific immune tolerance

1.7.2.1 Current standards-of-care in antibody-mediated pathologies

Autoimmune diseases affect millions globally and arise due to poorly understood interactions

between environmental triggers and polymorphous genetic elements. Each disease shows dis-

tinct pathologies, but all lead to a complex, self-perpetuating immune response against self-

antigens. The resulting immune responses damage specific cell types, tissues and organs. A

subset of these autoimmune diseases are antibody-mediated. The development of antibodies

against self-antigens in these diseases directly leads to the resulting damage and pathology.

Antibody-mediated autoimmune diseases include rheumatoid arthritis, systemic lupus ery-

thematosus, myasthenia gravis and pemphigus vulgaris. The current standard of care for

these diseases offers only broad immunosuppression to dampen these antibody responses.

Broadly suppressive medications such as methotrexate are used as a first line treatment

for rheumatoid arthritis. However, many people do not achieve remission or low-disease

activity(236; 237). The next line of therapy offers a range of immune-modulating biolog-
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ics including TNFα, IL-6, IL-1 inhibitors and B cell depletion treatments. These broadly

immune-active biologics, however, are associated with an increase in the number of serious

infections(238). Both treatment with rituximab or methotrexate is associated with decreased

response to vaccination(239; 240). Similarly, the first line treatment for SLE is to administer

broadly suppressive corticosteroids and immunosuppressive agents including hydroxychloro-

quine, methotrexate, azathioprine, cyclophosphamine and mycophenolate mofetil(241; 242).

More targeted biologics for SLE are an active area of investigation, but currently Belimumab

is the only biologic approved for treatment of SLE, it targets B cell activating factor (BAFF),

a costimulatory molecule essential for B cell activation. B cell depletion via rituximab showed

promise, but ultimately failed in clinical trials(243). Myasthenia gravis and pemphigus vu-

lagaris are also predominantly treated using immunosuppressants including glucocorticoids.

These diseases have shown promise in treatment with anti-CD20 B cell depletion, but often

long-lived antibody secreting cells remain and require antibody-depleting strategies such as

IVIg.

Overall non-steroidal anti-inflammatory drugs offer an inexpensive first line therapy but

are often not sufficient to control disease progression necessitating the use of stronger im-

munosuppressants such as methotrexate, azathioprine and mycophenolate mofetil. None of

these treatments are disease-specific in mechanism and expose patients to a higher risk of

infection, malignancy and other adverse effects. Recently biologics such as rituximab for B

cell depletion have offered a more disease-specific immunosuppression, but failure to deplete

long-lived antibody secreting cells limits their therapeutic utility.

Food allergies and allergic asthma are associated with the development of IgE antibodies

specific to food or airborn antigens. Food allergy rates are estimated to be more than 10%

amongst adults(244), however avoidance combined with the use of an epi-pen in the case

of exposure has remained the current standard of care(245). This treatment approach does

not address any of the underlying mechanisms of the disease and does nothing to alleviate

the patients’ anxiety of accidental exposure. Allergic asthma is primarily managed through
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administration of antihistamines and corticosteroid inhalers. For severe cases new biologics

such as anti-IgE and anti-IL4Rα monoclonal antibodies (mAbs) have shown promise in the

treatment of severe, persistent allergic asthma and atopic dermatitis(246; 247). The only

available disease-modifying treatments for both food allergy and allergic asthma is allergen

immunotherapy (AIT). AIT involves the incremental increase of either subcutaneous, oral,

or sublingual antigen over time and has been shown to reduce a patient’s severity of allergic

response upon a low-dose allergen exposure and decrease the risk of severe anaphylaxis (248).

However, food allergen immunotherapy does not induce lasting tolerance to the antigen.

There are also side effects associated with AIT including hypersensitivity reactions, and

anaphylaxis(249).

The formation of antibodies against therapeutics is an increasing clinical problem. The

development of recombinant biologics in the past several decades has resulted in improved

therapeutics for a variety of diseases including genetic disorders, cancer and autoimmunity.

However, the protein composition of these drugs makes them vulnerable to recognition by

the patient’s immune system, leading to the development of an anti-drug antibody (ADA)

response that can lead to loss of therapeutic function, hypersensitivity and anaphylaxis

if untreated. The development of ADAs is most detrimental in genetic disorders such as

hemophilia and various glycogen storage disorders in which the patient requires treatment

with a functional protein they do not endogenously produce. These proteins will not have

undergone central tolerance during development, increasing the immunogenicity of the ther-

apeutic in these patients. Often the development of ADAs or ‘inhibitors’ against these ther-

apeutics leave patients with limited therapeutic alternatives. Current clinical management

of ADAs for these diseases includes an optimized “tolerizing” dosing schedule. These sched-

ules were empirically designed and differ across therapeutic antigens. In some cases such as

hemophilia this involves beginning treatment with high doses of factor VIII before scaling

down(250). In others, such as treatment for PKU, dosing is begun with very small amounts

before scaling up to a therapeutic dose(251). Co-administration with immunosuppressive
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agents has also shown promise in limiting the development of ADAs(252–254). In patient

populations requiring chronic treatment with mAbs co-administration of methotrexate has

increased long-term therapeutic efficacy of the drugs. In severe cases, B cell depletion can be

used to try an broadly suppress the B cell and antibody response to a life-saving therapeutic.

However, plasma cells do not express CD20 or CD19 and are thus not depleted. If the ADA

response is generated by LLPCs, B cell depletion will have no effect on the overall efficacy.

Plasma cell depletion strategies such as treatment with bortezomib has been explored in

the treatment of Pompe disease(255). These strategies, while effective at lowering ADAs

and increasing treatment duration and long-term efficacy leave patients at an unacceptable

risk of infection and malignancy(256–259). Therefore, the development of antigen-specific

treatments to lower antigen-specific antibody responses is a critical unmet need and active

area of research.

1.7.2.2 Emerging strategies in immune tolerance

The current standards of care to treat antibody-mediated autoimmune disease, allergy and

drug hypersensitivity rely on broadly suppressing a patient’s immune system. These treat-

ments do not address underlying disease mechanism or offer a cure and can increase a

patient’s risk of developing infection and malignancy. The next generation of treatments

aim to induce immune tolerance instead of immune suppression and include regulatory T

cell therapies, antigen-specific protein and peptide therapies and engineered CAR-T cell

therapies.

Many autoimmune diseases, including antibody-mediated autoimmune diseases, are as-

sociated with genetic polymorphisms in regulatory T cell function(260; 261). Due to their

capacity to broadly control inflammation as well as other T and B cell responses, increasing

the Treg compartment has been the goal of several tolerance treatments. In one instance

isolated CD4+CD25intermediate FoxP3low cells from patients’ blood were expanded in vitro

and demonstrated to persist for longer than 1 year and show promise in type 1 diabetes and
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graft-vs-host-disease(262–264). In vivo Treg induction has been attempted through treat-

ment with low doses of IL-2. Due to the high level of surface expression of IL-2 receptor CD25

on the surface of Tregs, they can be expanded using levels of IL-2 below the threshold which

would be required to activate pro-inflammatory conventional T cells or NK cells. Low dose

IL-2 can prevent autoimmunity in mouse models and is shown to be even more effective when

used in combination with an IL-2Rβ blocking antibody to further avoid activation of non-

Treg cells(265; 266). These therapies are reliable methods to expand Tregs broadly, however,

since they lack antigen-specificity they may still leave patients more immunocompromised

than a healthy individual or risk off-target effects. In order to promote a more targeted

immune response, genetic engineering approaches have been used to generate T cells with

antigen-specificity. CARs composed of an autoantigen fused to the CD3ζ signaling domain

have been used to target autoantigen-specific B cells to treat mouse models of pemphigus

vulgaris(267). Auto-antigen pMHC complexes are expressed on a similar CAR in order to

target and kill antigen-specific T cells recognizing that pMHC. CAR-Tregs have also been

developed with a pMHC conjugated to their signaling domain, but alongside expression of

FoxP3 to induce their suppressive function. These CAR-T cells have shown therapeutic ef-

ficacy in mouse models of autoimmune diseases(268–270). Engineered cell therapies such as

these offer great promise in that they offer an powerful antigen-specific targeted strategy for

the treatment of unwanted immune responses. However these therapies are complex, costly

and time consuming. The use of cells increases the complexity of the possible interactions

and therapeutic mechanisms. Exhaustion of the transfused CAR-T cells and safety issues

associated with the potential toxicity of cytokine release syndrome may limit the wide-spread

adoption of cell therapies for non-life-threatening conditions(271).

Alternative non-cellular antigen-specific treatments utilize the delivery of peptide and

protein for immune-modulation. Early studies delivering T cell-specific peptide epitopes

or pMHC complexes found that they were able to activate and induce deletion of antigen-

specific disease-causing CD8+ T cells(272; 273). While several peptide antigen therapeu-
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tic approaches have progressed to clinical trials, these responses were found to be highly

dependent on antigen, dose, and route of administration(274–277). This variability com-

bined with the risks of peptide therapy including disease exacerbation(278), hypersensitivity

reactions(279) and anaphylaxis(280), have hindered successful clinical translation.

Due to the unreliable tolerance induced by peptide therapy alone, nanomaterials were

developed to co-deliver peptide along with immunomodulatory components. Liposomes co-

delivering arthritis antigen and NFκb inhibitors were found to inhibit joint inflammation(281).

Similarly polymeric nanoparticles delivering both antigens and rapamycin were found to sup-

press T cell responses in EAE, promote tolerogenic DC formation, and induce factor VIII-

specific tolerance in a mouse model of hemophilia(282; 283). While these delivery methods

have proven to be more reliable than peptide therapy alone, future clinical trials will deter-

mine if their immunomodulatory agents can generate lasting antigen-specific tolerance and

if they lead to more broad immunosuppressive features.

One strategy to improve efficacy is to increase targeting of the peptide and protein

antigen to tolerogenic APCs. Specialized splenic APCs are essential for the uptake and

tolerogenic processing of apoptotic erythrocytes(284). Strategies to deliver antigen to these

cells via injection of ex vivo antigen-loaded splenocytes(285; 286) or conjugating antigen

to glycophorinA binding ERY1(287) was sufficient to induce tolerance in mouse models of

autoimmunity as well as prevent antibodies to immunogenic protein antigens(288). The liver

has also been used as a target for antigen therapy due to its tolerogenic microenvironment and

specialized pro-tolerogenic APCs(289). Nanoparticles coated in poly(maleic anhyedride-alt-

1-ocadecene) were found to accumulate in liver sinusoidal endothelial cells (LSECs), known

to induce FoxP3+ Tregs(290). Antigen delivery using these nanoparticles was found to block

progression of MOG-induced EAE when administered early in disease progression(289).

The Hubbell lab has previously developed a liver-targeted antigen delivery platform. In

order to target the asialoglycoprotein receptor(ASGPR), a receptor expressed highly on hep-

atocytes, they developed a polymer chain of repeating GalNAc (p(GalNAc)) to bind ASGPR
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and other c-type lectins expressed on other APCs in the liver with high avidity(291–293).

When injected intravenously, antigen conjugated to p(GalNAc) was found to target the liver,

increase the frequency of antigen-specific Tregs and inhibit the onset of the BDC2.5 murine

model of type 1 diabetes(294). These antigen-specific platforms have investigated the effects

of antigen-therapy predominantly on T cell driven diseases. However, more investigation is

needed to understand how tolerance induced through liver targeting can impact antibody re-

sponses and if inducing T cell tolerance in this manner is sufficient to prevent the progression

of a T cell dependent antibody response. In Chapter 3 I will describe a novel glycopolymer

to increase antigen delivery to the tolerogenic microenvironment of the liver and investigate

its potential to prevent antigen-specific antibody responses to an immunogenic protein drug.
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CHAPTER 2

POLYMERSOMES DECORATED WITH SARS-COV-2 SPIKE

PROTEIN RECEPTOR BINDING DOMAIN ELICIT ROBUST

HUMORAL AND CELLULAR IMMUNITY

2.1 Abstract

A diverse portfolio of SARS-CoV-2 vaccine candidates is needed to combat the evolving

COVID-19 pandemic. Here, we developed a subunit nanovaccine by conjugating SARS-CoV-

2 Spike protein receptor binding domain (RBD) to the surface of oxidation-sensitive poly-

mersomes. We evaluated the humoral and cellular responses of mice immunized with these

surface-decorated polymersomes (RBDsurf) compared to RBD-encapsulated polymersomes

(RBDencap) and unformulated RBD (RBDfree), using monophosphoryl lipid A-encapsulated

polymersomes (MPLA PS) as an adjuvant. While all three groups produced high titers of

RBD-specific IgG, only RBDsurf elicited a neutralizing antibody response to SARS-CoV-

2 comparable to that of human convalescent plasma. Moreover, RBDsurf was the only

group to significantly increase the proportion of RBD-specific germinal center B cells in the

vaccination-site draining lymph nodes. Both RBDsurf and RBDencap drove similarly robust

CD4+ and CD8+ T cell responses that produced multiple Th1-type cytokines. We conclude

that multivalent surface display of Spike RBD on polymersomes promotes a potent neutral-

izing antibody response to SARS-CoV-2, while both antigen formulations promote robust T

cell immunity.1

1. This chapter and the accompanying figures are adapted “Polymersomes decorated with SARS-CoV-
2 spike protein receptor binding domain elicit robust humoral and cellular immunity L. R. Volpatti, R. P.
Wallace, S. Cao, M. M. Raczy, R. Wang, L. T. Gray, A. T. Alpar, P. S. Briquez, N. Mitrousis, T. M. Marchell,
M. S. Sasso, M. Nguyen, A. Mansurov, E. Budina, A. Solanki, E. A. Watkins, M. R. Schnorenberg, A. C.
Tremain, J. W. Reda, V. Nicolaescu, K. Furlong, S. Dvorkin, S. Yu, B. Manicassamy, J. L. LaBelle, M. V.
Tirrell, G. Randall, M. Kwissa, M. A. Swartz, J. A. Hubbell. ACS Central Science 2021 7 (8), 1368-1380
DOI: 10.1021/acscentsci.” This work was contributed to by multiple authors. R.P.W., L.R.V., S.C., M.M.R.,
R.W., S.S.Y., M.K., M.A.S., and J.A.H. conceived the project and designed the research strategy. R.P.W.,
L.R.V., S.C., M.M.R., R.W., L.T.G., A.T.A., P.S.B., N.M., T.M.M., M.S.S., M.N., A.M., E.B., A.S., E.A.W.,
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2.2 Introduction

COVID-19, the disease caused by the novel coronavirus SARS-CoV-2, emerged in late 2019

and was declared a pandemic by the World Health Organization in March 2020. Since its

emergence, researchers across the world have sought to rapidly develop vaccine candidates,

some of which have received Emergency Use Authorization by the U.S. Food and Drug

Administration(295; 296). While the first vaccines that entered the clinic were based on nu-

cleic acid technologies, subunit vaccines are gaining attention and have also shown promise

in clinical trials(297; 298). The primary antigens used in preclinical and clinical vaccine can-

didates are the Spike protein and its constituent receptor-binding domain (RBD). The RBD

of the Spike protein binds to the ACE-2 receptor on host cell surfaces, enabling viral entry

into the host cell(299; 300). Several highly potent neutralizing antibodies have been iso-

lated that target RBD and prevent viral binding and uptake, making it an attractive vaccine

target(301–304). Since RBD is smaller ( 25 kDa) and more stable than the full homotrimeric

Spike fusion protein ( 180 kDa), it is also advantageous from a manufacturing and distribu-

tion perspective(305). However, RBD has been shown to have lower immunogenicity than

the full Spike protein or its RBD-containing S1 domain(306; 307). Materials science and

engineering approaches, particularly strategies involving nanotechnology, may improve RBD

immunogenicity and thus aid in the development of next-generation vaccines(77; 308; 309).

Indeed, several approaches of self-assembling RBD into virus-like particles have resulted

in potent neutralizing antibody responses(310–313). In order to offer robust protection

from infection, cellular in addition to humoral responses are needed(314–316). Almost all

convalescent individuals show T cell immunity, and the majority have both CD4+ and

CD8+ SARS-CoV-2-specific T cells(317–320). Conversely, severe disease is associated with

lymphopenia and reduced T cell function(321–323). Furthermore, T cell immunity may

A.C.T., and J.W.R. performed experiments. R.P.W., L.R.V., S.C., M.M.R., A.T.A., P.S.B., T.M.M., and
M.S.S. performed data analysis. P.S.B., V.N., K.F., S.D., and G.R. performed or advised on SARS-CoV-2
neutralization assays. M.R.S., J.L.L., and M.V.T. advised on surface modification of polymersomes. B.M.
contributed the HEK-293-hACE2 cell line.
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be more durable than humoral responses, and T cells are expected to play an important

role in immune memory(316; 321; 324). Therefore, the goal of this study was to improve

both humoral and cellular immunogenicity of RBD and compare the efficacy of engineered

nanoparticle formulations in order to inform the design of next-generation nanovaccines. We

have previously reported the development of polymersomes (PS) that self-assemble from

the oxidation-responsive block copolymer poly(ethylene glycol)-bl-poly(propylene sulfide)

(PEG-PPS)(325) and shown their efficacy in delivering antigen and adjuvant to dendritic

cell endosomes(213). In endolysosomal compartments, the PPS block becomes oxidized,

which initiates the restructuring of the PS into micelles and concurrent release of encapsu-

lated payload(213; 326). These vaccine nanocarriers have been shown to activate dendritic

cells, induce robust T cell immunity, and elicit high antibody titers with broad epitope

coverage(210; 213; 327). In this study, we hypothesized that we could further improve the

humoral responses elicited by PS while retaining their ability to induce T cell immunity by

engineering them to mimic the physical form of a viral particle through multivalent surface

display of antigen. We envisaged that multivalent surface display of RBD would result in

enhanced crosslinking and clustering of B cell receptors (BCRs) and subsequent production

of neutralizing antibodies. Here, we report on the development and preclinical evaluation

of PS displaying surface-bound RBD (RBDsurf) and PS encapsulating RBD (RBDencap)

adjuvanted with monophosphoryl lipid A-encapsulated PS (MPLA PS). We show that mice

vaccinated with RBDsurf in combination with MPLA PS in a prime-boost schedule develop

high titers of SARS-CoV-2-neutralizing antibodies with robust germinal center responses as

well as CD4+ and CD8+ T cell immunity, thus meeting our design criteria.
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2.3 Methods

2.3.1 RBD production and purification

For production of the Spike protein RBD (Spike319-541; GenBank: MN908947.3), we ob-

tained expression plasmids on pCAGGS backbone containing mammalian codon-optimized

sequences for this gene from Florian Krammer’s laboratory (Icahn School of Medicine at

Mount Sinai, New York, NY)(328). Suspension-adapted HEK-293F cells were maintained

in serum-free Free Style 293 Expression Medium (Gibco). On the day of transfection, cells

were inoculated into at a concentration of 1 × 106 cells/mL. Plasmid DNA (1 mg/mL) was

mixed with linear 25 kDa polyethyleneimine (2 mg/mL ; Polysciences) and co-transfected in

OptiPRO SFM medium (4% final concentration; Thermo Fisher). Flasks were cultured in an

orbital shaking incubator (135 rpm, 37 °C, 5% CO2) for 7 days. Culture medium was then

collected by centrifugation, filtered, and loaded into a HisTrap HP 5 mL column (GE Health-

care) using an ÄKTA pure 25 (GE Healthcare). After washing the column with wash buffer

(20 mM NaH2PO4 and 0.5 M NaCl, pH 8.0), protein was eluted using a gradient of 500 mM

imidazole in wash buffer. The protein was further purified by size-exclusion chromatography

using a HiLoad Superdex 200PG column (GE Healthcare) with PBS as an eluent. Dimers

of RBD were reduced by the addition of dithiothreitol (1 mM) which was subsequently di-

alyzed against PBS. All purification steps were carried out at 4 °C. The expressed proteins

were verified to be >90% pure through SDS–PAGE. The purified proteins were tested for

endotoxin using a HEK-BlueTM TLR4 reporter cell line (InvivoGen), and the endotoxin

levels were confirmed to be below 0.01 EU /mL. Protein concentration was determined by

absorbance at 280 nm using a NanoDrop spectrophotometer (Thermo Scientific). Proteins

were stored at a concentration of 4 mg/mL at -80 °C until use.
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2.3.2 PS formulation

PEG-PPS polymersomes were formulated by thin film rehydration as previously described(213).

In brief, 20 mg of polymer was dissolved in 750 µL dichloromethane (DCM), and DCM was re-

moved by vacuum desiccation overnight. 1 mL of PBS was then added to the vial, which was

rotated at room temperature (RT) for 24 h to allow complete dispersal of the polymer. The

solution was then sequentially extruded through 0.8, 0.4, 0.2, and 0.1 µm pore membranes

(Whatman). To formulate RBD-encapsulated PS, 250 µL of PBS containing 4 mg/mL RBD

was added to the polymer thin film for rehydration, and the solution was rotated at 4 °C

for 72 h before extrusion as above. After extrusion, RBD-encapsulated polymersomes were

passed through a sepharaose size exclusion chromatography (SEC) column to remove unen-

capsulated free RBD. The RBD content was quantified by SDS-PAGE using mini-protein

TGX stain-free precast gels (Bio-Rad). Gels were imaged on a ChemiDoc XRS+ Gel Docu-

mentation System (Bio-Rad) and analyzed using ImageJ. RBD-surface-conjugated PS were

synthesized by first formulating empty PS as above consisting of 25% N3-PEG-PPS. RBD

was conjugated to a sulfo DBCO-Maleimide linker (Click Chemistry Tools) at the molar ratio

of 1:5 (RBD:linker) and reacted for 2.5 hours. Unconjugated linker was removed by Zeba spin

desalting columns (7K MWCO; ThermoFisher). The resulting RBD-linker was analyzed by

MALDI-TOF MS using an α-cyano-4-hydroxycinnamic acid (Sigma-Aldrich) matrix and a

Bruker ultrafleXtreme MALDI TOF/TOF instrument. RBD-linker (4 wt% of polymersome)

was then incubated with empty N3-PEG-PPS polymersomes overnight at RT. RBD-surface-

conjugated PS were then passed through SEC to remove unconjugated RBD-linker. The

conjugation was monitored by SDS-PAGE, and the final RBD content was quantified by the

CBQCA Protein Quantitation Kit (ThermoFisher). Fluorescently labeled PS were prepared

by conjugating AlexaFluor-647 alkyne dye (ThermoFisher) to PS containing 25% N3-PEG-

PPS. The dye was mixed with PS at a molar ratio of 1:20 (dye:N3-PEG-PPS), and the

solution was stirred overnight at RT. Labeled PS were then passed through SEC to remove
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unconjugated dye. To make the fluorescently labeled RBDsurf, labeled PS were prepared

as above and conjugated with RBD as described, followed by SEC purification. Final RBD

content was quantified by the CBQCA Protein Quantitation Kit (ThermoFisher). MPLA PS

were fabricated by flash nanoprecipitation using a 3D printed impingement jets mixer(329).

20 mg PEG-PPS and 2 mg MPLA (PHAD®; Avanti Polar Lipids) were dissolved in 500 µL

tetrahydrofuran (THF) and loaded into a 1 mL plastic disposable syringe. 500 µL PBS was

loaded into a second syringe, and the two solutions were impinged against one another slowly

within the mixer by hand. The impinged solution was immediately vortexed to form a ho-

mogenous polymersome solution which was then extruded and purified by SEC as described

above. MPLA loading was quantified using a liquid chromatography-tandem mass spectrom-

etry (LC-MS/MS) method as previously described(330) using PHAD®-504 (Avanti Polar

Lipids) as an internal standard on an Agilent 6460 Triple Quad MS-MS with 1290 UHPLC.

2.3.3 PS characterization

The size and polydispersity index (PDI) of all the polymersome formulations were measured

by dynamic light scattering (DLS) using a Zetasizer Nano ZS90 (Malvern Instruments).

Cryogenic electron microscopy (cryoEM) images were obtained on a FEI Talos 200kV cryoEM

dedicated electron microscope.

2.3.4 MPLA PS in vitro activity

To determine TLR4 activation, HEK-BlueTM TLR4 cells (Invivogen) were incubated with

increasing concentrations of MPLA PS for 24 h 37 4◦C in a 5% CO2 incubator. NF-κB-

induced SEAP activity was detected using QUANTI-BlueTM (Invivogen) and by reading

the OD at 650 nm. For dendritic cell activation experiments, BMDCs were prepared from

C57Bl/6 mice (Jackson) as previously described(331). After 9 days of culture, cells were

seeded at 2 × 105 cells/well in round-bottom 96-well plates (Fisher Scientific) in IMDM

with 10% FBS and 2% penicillin/streptomycin (Life Technologies). Cells were treated with
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varying concentrations of MPLA PS or free MPLA and incubated for 24 h at 37 °C in a

5% CO2 incubator. After 24 h, the supernatant was collected, and cytokine concentration

was measured using a multiplexed mouse Th cytokine panel (BioLegend) according to the

manufacturer’s instructions.

2.3.5 RBDsurf in vitro activity

For the cell-based hACE2-binding assay, human embryonic kidney (HEK)-293T cells over-

expressing human ACE-2 (HEK-hACE2) were obtained from BEI Resources (NIH NIAID).

Fluorescently labeled empty PS, RBDsurf, or RBDfree was incubated at varying concentra-

tions with 5 × 104 HEK-hACE2 cells at 4 °C for 20 min. Cells were then washed three

times in PBS with 2% FBS. Binding of RBD to hACE-2 on the cell surface was assessed

via the mean fluorescent intensity measured by flow cytometry using BD LSRFortessa (BD

Biosciences).

2.3.6 Production of RBD protein multimers

RBD protein expressed with AviTag was purchased from GenScript. Site-specific biotinyla-

tion of the AviTag was performed using BirA Biotin-Protein Ligase Reaction kit (Avidity).

Next, unconjugated biotin was removed using Zeba spin desalting columns, 7K MWCO

(ThermoFisher). The quantification of reacted biotin was performed using the Pierce Biotin

Quantification Kit (ThermoFisher). Biotinylated RBD was incubated with either streptavidin-

conjugated PE (Biolegend) or streptavidin-conjugated APC fluorophores (Biolegend) for 20

min on ice at a molar ratio of 4:1 of biotin to streptavidin. Streptavidin-conjugated FITC

(BioLegend) was reacted with excess free biotin to form a non-RBD-specific streptavidin

probe as a control. Multimer formation was confirmed using SDS-PAGE gel. Cells were

stained for flow cytometry with all three streptavidin probes at the same time as other flu-

orescent surface markers at a volumetric ratio of 1:100 for RBD-streptavidin-PE and 1:200

for RBD-streptavidin-APC and biotin-streptavidin-FITC.
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2.3.7 Mouse vaccination experiments

All experiments were performed in accordance with the Institutional Animal Care and Use

Committee at the University of Chicago. Female 8-week-old C57BL/6 mice (Jackson Lab-

oratory) were randomly assigned to cohorts of n = 5 and vaccinated with 10 µg of antigen

and 5 µg of adjuvant s.c. in the hock (either 2 or 4 hocks) and boosted on day 21. On

day 7, 14, 20, and 28 post vaccination, 100 µL of blood was collected in EDTA-K2-coated

tubes (Milian), and plasma was separated by centrifugation and stored at -80 °C until use.

On day 28 after initial vaccination, mice were sacrificed. Splenocytes and lymph node cells

from draining lymph nodes were collected. Single-cell suspensions of the lymph node were

prepared by digestion in collagenase D for 45 min at 37 °C. Splenocytes and lymph node

cells were filtered through a 70 µm cell strainer. Splenocytes were then incubated in ACK

lysis buffer to remove red blood cells. Lymph node cells were stained for Tfh cells and RBD-

specific B cells using fluorescent probes listed in Tables 2.1-2.2, respectively. Samples were

acquired on a BD LSR-Fortessa (BD) and analyzed using FlowJoTM software. Representa-

tive gating strategies used to identify the cell populations are shown in Figure 2.1(Tfh cells)

and Figure 2.2 (RBD-specific B cells). To assess antigen-specific cytokine production by T

cells, 1 × 106 lymph node cells were incubated with pools of 15-mer peptides overlapping

by 10 amino acids covering the N-terminus of SARS-CoV-2 Spike protein up to the furin

cleavage site (S1 pool; PepMix SARS-CoV-2 Spike Glycoprotein, JPT) for 6 h at 37 °C with

5% CO2. Monensin (GolgiStop, BD) was added after 2 h of incubation to inhibit cytokine

secretion. Cells were stained for surface markers using fluorescent monoclonal antibodies

(mAbs). Cells were subsequently fixed and permeabilized using BD Cytofix/CytopermTM,

and intracellular cytokines were stained using fluorescent-mAbs listed in Table 2.2. Samples

were acquired on a BD LSR-Fortessa (BD) and analyzed using FlowJoTM software. A rep-

resentative gating strategy used to identify the cell populations is shown in Figure 2.3. To

assess antigen-specific cytokine secretion, lymph node cells were plated at 5 × 105 cells/well

39



were incubated with 100 µg RBD for 3 d at 37 °C with 5% CO2. After 3 d, the supernatant

was analyzed for cytokine concentration via a multiplexed mouse Th cytokine panel (Bi-

oLegend) according to the manufacturer’s instructions. Samples were aquired on an Attune

NxT flow cytometer (ThermoFisher), and analyzed with LEGENDplex v8.0 software. For

long-term experiments, mice were not sacrificed but continued to be bled on day 2, 7, 14 and

then every 2 weeks for 80 days.

Table 2.1: Tfh panel antibodies
Marker Fluorophore Vendor Cat
Viability Dye eFluor 780 Invitrogen 65-0865-14
CD4 BV496 BD Horizon 612952
CD3 BUV737 BD Optibuild 741788
CD44 PerCpCy5.5 Invitrogen 45-0441-82
CXCR5 BV421 Biolegend 145512
ICOS BUV396 BD Horizon 565885
Bcl6 PE-Cy7 Biolegend 358512

Table 2.2: RBD-specific B cell panel antibodies
Marker Fluorophore Vendor Cat
Viability Dye Violet fluorescent reactive dye Invitrogen L34964A
RBD-multimer PE - -
RBD-multimer APC - -
F4/80 (Dump) FITC Biolegend 123107
CD11c (Dump) FITC Biolegend 117306
Ly6c(Dump) FITC Invitrogen 53-5932-82
Ly6g (Dump) FITC Invitrogen 11-9668-82
CD4 (Dump) FITC Biolegend 100406
CD8a (Dump) FITC Biolegend 100706
B220 BUV496 BD Horizon 612950
CD19 BUV396 BD Horizon 565965
CD138 BV605 Biolegend 142531
IgM BV786 BD Optibuild 743328
IgD PE-Cy7 Biolegend 405720
CD38 APC-Cy7 Biolegend 102727
GL7 PerCP-Cy5.5 Invitrogen 46-5902-82
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Table 2.3: Restimulation panel antibodies
Marker Fluorophore Vendor Cat
Viability Dye eFluor 455 (UV) Invitrogen 65-0868-14
CD3 BUV395 BD Horizon 563565
CD4 BV786 BD Horizon 563331
CD8 BV421 BD Horizon 563898
IFNγ APC Biolegend 505810
TNFα BV605 Biolegend 506329
IL-2 PE BD Pharmigen 554428

Figure 2.1: Representative T follicular helper cell gating strategy.

2.3.8 RBD-binding ELISA

Plasma was assessed for anti-RBD IgG by ELISA. 96-well ELISA plates (Costar high-bind

flat-bottom plates, Corning) were coated with 10 µg/mL RBD in carbonate buffer (50 mM

sodium carbonate/sodium bicarbonate, pH 9.6) overnight at 4 °C. The following day, plates

were washed three times in PBS with 0.05% Tween 20 (PBS-T) and then blocked with

1x casein (Sigma) for 1 h at RT. Following blocking, wells were washed three times with

PBS-T and further incubated with six 10-fold dilutions of plasma in 1x casein for 2 h at

RT. Wells were then washed five times with PBS-T and incubated for an additional hour

at RT with horseradish peroxide (HRP)-conjugated antibodies against mouse IgG, IgG1,

IgG2b, or IgG3 (Southern Biotech). After five washes with PBS-T, bound RBD-specific Ig

was detected with tetramethylbenzidine (TMB) substrate. Stop solution (3% H2SO4 + 1%

HCl) was added after 18 min of TMB incubation at RT, and the OD was measured at 450

and 570 nm on an Epoch Microplate Spectrophotometer (BioTek). Background signal at 570

nm was subtracted from the OD at 450 nm. Fold-change over the average of blank wells was
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Figure 2.2: Representative B cell gating strategy.

then calculated and log-transformed. The area under the curve (AUC) of log-transformed

fold change versus log-transformed dilution was then calculated.
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Figure 2.3: Representative intracellular cytokine gating strategy.

2.3.9 RBD-binding IgG ELISpot assay

ELISpot plates (Millipore IP Filter plate) were coated with 20 µg/mL RBD in sterile PBS

overnight at 4 °C. Plates were then blocked using ELISpot Media (RPMI 1640, 1% glutamine,

10% fetal bovine serum, 1% penicillin-streptomycin) for 2 hours at 37 °C. Splenocytes from

vaccinated mice were seeded in triplicate at a starting concentration of 6.75 × 105 cell/well

and diluted seven times in 3-fold serial dilutions. Plates were incubated for 18 hours at 37 °C

and 5% CO2 after which the cells were washed five times in PBS. Wells were incubated with

100 µL IgG-biotin HU adsorbed (Southern Biotech) for 2 h at RT. Next, plates were washed

four times in PBS followed by the addition of 100 µL HRP-conjugated streptavidin/well for

1 h at RT. Plates were washed again and incubated with 100 µL TMB/well for 5 minutes

until distinct spots emerged. Finally, plates are then washed three times with distilled water
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and left to dry completely in a laminar flow hood. A CTL ImmunoSpot Analyzer was used

to image plates, count spots, and perform quality control.

2.3.10 SARS-CoV-2 virus neutralization assay

SARS-CoV-2 viruses (400 plaque forming units; strain nCov/Washington/1/2020, provided

by the National Biocontainment Laboratory, Galveston TX, USA) were incubated with 4-

fold serial dilutions of heat-inactivated plasma from vaccinated or control mice and for 1 h at

37 °C in DMEM with 2% fetal bovine serum, penicillin-streptomycin (100 U/mL penicillin,

100 µg/mL streptomycin), and non-essential amino acids (10 mM, glycine, L-alanine, L-

asparagine, L-aspartic acid, L-glutamic acid, L-proline, L-serine; Gibco). The pre-incubated

viruses were then applied to Vero-E6 cell monolayers, and the cells were maintained until

> 90% cell death for the negative control (4-5 d). Cells were then washed with PBS, fixed

with 10% formalin, stained with crystal violet, and quantified with a Tecan infinite m200

microplate reader (excitation/emission 592 nm/636 nm). Neutralization titer is measured

as the greatest dilution that inhibits 50% of SARS-CoV-2 induced cell death (EC50). To

determine the EC50, data were fit using a least squares variable slope four-parameter model.

To ensure realistic EC50 values, we considered a dilution (1/X) of X = 10-1 to be 100%

neutralizing and a dilution of X = 108 to be 0% neutralizing and constrained EC50 >

0. Plasma from convalescent human COVID-19 patients were provided by Ali Ellebedy

(Washington University School of Medicine, St. Louis, MO; Catalog # NR-53661, NR-

53662, NR-53663, NR-53664, and NR-53665).

2.3.11 Peptide array analysis

Antibody specificity to linear epitopes of the spike protein was analyzed using a CelluSpots™

Covid19hullB Peptide Array (Intavis Peptide Services, Tubingen, Germany) according to the

manufacturer’s protocol. The array comprises 254 peptides spanning the full-length sequence

of the Spike protein (NCBI GenBank accession # QHD43416.1), with each 15-mer peptide
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offset from the previous one by 5 amino acids. Briefly, peptide arrays were blocked in 1x

casein solution at 4 °C overnight. Arrays were then incubated with pooled serum diluted

1:200 in 1x casein for 6 h at RT on an orbital shaker (60 rpm). After 6 h, arrays were washed

four times with PBS-T and incubated for an addition 2 h at RT, 60 rpm with goat anti-

mouse IgG conjugated to HRP (Southern Biotech) diluted 1:5000 in 1x casein. Arrays were

washed another four times with PBS-T. Spots were detected with ClarityTM Western ECL

Substrate (Bio-Rad), and chemiluminescence was measured using a ChemiDoc XRS+ Gel

Documentation System (Bio-Rad). Spots were analyzed using Spotfinder software (version

v3.2.1).

2.3.12 Software packages and statistical analysis

Statistical analysis was performed using GraphPad Prism 9 (GraphPad). Data were analyzed

using one-way ANOVA with Dunn’s or Tukey’s post-hoc correction for multiple hypothesis

testing unless otherwise stated. All flow cytometry data were analyzed using FlowJov10.7.2

software (FlowJo LLC, BD Biosciences). Figures 2.4 and 2.13 were created using BioRender

(https://biorender.com) as part of an Academic License through the Chicago Immunoengi-

neering Innovation Center.

2.4 Results

2.4.1 Formulated polymersomes exhibit long-term stability and in vitro

activity

Having previously encapsulated antigen into PS as nanovaccines(213), here we developed a

conjugation strategy to attach antigens to their surface. To create a modular platform that

could be generalized to any antigen, we synthesized N3-PEG-PPS (Figure 2.5), which, when

formulated into PS, yields particles displaying clickable surface moieties (Figure 2.4a).

Upon the addition of RBD conjugated to a DBCO-containing linker, we generated PS
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Figure 2.4: RBD and MPLA are formulated into stable, biologically active polymersomes.
a, Schematic of formulation of PS. RBD was conjugated to the surface (RBDsurf) or en-
capsulated inside (RBDencap) of PS, and MPLA was encapsulated in the vesicle membrane
(MPLA PS) due to its hydrophobicity. b, Representative cryo-electron microscopy images
of PS, depicting vesicle structure. Scale = 50 nm. c, Size and polydispersity index (PDI)
from dynamic light scattering (DLS) measurements of PS upon formulation and after >
6 months at 4 °C. d, Representative DLS curves of PS. e, Normalized mean fluorescence
intensity (MFI) of AF647 conjugated to free RBD or RBDsurf by flow cytometry show-
ing concentration-dependent binding to HEK-293 cells that express human ACE-2 (HEK-
hACE2). Nonlinear regression was used to model data assuming specific binding to one site
to determine equilibrium dissociation constants. f, Dose-dependent secretion of TNFα from
cultured murine bone marrow-derived dendritic cells (BMDCs) stimulated by free MPLA,
MPLA PS, or empty PS. Data represent mean ± SD for n = 2 (e) or 3 (f) replicates.

decorated with RBD (RBDsurf, Figure 2.6). We also synthesized PEG-PPS (Figure 2.7) and

formulated PS encapsulating RBD (RBDencap) or adjuvant (MPLA PS, Figure 2.4a).

The loading capacities of RBDsurf and RBDencap were 1.57% and 1.75%, respectively,

comparable to previous reports of encapsulated ovalbumin(210; 213), while the loading ca-

pacity of MPLA PS was 6.46% (Table 2.4). We confirmed the vesicular structure of PS

through cryo-electron microscopy (cryoEM) and demonstrated that the different formula-

tions have similar sizes and morphologies (Figure 2.4b, Figure 2.8).

According to dynamic light scattering (DLS) measurements, the average PS diameter is
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Figure 2.5: Synthesis and characterization of N3-PEG-PPS. a, Synthetic route, b, 1H NMR
spectrum, c, gel permeation chromatography (GPC) trace, and d, summary of physiochem-
ical properties of N3-PEG-PPS.

Table 2.4: Summary of loading capacities of PS
Polymer(mg mL−1) Cargo (mg mL−1) Loading(wt%)

RBDsurf 7.96 0.127 1.57
RBDencap 7.00 0.125 1.75
MPLA PS 3.49 0.241 6.46

around 150 nm (Figure 2.4c,d), which is similar to the reported size of SARS-CoV-2 particles

(60-140 nm)(332).The polydispersity index (PDI) of each formulation was < 0.2, indicative

of a relatively homogenous population of nanoparticles. As indicated by their consistent size

and PDI, in addition to the absence of free RBD released into solution, PS remain stable at

4°C for at least 180 days, which can be beneficial for distribution and shelf-life considerations

(Figure 2.4c, Figure 2.9).

We next characterized the biological activity of the PS formulations in vitro. To confirm

that RBD structure is not substantially altered upon conjugation to the PS surface, we

quantified its ability to bind to HEK-293 cells that express human ACE-2 (HEK-hACE2,

Figure 2.4e). The normalized mean fluorescence intensity (MFI) versus RBD concentration

curves were used to calculate the equilibrium dissociation constants (KD) for free RBD and
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Figure 2.6: Synthesis and characterization of RBD-linker. a, Synthetic route, b, MALDI
of RBD-linker and free RBD, c, SDS PAGE of free RBD, RBD-linker, RBDsurf before size
exclusion chromatography (SEC) and purified RBDsurf post-SEC.

RBDsurf conjugated to AF647 (AF647-RBDfree and AF647-RBDsurf, respectively). The

curves and KD values are in excellent agreement, indicating that surface conjugation to PS

did not impact ACE-2 binding of RBD. Empty PS conjugated to AF647 did not bind to

HEK-hACE2, and neither PS formulation bound to HEK-293 cells lacking hACE-2 (Figure

2.10).

Next, we confirmed that MPLA retained its ability to serve as a TLR4 agonist upon

formulation in PS with a HEK-BlueTM TLR4 reporter cell line (Figure 2.11). To further

validate MPLA PS activity in a more physiologically-relevant model, we stimulated murine

bone marrow-derived dendritic cells (BMDCs) with free MPLA, MPLA PS, or empty PS,

and we measured the subsequent secretion of the pro-inflammatory cytokines TNFα, IL-6,

IL-1α, and IL-1β (Figure 2.4f, Figure 2.12).
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Figure 2.7: Synthesis and characterization of PEG-PPS. a, Synthetic route, b, 1H NMR
spectrum, c, gel permeation chromatography (GPC) trace, and d, summary of physiochem-
ical properties of PEG-PPS.

Figure 2.8: Additional cryoEM images of PS. Black box indicates magnified region in Figure
1b.

For each cytokine, there was a dose-dependent increase in secretion for free MPLA and

MPLA PS with only background levels of secretion for empty PS, indicating that MPLA

PS successfully activated antigen presenting cells (APCs) in vitro. Thus, we successfully

synthesized two RBD formulations of PS in addition to MPLA PS and showed that they are

homogenous vesicular structures with long-term stability and in vitro biological activity.
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Figure 2.9: PS stability by SDS PAGE after > 180 d at 4°C. SDS PAGE of a, RBDsurf
and b, RBDencap. Lanes 1-6 represent RBD standard curve values of 400, 200, 100, 50, 25,
and 12.5 µg/mL. Lane 7 contains of RBDsurf disrupted with Triton X. Lane 8 contains of
RBDencap disrupted with Triton X, and Lane 9 contains undisrupted RBDencap.

Figure 2.10: RBD binding to HEK-hACE2 and HEK-293 cells. a, Mean fluorescence intensity
(MFI) of AF647-labeled RBDsurf and empty PS bound to HEK-hACE2 cells characterized
by flow cytometry. b, MFI of AF647-labeled RBDsurf and empty PS indicating an absence
of binding to control HEK-293 (HEK) cells. Data plotted as mean ± SD for n = 2 replicates.

2.4.2 All adjuvanted formulations elicit RBD-specific IgG responses

Having confirmed that antigen- and adjuvant-loaded PS exhibit their expected bioactivity

in vitro, we next evaluated their ability to enhance humoral and cellular immunity in mice

compared to RBDfree. We immunized mice via s.c. injection in the hocks in a prime-boost

schedule 3 weeks apart and monitored antibody titers weekly (Figure 2.13a). The total
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Figure 2.11: MPLA PS as a TLR4 agonist. Linear concentration-dependent stimulation of
HEK-BlueTM TLR4 reporter cells with MPLA PS. Data plotted as mean ± SD for n = 3
replicates.

Figure 2.12: In vitro activity of MPLA PS. Dose-dependent secretion of a, IL-6, b, IL-1α,
and c, IL-1β from cultured murine bone marrow-derived dendritic cells stimulated by free
MPLA, MPLA PS, or empty PS. Data plotted as mean ± SD for n = 3 replicates.

RBD-specific IgG is represented by the area under the log-transformed ELISA absorbance

curves (AUC), starting at a plasma dilution of 10-2 (see Methods, Figure 2.14). All adju-

vanted groups had significant anti-RBD binding antibody responses within a week after their

first dose, with RBDencap stimulating the highest responses (Figure 2.13b). The antibody

responses in adjuvanted groups either increased gradually or remained constant until a week

after the booster, when the mean AUC increased 1.3- to 1.6-fold.

In order to explore the humoral response in further detail, we then evaluated IgG subtypes

of induced antibodies at the study endpoint (d28, 1 week post-boost). While plasma antibody

levels of all adjuvanted groups were similar for IgG1 and IgG3, RBDsurf elicited significantly

lower IgG2b and IgG2c antibody responses (Figure 2.13c). The ratio of IgG2b/IgG1 was
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Figure 2.13: High levels of RBD-specific IgG antibodies are produced upon PS vaccination.
a, Vaccination schedule consisting of a priming dose followed by a booster 3 weeks later. b,
Total RBD-specific IgG antibodies over time reported as the area under the log-transformed
curve (AUC) of absorbance vs. dilution. c, Comparison of RBD-specific IgG isotypes (IgG1,
IgG2b, IgG2c, IgG3) on day 28. d, Ratio of AUCs of IgG2b:IgG1 isotypes. e, Quantification
of RBD-specific IgG+ antibody secreting cells by ELISpot of splenocytes (Dunn’s post-
test compared to unadjuvanted RBDfree). f, Representative ELISpot wells from (e). Data
plotted as mean ± SD and represent 1 of 2 experiments with n = 5 mice each. Symbols
represent individual mice. g, Vaccine and blood sampling schedule of long-term kinetics
study. h, Total RBD-specific IgG antibodies over time for the vaccination schedule in (g).
Data represent mean ± SD for n = 5 mice. Comparisons were made using one-way ANOVA
with Tukey’s post-test unless stated otherwise. # P < 0.0001 compared to unadjuvanted
RBDfree.

then taken as an indication of a Th1/Th2-mediated response(333). While RBDencap and

RBDfree + MPLA PS have a ratio of around 1, indicating a balanced Th1/Th2 response,
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Figure 2.14: ELISA absorbance vs. dilution curves. Absorbance vs. dilution for RBD-
specific ELISAs for a, total IgG over time and b, IgG subtypes on d28. Log-transformed
curves were quantified by AUC in Figure 2. Data plotted as mean ± SD and represent 1 of
2 experiments with n = 5 mice each.

RBDsurf shows a lower ratio of IgG2b to IgG1 indicating a slightly Th2-skewed response

(Figure 2.13d).

Next, to determine if the higher antibody responses of adjuvanted groups stemmed from

an expanded number of RBD-specific antibody secreting cells (ASCs), we performed an ex

vivo RBD enzyme-linked immunosorbent spot (ELISpot) assay with splenocytes harvested

1 week post-boost. All groups receiving adjuvanted RBD showed significantly higher RBD-

specific IgG+ ASCs compared to unadjuvanted RBDfree, consistent with plasma antibody

levels (Figure 2.13e,f). Finally, we evaluated the kinetics and durability of the humoral

response to demonstrate the persistence of elicited antibodies (Figure 2.13g). The RBD-

specific IgG AUC for all adjuvanted groups increased until 1 week post-boost and then

remained constant over the subsequent 4 weeks, indicating that the antibody responses

stimulated by these vaccine formulations persist for at least 2 months in mice after the

initial dose. Taken together, MPLA PS-adjuvanted RBDsurf, RBDencap, and RBDfree all
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stimulated persistent anti-RBD antibodies and increased the frequencies of RBD-specific

ASCs in the spleen.

2.4.3 RBD-surface-decorated polymersomes, but not RBD-encapsulated

polymersomes, induce neutralizing antibodies

After analyzing the quantity of RBD-specific antibodies produced by the vaccine candidates,

we next sought to determine their neutralizing capacity and breadth of epitope recognition.

Neutralizing antibodies were assessed against SARS-CoV-2 infection of Vero E6 cells in

vitro. Although all adjuvanted groups elicited similarly high titers of RBD-binding IgG

antibodies (105-107, Figure 2.15a), only RBDsurf neutralized the virus to a greater extent

than unadjuvanted RBDfree at a plasma dilution of 10-2.11 (Figure 2.16a).

Figure 2.15: IgG antibody and viral neutralization titers. a, Aggregate RBD-specific IgG
antibody titers 1 week post-boost based on ELISA. Values below the LLOQ (= 2) are plot-
ted as LLOQ/2. Titers were determined as the -log of the lowest plasma dilution for which
(OD450-OD570) – (average of blanks + 4 × standard deviation of blanks) > 0.01. P values
represent comparisons to unadjuvanted RBDfree. b) Viral neutralization titers for RBDsurf
+ MPLA PS across three different cohorts of n = 5 mice, indicating experiment repro-
ducibility. Values below the LLOQ (= 2.11) are plotted as LLOQ/2.; ns p = 0.11. Symbols
represent individual mice. Comparisons were made using a Kruskal-Wallis nonparametric
test with Dunn’s post-test.

We then quantified the viral neutralization titer (VNT) as the dilution at which 50% of

SARS-CoV-2-mediated cell death is neutralized. There was no significant difference between
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Figure 2.16: Antibodies induced by vaccination with RBDsurf + MPLA PS are neutralizing
and localized to the receptor binding motif. a, Plasma from mice 1 week post-boost was
tested for its ability to neutralize SARS-CoV-2 infection of Vero E6 cells in vitro. Percent
neutralization for multiple plasma dilutions normalized to cells without virus (100%) or
without plasma (0%). Data plotted as mean ± SEM for n = 5 convalescent human samples
(human conv.) or 10-15 mice. Comparisons to unadjuvanted RBDfree were made for lowest
dilution (10-2.11) using one-way ANOVA with Dunnett’s post-test. b, Viral neutralization
titers, representing the plasma dilution at which 50% of SARS-CoV-2-mediated cell death is
neutralized. Dashed line: lower limit of quantification (LLOQ = 2.11). (Continued on the
following page.)

VNTs of human convalescent individual samples and RBDsurf plasma, and both groups in-

duced higher VNTs compared to unadjuvanted RBDfree (Figure 2.16b). Furthermore, the

median VNT elicited by RBDsurf was 2.45, which falls within the FDA classification of “high

titer” for convalescent plasma therapy (>2.40)(334). To ensure reproducibility, the neutral-
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Figure 2.16, continued: For values below the LLOQ, LLOQ/2 values were plotted. Solid
line: FDA recommendation for “high titer” classification (= 2.40). Comparisons were made
using Kruskal-Wallis nonparametric test with Dunn’s post-test or Wilcoxon signed rank test
(‡ ns, P > 0.05 compared to hypothetical value of 2.40). Symbols represent individual mice.
c, Pooled plasma was then tested for antibody binding to linear epitopes using overlapping
15-amino-acid peptides with 5-amino-acid offsets, spanning the entire RBD sequence. X-
axis represents sequential peptide number within the RBD amino acid sequence, and y-axis
represents average luminescence for each peptide epitope. d, 3D structure of RBD with the
receptor binding motif (RBM) underlined and main peptide sequences recognized by mouse
plasma highlighted in pink (Protein Data Bank Entry 7DDD).

ization assay was repeated with 3 different cohorts of n = 5 mice each, and no significant

differences were observed between the resulting VNTs (Figure 2.15b). We next aimed to

determine whether differences in neutralizing ability resulted from the epitope recognition

breadth elicited by each vaccine formulation. To test this, we mapped the epitopes recognized

by vaccine-elicited antibodies using a linear peptide array from the full-length RBD sequence.

While IgG antibodies elicited by RBDsurf primarily recognized linear epitopes concentrated

within the receptor binding motif of RBD (RBM; aa 438-508), RBDencap and RBDfree +

MPLA PS exhibited broader linear epitope diversity (Figure 2.16c,d, Figure 2.17). Within

RBD, the RBM is particularly critical for interacting with ACE-2, so antibodies specific for

this region may have potent neutralizing potential(335; 336).

Figure 2.17: Representative peptide array images. Boxes represent region of peptide array
specific to the RBD of the Spike protein. Peptide arrays quantified in Figure 3c.

Because RBDsurf appeared to offer the advantage of improved neutralizing activity, while

RBDencap offered epitope diversity, we asked if co-administration would synergize to further
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enhance protection. To test this, we mixed RBDsurf and RBDencap (with total RBD dose

remaining constant) with MPLA PS and treated mice using the same vaccination schedule.

As an additional control, we also investigated the humoral response of RBDfree adjuvanted

with free MPLA. While both groups produced high RBD-specific IgG AUCs, neither exhib-

ited neutralizing potential against the SARS-CoV-2 virus above background levels (Figure

2.18a,b). Analysis of the peptide arrays for these groups shows the presence of high-intensity-

binding antibodies outside of the RBM (Figure 2.18c).

Figure 2.18: Analysis of plasma by mice vaccinated with RBDsurf + RBDencap + MPLA
PS and RBDfree + MPLAfree. Mice received a priming dose on day 0 with a boost on
day 21, and plasma was taken weekly to monitor production of RBD-specific antibodies. a,
AUC of absorbance curve of RBD-specific IgG ELISAs for mice vaccinated with either 5 µg
RBDencap + 5 µg RBDsurf + MPLA PS or 10 µg RBDfree + MPLAfree. Data plotted as
mean ± SD for n = 5 mice. b, Neutralization of SARS-CoV-2 infection of Vero E6 cells in
vitro. Data plotted as mean ± SEM for n = 5 mice. c, Epitope mapping using 15-amino-acid
peptides with a 5-amino-acid shift, spanning the entire RBD sequence with representative
images of peptide arrays.
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In summary, while all adjuvanted groups elicit high titers of RBD-specific antibodies,

only RBDsurf generated neutralizing antibodies against SARS-CoV-2 at titers comparable

to human convalescent plasma. Additionally, these antibodies uniquely bound to linear

epitopes localized within the RBM, while all other groups produced antibodies with greater

epitope breadth.

2.4.4 All adjuvanted formulations increase Tfh and B cell activation in the

dLN

Given the differences in antibody responses and neutralizing activity elicited by RBDsurf

versus RBDencap vaccination, we further investigated the phenotypes of the B and T cells

involved in the initiation of the humoral immune response. All adjuvanted groups showed

trends of higher frequencies of T follicular helper cells (Tfh; CD4+CXCR5+BCL6+) in the

injection site-draining lymph nodes (dLNs) 1 week post-boost compared to unadjuvanted

RBDfree (Figure 2.19a, Figure 2.1), although differences were only statistically significant

for RBDfree + MPLA PS.

Interestingly, a greater percentage of Tfh cells in all adjuvanted groups highly upregulated

expression of ICOS, a co-stimulatory receptor important in Tfh activation and maintenance

(Figure 2.19b)(337).

Following activation by Tfh cells, näıve B cells can either undergo a germinal center

(GC)-dependent response in which they become GC B cells and undergo cycles of class-

switching and somatic hypermutation (SHM) before differentiation into LLPCs and class-

switched memory B cells, or they can differentiate into short-lived plasmablasts or IgM

memory cells in a GC-independent response(338). A stronger GC response is valuable in

vaccination because it results in higher affinity and longer-lived antibody production(339).

Overall frequencies of B cells (CD19+B220+) were unaffected across groups, but there were

significantly lower frequencies of näıve IgD+ B cells in the adjuvanted groups compared to

unadjuvanted RBDfree (Figure 2.2, Figure 2.20).
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Figure 2.19: CD4+ T follicular helper cell (Tfh) and B cells are activated by PS vaccine 1
week post-boost in the injection site-draining lymph nodes (dLN). a, Tfh cells (CXCR5+
BCL6+) of vaccinated mice quantified via flow cytometry as a percent of live CD4+ T cells.
b, Highly activated ICOS+ Tfh cells quantified as percent of Tfh cells. c, Germinal center B
cells (CD38- GL7+) quantified as a percentage of total B cells (B220+ CD19+). (Continued
on the following page.)

All adjuvanted groups generated GC responses, characterized by increased frequencies of

GC B cells (CD38-GL7+) in the dLN compared to unadjuvanted RBDfree (Figure 2.19c).

Both RBDencap and RBDfree + MPLA PS formulations, but not RBDsurf, significantly
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Figure 2.19, continued: d, Plasmablasts (B220+ CD138+) quantified as a percentage of total
dLN cells. e, Germinal center B cells quantified as a percentage of RBD-specific B cells. f,
Plasmablasts quantified as a percentage of RBD-specific dLN cells. g-h, Concatenated flow
cytometry contour plots for n = 5 mice/group showing RBD-specific GC B cells (g) or
plasmablasts (h). Data plotted as mean ± SD and represent 1 of 2 experiments with n = 5
mice each. Symbols represent individual mice. Comparisons to unadjuvanted RBDfree were
made using one-way ANOVA with Dunn’s post-test.

Figure 2.20: Total and näıve B cells in vaccinated mice 1 week post-boost. a, Total B cells
(B220+ CD19+) and b, näıve B cells in dLNs. Data plotted as mean ± SD and represent 1
of 2 experiments with n = 5 mice each. Symbols represent individual mice. Comparisons to
unadjuvanted RBDfree were made using one-way ANOVA with Dunn’s post-test.

increased the frequencies of plasmablasts (B220+CD138+) in the dLN compared to unad-

juvanted RBDfree (Figure 2.19d). To determine the antigen-specificity of the B cells, we

developed a set of fluorescent RBD protein multimeric probes. To ensure selectivity, B cells

were considered RBD-specific if they were double-positive for both PE- and APC-conjugated

RBD-multimers and negative for the non-specific control protein multimer (Figure 2.21).

RBDfree + MPLA PS was the only formulation to significantly increase the frequency of

RBD-specific B cells in the dLN (Figure 2.22).

We next sought to further determine the phenotype of these RBD-specific B cells. RBD-

surf , unlike the other adjuvanted formulations, led to a significantly higher fraction of RBD-

specific B cells with GC B cell phenotype, suggesting a more robust GC response to RBD

(Figure 2.19e). RBDsurf was also the only formulation with a significantly lower fraction

of plasmablasts within the RBD-specific B cell subset compared to unadjuvanted RBDfree

(Figure 2.19f). These differences are also visually apparent in pooled flow cytometry plots
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Figure 2.21: Representative multimer staining.

Figure 2.22: RBD-specific cells in vaccinated mice 1 week post-boost. Multimer+ cells in
dLNs on d28. Data plotted as mean ± SD and represent 1 of 2 experiments with n = 5
mice each. Symbols represent individual mice. Comparisons to unadjuvanted RBDfree were
made using one-way ANOVA with Dunn’s post-test.

for RBD-specific GC B cells (Figure 2.19g) and plasmablasts (Figure 2.19h). In summary, all

adjuvanted formulations of RBD increased activation of Tfh cells and GC B cells in the dLN,

but within the RBD-specific B cell population, only RBDsurf generated a higher fraction of

GC B cells and a lower fraction of plasmablasts.

2.4.5 Vaccination with polymersome-formulated RBD generates

RBD-specific Th1 T cell responses

Having demonstrated that our PS vaccines can generate strong humoral responses, we next

sought to determine their capacity to generate robust CD8+ and CD4+ T cell immunity. In

order to assess the RBD-specific T cell response, we isolated cells from the dLNs of vaccinated
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mice 1 week post-boost. Prior to intracellular staining, cells were restimulated with RBD

peptide pools for 6 hours. The RBD-specific response was quantified by subtracting the

signal from cells incubated in media alone from those incubated with RBD peptide pools

(Figure 2.3).

Only PS-formulated RBD groups RBDsurf and RBDencap generated significantly higher

frequencies of IFNγ+, bifunctional IFNγ+TNFα+, and IL-2+ secreting CD8+ T cells com-

pared to unadjuvanted RBDfree (Figure 2.23a).

Similar trends were seen in the CD4+ T cell compartment. Treatment with RBDsurf and

RBDencap but not RBDfree + MPLA PS led to significantly higher frequencies of IFNγ+

and IL-2+ secreting CD4+ T cells, although the increase in bifunctional IFNγ+TNFβ+

was not statistically significant (Figure 2.23b). The production of these cytokines implies a

Th1 T cell response, which is correlated with less severe cases of SARS-CoV infection(314).

For further validation of the cytokine response, cells from the dLN isolated from the same

vaccinated mice were restimulated with full RBD protein ex vivo for 3 days, followed by

quantification of cytokines in the supernatant. The RBD-specific response was quantified

by subtracting unstimulated signal from stimulated signal as above. The levels of Th1-type

cytokines detected were consistent with intracellular staining data. Levels of IFNγ and

IL-2 were modestly but not significantly increased in the RBDsurf and RBDencap groups

compared to the RBDfree group, while cells from RBDencap-treated mice produced TNFα at

significantly higher levels than unadjuvanted RBDfree (Figure 2.23c). RBDencap also led to

increased production of IL-6 and IL-10, which are pleiotropic cytokines known to be secreted

during Th1 responses (Figure 2.23c)(340; 341). Levels of secreted Th2-type cytokines were

also measured. More IL-4 was produced in the supernatant of samples treated with RBDsurf

and RBDencap compared to RBDfree, albeit at an overall low concentration. There was no

significant elevation of IL-5 secretion across any of the treatment groups compared to the

saline control and no detectable levels of IL-13 in any sample (Figure 2.24).

In summary, vaccination with RBD delivered via polymersome formulations generated
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Figure 2.23: Vaccination with polymersome-formulated RBD improves antigen-specific T
cell responses in mice. Cells isolated from the injection-site draining lymph nodes of PS-
vaccinated mice 1 week post-boost were restimulated ex vivo for 6 h with RBD peptide pools
or full RBD protein and analyzed by flow cytometry or multiplexed ELISA, respectively.
(Continued on the following page.)
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Figure 2.23, continued: a-b, percentages of cytokine-positive CD8+ T cells (a) and CD4+
T cells (b) in response to RBD peptide pools, subtracting unstimulated controls. c, Pro-
inflammatory cytokine levels released into the supernatant measured after 3 d restimulation
with whole RBD protein. Data plotted as mean ± SD and represent 1 of 2 experiments
with n = 5 mice each. Symbols represent individual mice. Comparisons to unadjuvanted
RBDfree were made using one-way ANOVA with Dunn’s post-test.

Figure 2.24: Th2-type cytokines secreted upon ex vivo stimulation with RBD. Lymph node
cells isolated from the dLNs of PS vaccinated mice 1 week post-boost were restimulated
ex vivo with full RBD protein. After 3 d, levels of IL-4, IL-5, and IL-13 secreted into the
supernatant were measured. Data plotted as mean ± SD and represent 1 of 2 experiments
with n = 5 mice each. Symbols represent individual mice. Comparisons to unadjuvanted
RBDfree were made using one-way ANOVA with Dunn’s post-test.

stronger RBD-specific Th1-type CD8+ and CD4+ T cell responses than unadjuvanted RBD-

free, while RBDfree + MPLA PS did not.

2.5 Discussion

In this study, we developed antigen-decorated, oxidation-sensitive polymersomes that mimic

virus particles as next-generation nanovaccines. While all adjuvanted formulations gener-

ated long-lived RBD-binding IgG responses, surface conjugation of antigen was necessary to

generate neutralizing antibodies against SARS-CoV-2. More generally, this comparison of

antigen formulation on the quality of immune response offers valuable insight into vaccine

design, demonstrating the benefits of surface antigen display. The differences in the immune

responses elicited by the two PS antigen formulations, RBDsurf and RBDencap, suggest
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that surface display of antigen leads to stronger GC responses, while PS-encapsulated anti-

gen elicits more predominantly an extrafollicular response. Though RBD-specific GC B cells

are present in the dLN after treatment with both formulations, a much higher percentage

of the RBD-specific B cells recovered after vaccination with RBDsurf exhibited a GC B

cell phenotype. This higher percentage could be due to the induction of higher numbers

of RBD-specific GC B cells after vaccination with RBDsurf or an increase in their affinity,

leading to easier detection via RBD protein multimer staining. Both possibilities suggest a

more robust GC response, as GC responses are necessary for an efficient SHM leading to

increased B cell affinity(342). Evidence for affinity maturation due to SHM also includes

the relatively few epitopes on the RBD linear peptide array to which IgG from RBDsurf-

treated groups were specific compared to the other adjuvanted groups. Clonal bursts in GC

responses can lead to rapid expansion of high-affinity SHM variants and loss of overall clonal

diversity(39). A difference in the affinity of RBD-specific IgG generated by these vaccines

may also explain the neutralization ability of the plasma after vaccination with RBDsurf but

not RBDencap. Further data that suggest that RBDencap elicits a more extrafollicular re-

sponse include the fast initial antibody response after priming by RBDencap, which resulted

in RBD-specific IgG AUC 1 week after the initial prime that was significantly higher than

that of RBDsurf. In an extrafollicular B cell response, B cells can differentiate immediately

into plasmablasts and begin secreting antibodies after initial T cell help, whereas B cells

that enter GCs delay the antibody response by several days(338). The preferential differen-

tiation into plasmablasts rather than GC B cells was also evident in the increased fraction of

plasmablasts within the RBD-specific B cell population generated by RBDencap. In vaccine

development, the generation of robust GC reactions is preferable to extrafollicular responses

because GC formation will usually result in higher affinity B cells, increased memory B cells

and increased long-lived plasma cells in the bone marrow(338). The difference in mechanism

of B cell activation by these two RBD formulations may be explained by previous stud-

ies on multimerization of antigen and use of virus-like particles in vaccination. Virus-like
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particles are multi-protein supra-molecular structures constructed of many identical protein

copies. Their multimeric nature has been associated with the induction of potent antibody

responses due to BCR crosslinking in the presence of CD4+ T cell help(343). Mechanistic

studies by Kato et al. demonstrated that increasing antigen valency can enhance the early

activation and proliferation of antigen-specific B cells as well as increase B cell accumulation

at the T-B border leading to increased differentiation of antigen-specific B cells into GC

B cell and plasma cells(69). Furthermore, in contrast to RBDencap, RBDsurf most likely

efficiently exposes for BCR interaction the conformational epitopes of RBD reported to be

targeted by neutralizing antibodies in plasma of convalescent or vaccinated individuals(301–

304). Thus, the multimerization of RBD on the PS surface in addition to its increased

availability to B cells led to an improved functional quality of humoral response compared

to encapsulated or unformulated RBD. The type of immune response to SARS-CoV-2 may

have important implications in how the infection is cleared and should be considered in

vaccine design(314). Less severe cases of the original SARS-CoV were associated with in-

creased Th1-type cell responses(344; 345). In contrast, Th2-type responses were associated

with increased pathology due to antibody-dependent enhancement, and several vaccine for-

mulations against SARS-CoV tested in animal models showed signs of immunopathology

due to Th2 cell-mediated eosinophil infiltration(346; 347). In this study, we measured the

ratio of IgG1/IgG2b and the cytokine profile of dLN cells restimulated with RBD protein in

order to characterize the type of immune responses generated by our vaccine formulations.

RBDencap and RBDfree + MPLA PS generated IgG2b/IgG1 ratios around 1, suggesting a

balance between type 1 and type 2 immunity, whereas RBDsurf generated a response with

a slightly IgG1-bias, suggestive of a Th2-skewed response. However, both RBDsurf and

RBDencapf generated significant levels of the Th1-type cytokines IFNγ, TNFα and IL-2.

This Th1-type response is likely induced by the MPLA PS, as MPLA has been shown to

generate strong type-1 immunity(348). Although RBDsurf generated a slightly IgG1-biased

antibody response, it did not result in an increase in Th2-type cytokines upon restimula-
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tion compared to RBDencap. Combined with the evidence of Th1-type cytokine production

upon restimulation, we believe the risk of adverse events related to Th2-type responses is

low. The PS-formulated RBD vaccines were able to generate stronger Th1-driven CD4+

and CD8+ T cell responses compared to RBDfree. We previously demonstrated that as an

antigen delivery vehicle, PEG-PPS polymersomes could improve cross-presentation to CD8+

T cells(213). This increased T cell response likely occurs because of both enhanced APC

targeting as well as rapid endosomal antigen release(213). APCs are able to accumulate

membrane-impermeable nanocarriers such as PS more efficiently than other cell types due

to their constitutive macropinocytosis(349). Once endocytosed, PEG-PPS polymersomes

require only a small amount of oxidation to release encapsulated antigen, and payload de-

livery to the cytosol is not restricted to endosomal compartments with reductive or acidic

conditions(213). Unlike antigen-encapsulated PS, however, acidification may be important

for proteolytic degradation of RBDsurf and translocation to the cytosol, as evidenced by

studies on VLPs(350; 351). Additionally, peptides derived from large antigen particles have

been found to enter the cross-presentation pathways more efficiently than those derived from

soluble antigens, which may provide rationale for the enhanced CD8+ response of RBDsurf,

whereas no such benefit was seen for adjuvanted RBDfree(352). Therefore, antigen formu-

lation using PS to improve T cell responses could be beneficial in the engineering of future

vaccines against cancer or other infectious diseases for which T cell immune responses are

thought to be necessary for protection, such as herpesviruses, human immunodeficiency virus,

and hepatitis C virus(353). In summary, we have demonstrated that a polymersome-based

antigen and adjuvant delivery system generates robust humoral immunity and neutralizing

antibody titers, as well as T cell responses, against a key SARS-CoV-2 vaccine target, the

RBD of Spike. This platform technology is amenable to a wide variety of antigens and for-

mulated or soluble adjuvants. Once the type and dose of adjuvant has been optimized for

a given application, a single particle could be used to deliver both antigen and adjuvant to

APCs in the injection site-draining lymph node. Additionally, multiple antigens, for example
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from different viruses or different strains or variants of the same virus, could be conjugated

to the same particle as a strategy to induce cross-reactive neutralizing antibodies(314). Im-

portantly, both surface-decorated and antigen-encapsulated polymersomes remained stable

at 4 °C for at least 6 months, as indicated by consistent particle size and absence of antigen

released into solution. Vaccines that exhibit long-term stability without requiring sub-zero

temperatures will likely be important for widespread vaccine distribution, for example to

rural populations or developing nations with poor cold chain network. The evaluation of

RBD-decorated polymersomes presented here could thus provide insight into the next gen-

eration of stable formulations of nanovaccines to combat the current COVID-19 pandemic

as well as future viral outbreaks.
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CHAPTER 3

SYNTHETICALLY MANNOSYLATED ANTIGENS CAN

REDUCE ANTIGEN-SPECIFIC ANTIBODY RESPONSES TO

IMMUNOGENIC PROTEIN DRUGS

3.1 Abstract

Immunogenic protein drugs trigger an anti-drug antibody (ADA) response in patients which

reduce efficacy and increase adverse reactions. Our lab has previously shown that targeting

antigen to the liver microenvironment can reduce antigen-specific T cell responses; herein,

we present a novel strategy to deliver antigen to the liver via conjugation to a synthetically

mannosylated polymer (p(Man)). This delivery leads to reduced antigen-specific T follicular

helper cell and B cell responses resulting in diminished ADA production which is main-

tained throughout subsequent administrations of the native biologic. We found that p(Man)

treatment impairs the antibody response against recombinant uricase, a highly immuno-

genic biologic, without a dependence on hapten-skewing or control by Tregs. We identify

increased TCR signaling and increased apoptosis and exhaustion in T cells as effects of

p(Man)-antigen treatment via transcriptomic analyses. This modular platform may enhance

tolerance to current and future biologics, enabling long-term therapeutic solutions for an

ever-increasing healthcare problem.2

2. This chapter and accompanying figures are adapted from ”Synthetically mannosylated antigens induce
antigen-specific humoral tolerance and prolong the therapeutic efficacy of immunogenic protein drugs Rachel
P. Wallace, Andrew C. Tremain, Kym Brunggel, Jennifer T. Antane, Michal R. Raczy, Aaron T. Alpar,
Mindy Nguyen, Ani Solanki, Anna J. Slezak, Shijie Cao, Abigail Lauterbach, Elyse A. Watkins, D. Scott
Wilson, Jeffrey A. Hubbell. in preparation. This work was contributed to by multiple authors. R.P.W.
wrote the manuscript, R.P.W., D.S.W., K.B., A.C.T, and J.A.H. conceived the project and designed the
research strategy. R.P.W., A.C.T, K.B., J.T.A., M.R.R, A.T.A., M.N., A.S., A.L., E.A.W., and D.S.W.
performed experiments. R.P.W., J.T.A., and D.S.W. performed data analysis. M.R.R., A.J.S., and D.S.W.,
synthesized materials.
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3.2 Introduction

The development of therapeutic proteins or biologics in the 1990s revolutionized the phar-

maceutical industry. Novel therapeutic classes such as monoclonal antibodies and enzyme

replacement therapies enabled increasingly precise ways to treat debilitating genetic diseases,

cancer, and autoimmunity. Biologics such as these accounted for 20% of the FDA approvals

in 2020 and are expected to increase(354). Compared to traditional small-molecule thera-

peutics, the protein composition of biologics enables them to directly interact with native

pathways and mimic endogenous molecules to improve efficacy, but it also makes them vul-

nerable to recognition by the immune system. The immune response primarily manifests

as a T cell-dependent antibody response against the drug(355; 356). At high levels these

anti-drug antibodies (ADAs) generated in response to the therapeutic cause a large num-

ber of complications including neutralization of the drug’s therapeutic function, increased

clearance resulting in reduced efficacy, hypersensitivity and life-threatening anaphylaxis re-

actions upon administration(357–361). The extent to which a protein activates an ADA

response is known as immunogenicity. A biologic’s immunogenicity is determined by a vari-

ety of factors including characteristics of the protein such as its homology to native human

proteins, the number of subunits, and post-translational modifications, as well as genetic

factors and dose route, quantity, and frequency(356). The pharmaceutical industry has em-

ployed a number of strategies to reduce the immunogenicity throughout the development of

a biologic including selecting sequences with maximum homology to human proteins, and

expression in mammalian systems, however immunogenicity remains a hurdle for regulatory

approval(362; 363). Strategies to design less immunogenic proteins using MHC associated

peptide proteomics, predictive algorithms and machine learning(165; 364–368) are under de-

velopment, but the only treatments currently available to patients who require immunogenic

drugs is to co-administer broad immunosuppressants such as methotrexate and thiopurines,

which leave patients at an unacceptably increased risk for infection and malignancy(256–
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259; 261). There is a critical need for an antigen-specific approach to reduce immunogenicity

to these biologics. Here we present a modular polymeric delivery platform to reduce the

immunogenicity of any protein therapeutic.

Our lab has previously developed liver-targeted amine-reactive glycopolymers and demon-

strated that antigen therapy with these polymer conjugates leads to tolerogenic antigen-

specific T cell signatures after both prophylactic and therapeutic administration(293; 294).

The polymeric GalNAc moieties utilized in previous studies were designed to target C-type

lectins containing the QPD binding motif in the tolerogenic microenvironment of the liver to

promote antigen-specific tolerance. Mannose is a similar but more ubiquitous surface glyco-

sylation on foreign antigens from yeast and bacteria, thus many immune cells have evolved

to recognize mannosylated structures for uptake and presentation via binding to EPN motif

containing lectins(369; 370). We sought to develop a novel mannose glycopolymer to act as

a ligand for a broader range of mannose-binding lectins and investigate its potential as a

tolerogenic therapy to reduce both T cell and B cell-mediated ADA responses to immuno-

genic therapeutics. We will show that our p(Man) polymer targets antigen to the liver more

effectively than previously published glycopolymers, resulting in reduced antigen specific T

cell, B cell and antibody responses to a variety of immunogenic proteins. Finally we will

show through depletion studies and transcriptional analysis that this reduction in antibody

response likely occurs due to a reduced activated T cell response and is independent of

regulatory T cells or hapten immunodominance.

3.3 Methods

3.3.1 Study Design

The purposes of this study were to test the feasibility of pMan-antigen therapy to induce

humoral tolerance and lessen an antigen-specific antibody response when administered be-

fore treatment with an immunogenic protein. We used OVA as a model protein along with
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TCR transgenic OT-I and OT-II to study antigen-specific T cell phenotypes and responses

using flow cytometry and RNA-seq readouts. N = 5 mice were used per group in OVA

experiments. We next tested pMan antigen pre-treatment to reduce antibodies against im-

munogenic therapeutic protein uricase from Candida (Sigma). Pre-immune mice with an

initial antigen-specific antibody titer >2 prior to antigen experience were excluded from the

study. N = 8 mice were used per group in immunogenic challenge experiments. In the

Uox-/- mice we investigated the ability of pre-treatment with p(Man)-uricase to increase the

therapeutic effects of a bi-weekly uricase injection. Two experiments were pooled to include

N=6-8 mice per group. Each experiment was repeated at least twice.

3.3.2 Mice

Mice were maintained in a specific pathogen-free facility at the University of Chicago. The

experiments in this study were performed in accordance with the Institutional Animal Care

and Use Committee. For OT-I and OT-II adoptive transfer experiments, 9 week old C57BL/6

mice were purchased from The Jackson Laboratory. OT-I (stock no: 003831) and OT-

II (stock no: 004194) were crossed to CD45.1 mice (stock no: 002014) to yield congenic

labeled OT-I and OT-II. For the immunogenic protein challenge experiments 9 week old

female Balb/c mice were purchased from Charles River Laboratory. Mice used in the Uox-/-

experiments were initially purchased from the Jackson Laboratory (stock no: 002223) and

breed at the University of Chicago.

3.3.3 Transgenic T cell adoptive transfer

Spleens and lymph nodes (axillary, brachial, inguinal, and popliteal) were isolated from TCR

transgenic mice. OT-I and OT-II T cells were isolated by negative magnetic bead selection

using a CD8 and CD4 (Stemcell) negative selection kit, respectively. Cell purity was assessed

by flow cytometry. OT-I and OT-II cells in DMEM were injected through the tail vein.
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3.3.4 Immunogenic antigens

All OVA injections were performed with 15µg Endofit OVA (Sigma). All uricase injections

were performed with 0.5U S. Candida uricase expressed in E. Coli (Sigma) measured via

Amplex red uricase activity assay (Thermo Fisher). S. Candida uricase was purchased

from Sigma and purified via FPLC on the Äkta system (Cytiva). Uricase was reconstituted

in 50mM Sodium Phosphate pH 6.4 and purified via anion exchange chromatography on a

Sepharose Q FF column (Cytiva) followed by buffer exchange into 50 mM Sodium Carbonate

Bicarbonate pH 9.2 and size exclusion chromatography via HiLoadTM 16/600 SuperdexTM

200pg (Cytiva). Injections were administered once per week intravenously in the tail vein.

3.3.5 p(Man) polymer synthesis

Unless otherwise stated, chemicals were reagent grade and purchased from Sigma–Aldrich.

All NMR spectra were collected on a Bruker Avance-II 400 MHz NMR and analyzed with

MnovaNMR (Mestrelab). GPC characterization was performed on Tosoh EcoSEC size ex-

clusion chromatography System using Tosoh SuperAW3000 column at 50°C, with the elu-

ent DMF with 0.01 M LiBr. Refractive index (RI) detector was used to detect polymers,

and mass values were determined by column calibration with PMMA standards. Mannose

monomer and azide-terminated RAFT chain transfer agent were synthesized as previously

described(294; 371). Full synthesis schema with structures provided in supplementary infor-

mation. For RAFT polymerization, mannose monomer (300 mg, 1.027 mmol) and HEMA

(Combi Blocks, 300 mg, 2.326 mmol) were dissolved in dry DMF in a Schlenk tube. To

that solution, azide CTA (17 mg, 0.029 mmol) and free radical initiator AIBN (1 mg, 0.0061

mmol) were added. The reaction vessel was degassed via four freeze-pump-thaw cycles and

then heated to 70°C to initiate polymerization. After 14 h, the reaction vessel was immersed

in liquid nitrogen to stop the reaction. The polymer was the precipitated in cold diethyl

ether three times. The final product was dried under reduced pressure. The product was
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white powder (550 mg, yield 89%). The polymer was characterized by 1H-NMR and GPC

(Supplemental Figures 1-3) Resulting polymer had a number average molecular weight of 18

kDa.

3.3.6 p(Man) antigen constructs

Azido -terminated pMan polymer was conjugated to lysine residues on the antigen via click

chemistry using a self-immolative heterobifunction linker, as previously described(291). Con-

jugation was verified through an increase in molecular weight visible on SDS-PAGE separa-

tion (BioRad) which was reduced upon addition of 0.05% β-mercaptoethanol in the loading

buffer. Mice were treated weekly for 2-3 weeks with 2.5-5µg pMan-antigen intravenously in

the tail vein.

3.3.7 Antigen biodistribution

C57BL/6 mice were treated by tail-vein injection with fluorescently labelled OVA in the

form of free OVA (OVA649),OVA649–p(Man), OVA649–p(GalNAc), or OVA649-p(GlcNAc);

the subscripts indicate the fluorophores Dy-649 from Dyomics. After 3 h, the livers of mice

treated with OVA649, OVA649–p(Man), OVA649-p(GalNAc) or OVA649–p(GlcNAc) were

perfused via the hepatic portal vein with 5–10 ml of 42°C Krebs–Ringer modified buffer

(KRB) supplemented with 0.5 mM EDTA. The perfused livers and spleens were collected,

placed in 4°C PBS, then analysed for total fluorescence using an IVIS Spectrum in vivo

imaging system (PerkinElmer).

3.3.8 Preparation of single-cell suspensions

Draining lymph nodes (inguinal, popliteal, inginal, axillary) and/or spleens were collected

and filtered through a 70µm filter. Lymph nodes were mechanically disrupted and digested

at 37◦C for 45 min in collagenase D. Digested lymph nodes and spleens were processed
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into single-cell suspensions via mechanical disruption and passage through a sterile 70 µm

strainer. Red blood cells in splenocyte suspensions were lysed in ACK lysing buffer (Gibco)

for 5 min before quenching with 15 mL DMEM. The single cell suspensions were then resus-

pended in IMDM + 10% FBS + 1% pen/strep.

3.3.9 Flow cytometry

For phenotypic analysis of cells, 1.5x106 cells were stained in PBS with 1:200 CD16/CD32

Fc Block (Biolegend) and 1:500 Live/Dead fixable dye (ThermoFisher) at 4◦C for 15 min.

Cells were washed then stained with 1:200 surface antibodies and multimers at 4◦C for

30 min. Cells were washed then fixed in 2% paraformaldehyde. For intracellular staining,

Cytofix/Cytoperm (BD Biosciences) was used at 4◦C for 20 min, and cells stained intra-

cellularly in Perm Wash Buffer (Biolegend) with 1:200 antibodies at 4◦C for 30 min. For

transcription factor stain, FoxP3 Transcription Factor Kit (eBioscience) was used per man-

ufactures protocol. For complete antibody panel see Table 3.1-3.3. Representative gating

found in Figure 3.1.

Table 3.1: 19 Day Adoptive Transfer Antibodies
Marker Fluorophore Vendor Cat
CD45.1 BV421 Biolegend 110731
CD8 BV510 BD 563068
CD4 BV786 BD 563727
CXCR5 BV650 Biolegend 145517
Bcl6 PE Cy7 Biolegend 358512
Viability dye e780 Invitrogen 65-0865-14
CD3 BUV395 BD 563585
PD-1 PerCP-Cy5.5 Biolegend 135208
CD25 PE Biolegend 101904
FoxP3 AF488 BD 560403
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Table 3.2: B Cell Panel Antibodies
Marker Fluorophore Vendor Cat
Viability dyet BV421 Invitrogen L34955
CD11c FITC BD 557400
GR-1 FITC Biolegend 108406
CD4 FITC Biolegend 100406
CD8a FITC Biolegend 100706
B220 BUV496 BD Horizon 612950
CD19 BUV395 BD Horizon 563557
CD138 BV605 Biolegend 142531
IgM BV786 BD Optibuild 743328
CD38 APC-Cy7 Biolegend 102728
IgD PE-Cy7 Biolegend 405720
GL7 PerCP-Cy5.5 Biolegend 144609

Table 3.3: T Cell Panel Antibodies
Marker Fluorophore Vendor Cat
Viability dye e7801 Invitrogen 65-0865-14
ICOS BUV395 BD Horizon 565885
CD3 BUV737 BD Horizon 612803
CXCR5 BV421 Biolegend 145512
CD4 BUV496 BD Horizon 612952
CD44 PerCP-Cy5.5 BD Horizon 563058
PD-1 BV605 Biolegend 135219
Bcl6 PE-Cy7 Biolegend 358512
FoxP3 AF647 BD 560402
CD25 PE Biolegend 101904
CD44 PerCP-Cy5.5 Biolegend 103032

3.3.10 Antigen-specific multimer production

Uricase was biotinylated using EZ-link NHS-biotin (Thermo Scientific). Unreacted NHS-

biotin was removed using Zeba spin desalting columns, 7K MWCO (Thermo Scientific).

The extent of biotinylation was measured using the QuantTag Biotin Quantification kit

(Vector Laboratories) to ensure 1:1 molar ratio of uricase and biotin. Biotinylated uricase

was reacted for 20 min on ice with 4:1 molar ratio of biotin to streptavidin-conjugated PE

or streptavidin-conjugated APC (Biolegend). Streptavidin-conjugated FITC (BioLegend)

was reacted with excess free biotin to form a non-antigen-specific streptavidin probe as a
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Figure 3.1: Flow cytometry gating strategy. (A) Gating strategy for the identification of
Dump- B220+ B cell subsets and uricase-specific multimer-double-positive B cells. (B)
Gating strategy for the identification of CD3+ CD4+ CD44+ PD1+ CXCR5+ Bcl6+ T
follicular helper (Tfh) cells.
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control. Multimer formation was confirmed using SDS-PAGE gel. Cells were stained for flow

cytometry with all three streptavidin probes at the same time as other fluorescent surface

markers at a volumetric ratio of 1:200. The antigen-specific staining of B cells with multimer

was verified by staining with and without 5M uricase on splenocytes from vaccinated and

antigen-naive mice.

3.3.11 Antigen-binding ELISA

Plasma was assessed for antigen-specific IgG by ELISA. 96-well ELISA plates (Costar high-

bind flat-bottom plates, Corning) were coated with 10 µg/mL antigen in carbonate buffer

(50 mM sodium carbonate/sodium bicarbonate, pH 9.6) overnight at 4◦C. The following

day, plates were washed three times in PBS with 0.05% Tween 20 (PBS-T) and then blocked

with 1x casein (Sigma) for 2 h at RT. Following blocking, wells were washed three times with

PBS-T and further incubated with six 10-fold dilutions of plasma in 1x casein for 2 h at RT.

Wells were then washed five times with PBS-T and incubated for an additional 1 h at RT

with horseradish peroxide (HRP)- conjugated antibodies against mouse IgG, IgG1, IgG2b,

IgG2c, or IgG3 (Southern Biotech). After five washes with PBS-T, bound RBD-specific

Ig was detected with tetramethylbenzidine (TMB) substrate. Stop solution (3% H2SO4 +

1% HCl) was added after 18 min of TMB incubation at RT, and the OD was measured

at 450 and 570 nm on an Epoch Microplate Spectrophotometer (BioTek). Background sig-

nal at 570 nm was subtracted from the OD at 450 nm. The area under the curve (AUC)

of background-subtracted absorbance versus log-transformed dilution was then calculated.

Titer was determined as the log-transformed dilution at which the background-subtracted

absorbance was greater than 0.01.

3.3.12 Uricase-binding IgG ELISpot assay

Uricase was inactivated by heating at 98◦C for 5 min. ELISpot plates (Millipore IP Filter

plate) were coated with 20 µg/mL heat inactivated uricase in sterile PBS overnight at 4◦C.
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Plates were then blocked using ELISpot Media (RPMI 1640, 1% glutamine, 10% fetal bovine

serum, 1% penicillin-streptomycin) for 2 h at 37◦C. Splenocytes from vaccinated mice were

seeded in triplicate at a starting concentration of 6.75×105 cell/well and diluted seven times

in 3-fold serial dilutions. Plates were incubated for 18 h at 37◦C and 5% CO2 after which

the cells were washed five times in PBS. Wells were incubated with 100 µL IgG-biotin HU

adsorbed (Southern Biotech) for 2 h at RT. Next, plates were washed four times in PBS

followed by the addition of 100 µL HRP-conjugated streptavidin/well for 1 h at RT. Plates

were washed again and incubated with 100 µL TMB/well for 5 minutes until distinct spots

emerged. Finally, plates were then washed three times with distilled water and left to dry

completely in a laminar flow hood. A CTL ImmunoSpot Analyzer was used to image plates,

count spots, and perform quality control.

3.3.13 RNAseq Data Collection

Mice were adoptively transferred with 750k OTIs and OTIIs at day 0. At day 1, mice re-

ceived i.v. saline, 5 µg pMan-OVA, or equimolar OVA. Four days later, mice were sacrificed

and spleens and liver and peripheral lymph nodes were pooled. OT-II were sorted into Trizol

using fluorescence activated cell sorting (FACS) and frozen at −80◦C. RNA was extracted

(Qiagen, RNeasy Micro), and three mice were pooled per replicate. RNA integrity was mea-

sured by the Agilent 2100 Bioanalyzer. RNA was converted to cDNA using SmartSeq-v4

(Takara, cat no. R400752). The library was prepared using Nextera XT DNA library prepa-

ration kit (Illumina, cat no. FC-131-1096). For each setting, all samples were pooled and

sequenced using Illumina HiSeq 4000 (2x100 paired end). The complete RNA-seq analysis

approach is detailed in the Supplementary Materials.

3.3.14 RNAseq Analysis

The RNA-seq analysis was performed under the R programming and software environment

for statistical computing and graphics version 3.6 (R Core Team, 2019). We assessed the
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quality of FastQ files using the FastQC tool (version 0.11.5). Raw reads were aligned to

the GRCh38 primary genome assembly using Spliced Transcripts Alignment to a Reference

(STAR) aligner (version 2.7.2a) 1-pass algorithm(372). Bam files were sorted in lexico-

graphical order with the sambamba program (v0.5.4). Reads were assigned to exon features

annotated in Ensembl Mus musculus GRCm38 annotation (release 97) using the Feature-

Counts tool from the subread package (version 1.5.2) and the read counts were summarized

by genes(373; 374). Picard tools (version 2.18.7) was used for post alignment quality control.

Alignment-free transcriptome quantification method kallisto (v0.46.1) was used to estimate

the transcript abundance of each sample(375). Transcript-level estimates were summarized

for gene-level analysis using R package tximport. Genes with zero read counts across all

samples were removed. Raw library sizes were scaled using normalization factors calculated

with the calcNormFactors function in the edgeR R package with trimmed mean of M-values

(TMM) option enabled(376). The normalized count per million (CPM) values were log2-

transformed. We used the voomWithQualityWeights function from the limma package to

remove heteroscedascity from the count data. A linear model for each gene was fit with the

limma algorithm, adjusted for any batch effects, and the genes were ranked by differential

expression using the empirical Bayes method. Differentially expressed genes were identified

with the Benjamini-Hochberg procedure for multiple testing correction. Significance was

set at an adjusted P-value threshold of 0.05. We used the Ingenuity Pathway Analysis Fall

2020 release (Qiagen) to identify canonical pathways, causal networks, and upstream reg-

ulators that related to significant differentially expressed genes in the pMan-OVA to OVA

comparisons.

3.3.15 T cell depletion study

Mice were treated weekly for 3 weeks with 500µg αCD4 and αCD8 depleting antibodies

or IgG2b isotype control antibodies (BioXCell). 4 days after initial depletion mice were

administered 1U of uricase or saline i.v. weekly for 3 weeks. Serum was collected for
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antibody measurement.

3.3.16 CD25 depletion study

Mice were treated weekly for 3 weeks with either p(Man)-uricase or saline. Two weeks

following last treatment, mice were intravenously given 500µg of either anti-CD25 depletion

antibody of the IgG21 isotype control (BioXCell). Two weeks following depletion mice were

challenged weekly intravenously with 0.5U uricase for 4 weeks.

3.3.17 Uox-/- mice

Uox-/- mice are administered 45µg/mL Allopurinol (Spectrum) in the drinking water from

birth to prevent mortality. At 10-12 weeks mice were treated intravenously weekly for 3

weeks with p(Man)-uircase. One week after the last injection, mice were placed on standard

drinking water and administered 0.8U uricase twice weekly for 9 weeks. Plasma and urine

were collected weekly. Plasma uric acid levels, and urine uric acid and creatinine levels were

determined via ACE Axcel Clinical Chemistry System (Alfa Wassermann).

3.3.18 Kidney histology

At endpoint, kidneys were collected and fixed for 24-48 hours in 2% PFA and embedded in

paraffin for HE and Periodic acid-Schiff staining. The slides were stained on Leica Bond RX

Automated Stainer.

3.3.19 Statistical Analysis

Statistically significant differences between experimental groups were determined using Prism

software (v9, GraphPad). All statistical analyses are stated specifically in the figure legends

for all experiments. For most experiments, unless otherwise specified in figure legend, one-

way ANOVA was performed with a Tukey’s test to correct for multiple comparisons. For
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showing statistical significance ***P≤0.001; **P≤0.01; *P≤0.05, unless otherwise stated.

For the RNA-seq experiment, a detailed description of the statistical analysis can be found

in Methods. Analyses were performed using R and GraphPad Prism V.7 software. The

threshold for statistical significance was fixed at p < 0.05.

3.4 Results

3.4.1 Conjugation to p(Man) increases antigen uptake and prolongs

presentation in the liver

We sought to develop a novel glycopolymer to act as a ligand for a broad range of mannose-

binding C-type lectins and investigate its potential as a tolerogenic therapy. Therefore

we developed a linear mannose polymer (Figure 3.2, Figure 3.3, Figure 3.4, Figure 3.5A).

The polymer was successfully conjugated to ovalbumin via a self-immolative DBCO linker

which releases the polymer in reducing conditions (Figure 3.6A). To measure the biodistri-

bution effects of p(Man) conjugation compared to previous glycopolymers, p(Man)-OVA647,

p(GlcNAc)-OVA647, p(GalNAc)-OVA647, unconjugated OVA647 or saline was injected in-

travenously (iv) into mice. Organs were collected 3 hours after injection and measured via

IVIS. Conjugation to p(Man) alone significantly increased the quantity of OVA antigen in

the liver compared to the unconjugated control (Figure 3.5B-C). There was no off-target

OVA647 signal detected in other organs (3.6B).

Figure 3.2: Schema of p(Man) polymerization

82



Figure 3.3: p(Man) NMR

Figure 3.4: p(Man) GPC trace

3.4.2 Pre-treatment with p(Man)-OVA results in decreased antigen-specific

Tfh cells and prevents an anti-OVA antibody response

We next investigated the effects of p(Man)-antigen therapy on antigen-specific T cell pheno-

types using an OT-I/ OT-II vaccination model (Figure 3.5D). When mice were given prophy-

lactic treatment with p(Man)-OVA we saw impaired expansion of OVA-specific CD4+ T cells

upon vaccination compared to the OVA-treated mice (Figure 3.5E). Specifically we found

the greatest reduction in CD4+PD-1hiCD44+CXCR5+Bcl-6+ T follicular helper (Tfh) cells

83



Figure 3.5: p(Man) conjugation increases delivery of antigen to the liver and impairs the
activation of CD4+ antigen-specific T follicular helper cells. (A) Structure of the p(Man)
polymer conjugated to protein antigen. (B) N=4 C57Bl/6 mice were administered saline,
free OVA647 or OVA647 conjugated to glycopolymers p(Man), p(GluNAc), and p(GalNAc).
3 hours after injection organs were isolated to measure radiant efficiency of the fluorescent
antigen in the livers. (Continued on the following page.)
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Figure 3.5, continued: (C) Representative IVIS images of the liver compared to spleen, heart,
lung, kidney and lymph nodes. (D) 500,000 CD45.1 congenitally labeled OTI and OTII T
cells were adoptively transferred into n=5 C57Bl/6 mice. Mice were then treated with saline,
free OVA, or OVA conjugated to p(Man), p(GalNAc) or p(GluNAc) before vaccination with
OVA+ LPS. OTII cells were isolated on day 19 for phenotypic analysis. (E) Frequency of
OTII in the dLN after vaccination. (F) Frequency of PD-1+ Bcl6+ CXCR5+ T follicular
helper (Tfh) cells within the OTII population after vaccination. (G) Balb/c mice were
treated weekly with p(Man)-OVA, a mixture of unconjugated p(Man) and OVA or saline
for three weeks followed by a weekly challenge of high dose OVA. (H) Time course of OVA-
specific IgG response represented as log10 titer. Symbols represent mean across n=8 mice.
Data are shown as mean ± SEM. Unless otherwise stated symbols represent individual mice
and statistical differences in all graphs were determined by one-way ANOVA with Tukey’s
*p<0.05, **p<0.01 and ***p<0.001.

within the OT-II compartment after p(Man)-antigen treatment (Figure 3.5F). The reduction

in Tfh cells prompted us to investigate the effects of p(Man)-antigen therapy on humoral

immune responses. We treated mice i.v. weekly with p(Man)-OVA, followed by weekly i.v.

challenges of high doses of unmodified OVA (Figure 3.5G). We found that p(Man)-OVA

antigen therapy prevented an antibody response to OVA, while treatment with p(Man) and

unconjugated OVA seemed to amplify the response (Figure 3.5H).

3.4.3 Pre-treatment with p(Man)-conjugated antigen prevents anti-drug

antibody response to immunogenic therapeutic, uricase

Once we established that p(Man)-OVA treatment can prevent antibody responses to OVA,

we sought to investigate whether these tolerogenic effects would hold for a more immuno-

genic antigen like uricase. Uricase is an enzyme approved for the short-term treatment of

hyperuricemia, however its long-term use is often limited by immunogenicity. Upon exposure

to Candida uricase mice generate a robust antigen-specific antibody response This antibody

response was shown to be T cell dependent and was completely abrogated when αCD4 and

αCD8 blocking antibodies were administered (Figure 3.7A,B).

We produced p(Man)-uricase conjugates and verified the reaction and the self-immolative

characteristics of the linker via SDS-PAGE (Figure 3.8A). Enzymatic activity of uricase
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Figure 3.6: p(Man)-OVA characterization and biodistribution. (A) SDS-PAGE of unmod-
ified OVA and p(Man)-OVA with and without β-mercaptoethanol to show self-immolative
linker. (B) Representative IVIS image of liver, spleen, heart, lung, kidney and lymph nodes
3 hours after injection with OVA647, p(GlcNAc)-OVA647, p(Man)-OVA647, p(GalNAc)-
OVA647, or saline iv.
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Figure 3.7: Candida uricase elicits a T cell-dependent antibody response in mice. (A) N=4
Balb/c mice were treated weekly i.v. with 1U of Candida uricase along with αCD4 and αCD8
depletion antibodies or an equivalent of IgG2b isotype control. (B) Time-course of uricase-
specific IgG antibody response represented as log10 titer. Symbols represent individual mice.

was measured and found to be significantly decreased upon conjugation to p(Man) (Fig-

ure 3.8B,C). We administered p(Man)-uricase, unmodified uricase or saline intravenously to

mice weekly during a three week tolerization window followed by weekly challenge doses of

unmodified uricase (Figure 3.8D). Serum was collected weekly and uricase-specific antibod-

ies were measured via ELISA. The uricase-specific antibody response was represented as the

area under the curve of the absorbance over background across a 10-fold log-transformed

dilution series. Pre-treatment with p(Man)-uricase was found to significantly decrease the

uricase-specific IgG response compared to treatment with unmodified uricase and untreated

mice (Figure 3.8E,F). This reduction in antibody response was consistent across all sub-

classes of IgG (Figure 3.8G). We next quantified the number of uricase-specific antibody

secreting cells using ELISpot. Only the untreated group was found to have significantly

more uricase-specific antibody secreting cells in the spleen on day 26 after initial uricase

challenge, indicative of a smaller plasmablast and plasma cell response after antigen pre-

treatment (Figure 3.8H).

We next looked at the effect of p(Man)-uricase treatment on the B cell and T cell com-

partments (Figure 3.1A,B). Fluorescent uricase-streptavidin multimers were used to identify

antigen-specific B cells via flow cytometry (Figure 3.10A). Antigen-specificity was verified

by incubating splenocytes from uricase-experienced mice with 5mM uricase or OVA prior
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Figure 3.8: Prophylactic administration of p(Man)-antigen, impairs anti-drug antibody re-
sponses to immunogenic therapeutic uricase. (A) Structure of the p(Man) polymer conju-
gated to protein antigen with and without β-mercaptoethanol. (Continued on the following
page.)
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Figure 3.8, continued: (B) Uricase activity (U/mL) of p(Man)-conjugated and native uricase
across dilutions. (C) Uricase activity (U/mg) of p(Man)-conjugated and native uricase. (D)
N=8 Balb/c mice were treated 3 times with p(Man)-uricase, free uricase or saline followed
by a therapeutic dose of uricase weekly for 4 weeks. (E) Time course of uricase-specific IgG
response represented as the area under the curve of absorbance vs log-transformed dilution
(AUC). Symbols represent mean across n=8 mice. (F) Uricase-specific IgG response at
day 21 represented by AUC. (G) Comparison of uricase-specific IgG subclasses at day 21
represented by AUC. (H) Quantification and representative wells of the uricase-specific IgG-
secreting splenocytes by ELISpot. Data are shown as mean±SEM. Unless otherwise stated
symbols represent individual mice and statistical differences in all graphs were determined
by one-way ANOVA with Tukey’s *p<0.05, **p<0.01 and ***p<0.001

to multimer staining. Pre-incubation with uricase, but not OVA resulted in elimination of

multimer binding (Figure 3.9).

Figure 3.9: Validation of the antigen-specificity of the fluorescent uricase multimers. Spleno-
cytes from näıve Balb/c mice or mice vaccinated with 0.5U i.v. uricase challenge were stained
with APC-uricase and PE-uricase multimers with or without pre-incubation with 5mM OVA
or uricase. Multimer-double-positive cells were quantified as a percentage of B220+ B cells.

Pre-treatment with p(Man)-uricase but not unmodified uricase prevented a significant

rise in uricase-specific B cells in the spleen compared to the näıve controls as well as a

note-worthy reduction in CD38+IgD- memory B cells and CD38+IgD-IgM- class-switched

memory B cells compared to the saline control treatment which may indicate the potential

for long-term B cell tolerance after p(Man)-antigen therapy (Figure 3.10B). We also saw
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trends towards reduction in plasmablasts and germinal center B cells, although the response

appears bimodal. The phenotype of the corresponding bulk B cell compartment, in contrast,

showed no difference between treatment groups indicating that p(Man)-uricase treatment is

an antigen-specific therapy without broad non-specific effects on B cells (Figure 3.10C).

Similarly, the cell counts of the bulk T cell compartment was consistent across groups, with

the exception that all groups exposed to foreign uricase antigen had increased frequency

of Tfh cells within the T cell compartment compared to the näıve (Figure 3.11A,B). The

p(Man)-uricase treated group was the only group without a significant increase in overall cell

numbers of Tfh cells and ICOShi Tfh cells compared to the näıve control (Figure 3.11B,C).
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Figure 3.10: Antigen-specific memory B cell responses are impaired after prophylactic
p(Man)-uricase treatment. (A) Representative flow plots of antigen-specific uricase-multimer
double-positive B cells of näıve mice and uricase-challenged mice on day 25 after treatment
with p(Man)-uricase, uricase, or saline. (B) Quantification of uricase-specific B220+ B cells,
B220+ CD138+ plasmablasts, B220+ CD38- GL7+ germinal center B cells, CD38+ IgD-
memory B cells, CD38+ IgM- IgD- class-switched memory B cells and CD38+ IgD+ näıve
B cells in the spleen on day 25 after treatment. (C) Quantification of bulk B220+ B cells
as in (B). (D) Quantification of bulk CD3+ T cells, CD4+ CXCR5+ PD-1+ Bcl6+ Tfh
cells and ICOShi Tfh cells in the spleen on day 25 after treatment. Data are shown as
mean±SEM. Unless otherwise stated symbols represent individual mice and statistical dif-
ferences in all graphs were determined by one-way ANOVA with Tukey’s *p<0.05, **p<0.01
and ***p<0.001.

91



Figure 3.11: T cell compartment after p(Man)-uricase treatment. (A) Frequency of CD3+
T cells as a percentage of live cells after pre-treatment with p(Man)-uricase, uricase or saline
as in 2A. (B) Frequency of CD4+CXCR5+PD-1+Bcl6+ Tfh cells as a percentage of T cells
after treatment. (C) Frequency of ICOShi Tfh cells as a percentage of Tfh after treatment.
Data are shown as mean ±SEM. Unless otherwise stated symbols represent individual mice
and statistical differences in all graphs were determined by one-way ANOVA with Tukey’s
*p<0.05, **p<0.01 and ***p<0.001.

3.4.4 Reduction in antigen-specific antibody response is not due to shift in

response to anti-p(Man) antibodies

After we established that pre-treatment with p(Man)-uricase leads to a reduced uricase-

specific antibody response, we wanted to probe the potential mechanisms contributing to

this effect. One possible mechanism leading to a reduced antigen-specific response is p(Man)-

immmunodominance. It may be the case that the B cells are recognizing the p(Man) polymer

instead of uricase and out-competing the uricase-specific B cells for T cell help in the germinal

center, leading to a strong p(Man)-specific response instead of a uricase-specific response. To

test the p(Man)-specific antibody response, we coated ELISA plates with uricase, p(Man)-
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uricase, p(Man)-OVA or p(Man) alone and measured antibodies from mice pre-treated with

p(Man)-uricase, uricase or saline as in 2A (Figure 3.12A). All of these mice are näıve to

the OVA protein. We found the p(Man)-uricase treated mice generated no antibodies that

bound p(Man)-OVA or p(Man) and the average antibody response to p(Man)-uricase was

not higher than uricase alone in p(Man)-uricase treated mice (Figure 3.12B). These data

indicate there was no increased antibody specificity for the p(Man) polymer regardless of

treatment.

Figure 3.12: (A) Quantification of the antigen-specific antibody response to uricase, p(Man)-
uricase, p(Man)-OVA or free p(Man) after treatment as in 3.8D represented as log10 titer.
(B) Heatmap representation of the average log10 titer from each treatment group against
each antigen as in (A).

3.4.5 Tregs are likely not required to maintain humoral tolerance generated

by p(Man)-antigen treatment

We next sought to investigate if p(Man)-antigen treatment resulted in increased antigen-

specific T regulatory (Treg) cells. In the OTII vaccination study we found that treatment

with p(Man)-OVA resulted in an increased percentage of FoxP3+CD25+ Tregs (Figure 3.13).

These cells could be responsible for the reduced antibody response through either Tfh sup-

pression or direct B cell suppression. In order to probe the role of Tregs in the reduced

uricase-specific antibody response, we administered αCD25 depleting antibody to the mice

after tolerization and waited 2 weeks for the antibody to clear before challenging with uricase

(Figure 3.14A). We found that the administration of the depleting antibody was not sufficient
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to prevent the reduction in antibody response seen after p(Man)-uricase treatment (Figure

3.14B,C). Therefore, the induction of antigen-specific Tregs is likely not the mechanism by

which p(Man)-antigen therapy imparts humoral immune tolerance.

Figure 3.13: p(Man)-OVA treatment results in increased frequency of OVA-specific Tregs.
C57Bl/6 mice were treated as in Figure 3.5D. Frequency of OVA-specific CD4+ CD25+
FoxP3+ T regulatory (Treg) cells were quantified as a percentage of OTIIs in the dLN.
Data are shown as mean±SEM. Symbols represent individual mice and statistical differences
in all graphs were determined by one-way ANOVA with Tukey’s *p<0.05, **p<0.01 and
***p<0.001.

Figure 3.14: (A) N=8 Balb/c mice were treated three times with saline or p(Man)-uricase
followed by administration of an isotype control or αCD25. High dose uricase injections were
administered 2 weeks after depletion for 4 weeks. (B) Time course of the uricase-specific IgG
response represented as AUC. Symbols represent mean across n=8 mice. (C) Uricase-specific
IgG at day 45.
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3.4.6 p(Man)-OVA treatment results in transcriptionally distinct profiles

within OTI/OTII cells

To further investigate the antigen-specific T cell- intrinsic mechanisms by which p(Man)-

antigen therapy could result in reduced antibody responses we performed RNAseq on OT-II

cells 5 days after antigen treatment (Figure 3.15A). We found the p(Man)-OVA treatment

group resulted in 2744 differentially expressed genes (DEGs) compared to the saline control,

while OVA resulted in 99 DEGs compared to saline. Of the 2744 DEGs altered by p(Man)-

treatment, only 94 were found to also be differentially expressed in the OVA treatment

comparison (Figure 3.15B). This indicates that within the antigen-specific CD4+ T cells,

p(Man)-OVA treatment is driving transcriptional changes which are distinct from those up-

regulated by native antigen presentation. In order to understand which pathways these DEGs

may be effecting in the p(Man)-OVA treatment compared to OVA treatment we performed

ingeneuity pathway analysis (IPA). We identified 36 immune pathways significantly altered

in p(Man)-OVA treated groups compared to OVA alone (Figure 3.15C). The majority of

these pathways were found to be associated with T cell activation and TCR signaling. Gene

signatures were found for Th1, Th2, Tfh and Th17 pathways, although these pathways shared

many activation signatures such as increase in CD3ζ, NFAT, JAK and STAT signaling.

Some pathways associated with T cell activation such as Nur77 and TWEAK signaling

are also associated with apoptosis and regulation of T cell proliferation. The upregulation

of signaling genes after p(Man) treatment is also significantly associated with an increase

cytokine signaling pathways such as IL-2, interferons and IL-23. Along with increased T

cell signaling and activation, IPA also identified pathways associated with exhaustion and

apoptosis. The T cell exhaustion pathway is significantly upregulated due to increases in

expression of co-inhibitory receptors CTLA4, EOMES, and PD-1. Upregulation of caspases

and Bcl-2 associated agonist of cell death (BAD) are associated with apoptosis pathways, all

of which are significantly upregulated in OTIIs after p(Man) treatment. The combination
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of T cell activation along with upregulated apoptosis and exhaustion pathways suggest that

p(Man)-OVA may lead to a deficient antigen-specific T follicular helper response through the

activation of T cells towards different pathways such as Th1, Th2 or Th17 or the increased

antigen experience and activation signaling may lead to broad apoptosis and exhaustion of

OVA-specific T cells. Both possibilities would result in insufficient T cell help available to

drive strong anti-OVA antibody responses.

3.4.7 Native glycosylation of antigen impairs tolerogenic effects of

p(Man)-antigen therapy

The majority of the p(Man)-antigen experiments discussed above were performed using a

Candida uricase sequence expressed in E Coli. E Coli lack the post-translational modifi-

cation machinery to add glycosylation and protein expressed recombinantly in E Coli are

typically aglycosylated(377). One of the native FDA-approved uricases, Rasburicase, is an A

Flavus sequence expressed recombinantly in yeast. The A Flavus uricase sequence contains

many potential glycosylation sites, therefore this form of uricase is expected to be exten-

sively glycosylated, unlike uricase expressed in E Coli. In order to investigate the role of

glycosylation in p(Man)-antigen treatment we compared yeast-expressed Rasburicase to E

Coli expressed A Flavus uricase with the same amino acid sequence. We first compared the

glycosylation patterns of each protein using a lectin array (Figure 3.16A). We found that

the Rasburicase bound lectins GNA, HHI, NPA, PSA, RCA-1 whereas the E Coli -produced

A Flavus uricase only showed signal in the positive control spots. These lectins bound by

Rasburicase are specific for high mannose lectins as well as Galβ4GlcNAc(378), which are

likely glycosylations on the Rasburicase protein. We successfully conjugated both proteins

to p(Man) as indicated by the increased molecular weight on SDS-PAGE which disappears

upon exposure to reducing conditions (Figure 3.16B). There are some larger molecular weight

aggregates visible in the p(Man)-Rasburicase conjugate under reducing conditions that are

not seen in the A Flavus conjugate, but this may be more easily visible due to the increased
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Figure 3.15: p(Man)-OVA treatment results in transciptionally distinct profiles within OTII
cells. (A)740,000 CD45.1 congenitally labeled OTI and OTII T cells were adoptively trans-
fered at day 0. One day 1 mice were treated with p(Man)-OVA, OVA or saline. OTII cells
were isolated on day 5 for sequencing. (B) Venn diagram displaying the number of dis-
tinct and overlapping DEGs in p(Man)-OVA and OVA treatment groups compared to saline
control. (C) Significantly up- or down-regulated canonical immune pathways expressed in
p(Man)-OVA compared with OVA as identified by ingenuity pathway analysis (IPA). Bars
represent calculated z score. The BH-adjusted P value and associated genes are displayed
to the right. Up/down arrows indicate gene expression.

concentration of the conjugate in the gel.

We compared the efficacy of p(Man)-Rasburicase (p(Man)-R) and p(Man)-A Flavus

(p(Man)-AF) to induce tolerance using a similar experimental set up as 3.8D. Balb/c mice
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Figure 3.16: Characterization of the p(Man)-Rasburicase and p(Man)-A Flavus uricase con-
structs. (A) Biotinylated Rasburicase and A Flavus uricase were incubated on a lectin
array and detected with APC-streptavidin to probe surface glycosylation. Lectins positive
for binding are identified along with their reported specificities. (B)SDS-PAGE of p(Man)-
conjugated Rasburiacase and A Flavus uricase showing expected increase in molecular weight
after conjugation and loss of p(Man) after incubation with β-mercaptoethanol.

were treated with either p(Man)-R, p(Man)-AF for saline. The following challenges were

done with either Raburicase or A Flavus uricase, and the relevant antibody responses were

determined in the plasma (Figure 3.17A). We found that p(Man)-R treatment was unable to
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abrogate the Rasburicase-specific antibody response, in fact the resulting antibody response

trended higher than in the untreated mice. The antibody responses in mice that were pre-

treated with p(Man)-AF in contrast trended lower than the untreated mice, although not

significantly (Figure 3.17B). A different result was seen in the A Flavus challenged mice.

p(Man)-AF pre-treatment resulted in a significant reduction in the AF-specific antibody

response after challenge compared to the untreated mice (Figure 3.17C). A potential ex-

planation for the unexpected lack of therapeutic efficacy of p(Man)-Rasburicase could be

that Rasburicase generates a T cell-independent antibody response. In order to probe this

question, we analyzed the subclass of Rasburicase-specific IgG. T cell independent responses

can result in IgG3 responses wherase T cell depedent responses to immunogenic therapeutics

is predominantly IgG1. We found that the antibody response against Rasburicase was pri-

marily IgG1, similarly to what was seen against Candida uricase in Figure 3.8G. p(Man)-R

treatment seemed to result in a strong, early IgG1 response and a reduced IgG3 response

compared to untreated mice which remains low after high dose challenge (Figure 3.17D). The

lack of strong IgG3 response to p(Man)-R make an TI response unlikely to account for the

difference in therapeutic efficacy. These data suggest that p(Man)-antigen treatment is most

effective when the antigen is aglycosylated, although pre-treatment with an aglycosylated

variant of the challenge antigen may result in some level of antibody abrogation, further

experimentation is required to better understand these responses.

3.4.8 Uox-/- mice as a model of pathogenic ADA production

To best evaluate the potential of p(Man)-antigen therapy to prevent clinically relevant ADAs,

we wanted to use a model of anti-drug antibody formation that would result in loss of

therapeutic efficacy and increased disease pathology. We selected the uric oxidase knock-

out (Uox-/-) mouse model. Uox-/- mice cannot produce endogenous uricase resulting in

the accumulation of insoluble uric acid and kidney damage in untreated mice(379; 380).

Mice were kept on allopurinol-supplemented water from birth to inhibit the native enzyme
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Figure 3.17: Native glycosylation of the protein antigen impacts p(Man)-antigen therapy.
(A) Balb/c mice were treated weekly for 3 weeks as in Figure 3.8D followed by challenge with
0.5U of Rasburicase or A Flavus uricase as indicated.(Continued on the following page.)
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Figure 3.17, continued: (B) Left, time course of the Rasburicase-specific IgG response repre-
sented as AUC. Symbols represent mean across n=5-10 mice. Right, the Rasburicase-specific
IgG response at day 21 is highlighted. Each symbol represents an individual mouse.(C) Left,
time course of the A Flavus uricase-specific IgG response represented as AUC. Symbols rep-
resent mean across n=3 mice. Right, the A Flavus uricase-specific IgG response at day 21
is highlighted. Each symbol represents an individual mouse. (D) Left, time course of the
Rasburicase-specific IgG1 antibody response represented as AUC. Right, time course of the
Rasburicase-specific IgG3 antibody response represented as AUC. Symbols represent mean
across n=5-10 mice. Data are shown as mean±SEM. Unless otherwise stated symbols rep-
resent individual mice and statistical differences in all graphs were determined by one-way
ANOVA with Tukey’s *p<0.05, **p<0.01 and ***p<0.001

xanthine oxidase’s conversion of allantoin, a more soluble metabolite, into uric acid. We

treated mice weekly for three weeks with p(Man)-uricase, uricase or saline followed by twice-

weekly injections of uric acid (Figure 3.18A). Throughout the course of the experiment serum

uric acid levels and urine uric acid/creatine ratio was measured as readouts of hyperuricemia

and kidney function respectively. Uox-/- mice exhibited increased serum uric acid levels

compared to WT controls for the entire course of the experiment, which increased once

allopurinol treatment was removed (Figure 3.18B). Kidney filtration capacity as a readout

of uric acid/creatine in the urine was also consistently higher in Uox-/- mice compared

to WT (Figure 3.18C). On day 42 Uox-/- mice were injected with uricase and blood was

collected to measure the percent change in serum uric acid compared to baseline over time

(Figure 3.18D). When the uricase-specific antibody AUC was plotted against the AUC of

the change in serum uric acid, the mice with high levels of antibody trended towards a less

negative AUC, indicating that anti-uricase antibody responses in this model may correlate

with hyperuricemia pathology due to increased clearance of the therapeutic, uricase.

To evaluate the histological kidney pathology associated with the Uox-/- mutation, we

performed PAS staining to look for morphological changes. We found increased damage to

the glomerulus in the kidneys of Uox-/- mice compared to wild-type, however this did not

seem to correlate with the anti-uricase antibody response (Figure 3.19).

We next analyzed the effects of p(Man)-antigen treatment in the Uox-/- model. The

individual curves of percent change in serum uric acid over time after uricase treatment
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Figure 3.18: Uricase as a therapeutic for Uox-/- mice. (A) Uox-/- or age-matched WT
mice were treated 3 times weekly with p(Man)-uricase followed by removal of allopurinol-
supplemented water and subsequent twice-weekly treatment with 0.5U Candida uricase.(B)
Time course of urine uric acid/creatinine in Uox-/- and WT mice across treatment groups.
(C)Time course of serum uric acid (mg/dL) in Uox-/- and WT mice across treatment groups.
(D) Time course of the change in serum uric acid from baseline across treatment groups after
uricase treamtent on day 42. (E) Linear regression of the change in serum uric acid after
uricase injection represented as area under the curve against the uricase-specific IgG response
at day 42 represented as AUC. Data are shown as mean±SEM.

were plotted for each treatment group (Figure 3.20A). Wild-type mice did not exhibit much

change in serum uric acid levels over time, likely as a result of the presence of the native
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Figure 3.19: Mice were treated as in Figure 3.18. Kidneys were isolated and formalin-fixed
followed by Periodic acid-Schiff staining to highlight glomerular changes and renal pathology.

enzyme allowing for the maintenance of uric acid control. Näıve Uox-/- who had never

experienced uricase treatment maintained a lower serum uric acid level for the first 20 hours

before it gradually rose back to baseline, however in the p(Man)-uricase and saline treatment
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groups a subset of mice had levels begin to rise within the first 6 hours, resulting in a less

negative AUC (Figure 3.20B). The rise in AUC seems to be bimodal with certain mice in

the p(Man)-uricase and saline groups demonstrating lower therapeutic efficacy of uricase.

There were however no statistical differences between groups. Similarly, there are not strong

statistical differences in the uricase-specific antibody responses of the different treatment

groups, although the saline-treated group is the only one to have statistically higher antibody

response than näıve mice (Figure 3.20C). Bimodal responses are also seen in uricase-specific

antibody responses the p(Man)-uricase and saline-treated mice. The individuals with high

antibody AUC also exhibit lower therapeutic efficacy indicating that this model may have

promise to evaluate negative effects of ADA, however the bimodal nature of the treatment

efficacy, which may be the result of the outbred mouse strain, would necessitate much higher

n in future experiments to fully evaluate the efficacy of the p(Man)-uricase therapeutic.
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Figure 3.20: p(Man)-uricase treatment is insufficient to drive differences in the efficacy of
uricase treatment in Uox-/- mice. A)Mice were treated as in Figure3.18A. Time course of
the change in serum uric acid from baseline after uricase injection on day 42 for individual
mice, plotted by treatment group.(Continued on the following page.)
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Figure 3.20, continued: (B) The change in serum uric acid from baseline after uricase treat-
ment from (A) represented as area under the curve. (C)The uricase-specific IgG response
at day 42 represented as AUC.Data are shown as mean ± SEM. Unless otherwise stated
symbols represent individual mice and statistical differences in all graphs were determined
by one-way ANOVA with Tukey’s *p<0.05, **p<0.01 and ***p<0.001

3.5 Discussion

In this study, we synthesized a novel mannose polymer, p(Man), that can be easily conju-

gated to any protein antigen in order to reduce the T follicular helper and resulting antibody

response against the antigen upon future administration. We showed that pre-treatment with

p(Man)-antigen was able to significantly reduce the antigen-specific antibody response to not

only OVA but to a therapeutic doses of uricase, a highly immunogenic drug. We first demon-

strated that p(Man) conjugation significantly increased the delivery of OVA to the liver to

a greater extent than even our previously published liver-targeted glycopolymers(291; 293).

This difference may be due to the more promiscuous binding of mannose residues to a wide

variety of C-type lectins compared to GalNAc or GlcNAc resulting in increased endocytosis

and cross-presentation(370; 381–383), or it may be mediated by signaling through a specific

mannose-binding lectin in the liver we have yet to identify(384; 385). Like the previously

published glycopolymers, pre-treatment with p(Man)-OVA resulted in an impaired CD4+

antigen-specific T cell response in the OT vaccination model, with an exceptional decrease

in the number of T follicular helper (Tfh) cells within the OTII population. Once we saw

this lack of Tfh cell help we confirmed that p(Man)-OVA pretreatment was sufficient to pre-

vent an OVA-specific antibody response in an endogenous mouse. p(Man)-OVA treatment

fully prevented a detectable OVA-specific antibody response while treatment with unmodi-

fied OVA, which contains native mannosylation did not(386). This provides evidence for the

unique capacity of our linear p(Man) polymer to reduce humoral immune responses to an

antigen over other forms of mannosylation.

While it generates an immune response, OVA is not an extremely immunogenic protein.
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In order to investigate the capacity for p(Man)-antigen treatment to prevent antibody re-

sponses to a highly immunogenic therapeutic protein we conjugated it to uricase. Uricase is a

tetrameric enzyme which degrades uric acid into the more easily excreted allantoin and is used

as a therapeutic to treat hyperuricemia(387; 388). However even when pegylated, it elicits

an immune response in the majority of patients, limiting therapeutic efficacy(379; 389; 390).

When p(Man)-uricase was given as a pre-treatment prior to multiple doses of unconjugated

therapeutic uricase doses, we found a significant reduction in the uricase-specific immune re-

sponse via a reduction in uricase-specific antibodies, fewer uricase-specific antibody-secreting

cells, and fewer uricase-specific B cells in the spleen indicating a broad reduction in the hu-

moral response to this immunogenic antigen. The effect of p(Man) uricase treatment was

different than OVA as the antibody response to uricase was not fully eliminated. Despite

the presence of detectible antibodies after p(Man)-uricase treatment, they were significantly

reduced compared to untreated mice. This reduction is clinically relevant as the magnitude

of the ADA response effects the extent of clinical consequences(391). It is not yet clear how

antigenic differences alter the efficacy of p(Man)-antigen treatment. The increased antibody

response against uricase may be due to its enzymatic function. The enzymatic reaction

produces hydrogen peroxide, a reactive oxygen species, as a by-product which may increase

inflammation(392–394). Alternatively, or there may be differences in post-translational mod-

ifications between uricase and OVA which can alter immune response(395; 396) or differences

between the natural affinity of an individual’s T cell or B cell compartment to each antigen’s

epitopes(365; 397; 398).

To probe the immune mechanisms responsible for the effects of p(Man)-antigen delivery

we performed an αCD25 depletion after p(Man) treatment. We found that pretreatment

with p(Man)-uricase led to a significant reduction in the uricase-specific antibody response

despite the depletion. αCD25 depletion has been shown to deplete Tregs in addition to other

recently activated CD25 expressing cells(399). We interpret these data to suggest that Tregs

likely do not play a predominant role in the reduction of antibodies we see after p(Man)
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treatment. It is possible that the reduction of other CD25-expressing cells such as NK cells,

B cells and activated T cells could confound this readout, but we do not expect the activated

T cells or NK cells to have much of a role in maintaining the antibody response once germinal

center activity has been initiated. If critical antibody-generating B cells were depleted we

would have expected antibody responses to decrease after treatment with αCD25.

We recognized that the presence of non-protein p(Man) associated with the antigen dur-

ing initial priming of B cells could affect downstream antibody responses though hapten

immunodominance towards a p(Man)-dominated antibody response. This immunodomi-

nance has been shown with NP-OVA when more copies of NP are conjugated to an OVA

protein, the B cells that are positively selected by T cells in the germinal center predom-

inantly bind NP while expressing the OVA epitopes on their MHC after they endocytose

the entire construct(400). To test for this effect we looked for antibody responses against

the p(Man) polymer, but we saw no detectable response, making hapten immunodominance

unlikely to account for the reduction in antibody response we see to uricase.

We performed transcriptional analysis on the OTII T cells after p(Man)-OVA treatment

and found upregulation of signatures associated with TCR-signaling, apoptosis and exhaus-

tion. These data suggest that p(Man) treatment increases presentation of the antigen to

the T cells and resultant TCR signaling, however these T cells undergo non-Tfh fates of

apoptosis, exhaustion or perhaps Th1-dominant responses limiting the Tfh help available

to the B cells, ultimately preventing strong antibody responses against the antigen. Some

other interesting gene signatures we identified include increased cytokine signaling including

interferon and IL-23. The positive z score associated with these pathways may indicate that

p(Man)-antigen treatment does not diminish T cell responses broadly but rather skews them

away from an antibody-producing Tfh response to more Th1 or Th17 responses. We also

saw upregulation of pathways associated with uptake such as endocytosis. This may be due

to receptor endocytosis such as TCR and other surface receptor down-regulation associated

with tolerance(401–403) which could also account for some reduced T cell responses we see
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in the OT model.

Unexpectedly, p(Man)-rasburicase was unable to prevent high antibody titers against the

heavily glycosylated FDA-approved therapeutic. The only difference between the Rasburic-

ase and A Flavus uricase is the expression systems, resulting post-translational glycosylation

patterns. The presence of native glycosylation may impact antigen uptake and delivery if

the glycosylations bind different lectins on cells than would normally uptake p(Man)-antigen.

Additionally, these lectins may act as PRRs and induce inflammation within the antigen pre-

senting cell, leading to co-stimulation and activation of the antigen-specific T cell responses.

The lectin binding array demonstrated that rasburicase likely has high-mannose structures,

however these structures likely differ from p(Man). Natural mannosylations are likely branch-

ing, whereas p(Man) is a linear polymer with linkages between mannose residues and the

backbone. A linear polymer is more likely to be recognized by lectins specific to terminal

moities instead of those binding distinct forms of braching(404). p(Man) glycosylation also

differs from native as p(Man) molecules will be released in the reducing conditions of the

endosome. Native glycosylations, in contrast, will remain attached to peptide fragments and

can be displayed to T cells on MHC, altering the displayed peptidome and resulting immune

responses(405). Further investigation into the binding and signaling of p(Man) through c-

type lectins as it compares to that of native glycosylations will futher inform the limits of

p(Man)-mediated immune tolerance.

Lastly, we investigated the use of Uox-/- mice lacking a functional uricase enzyme as a

model of anti-drug antibody-mediated loss of drug efficacy. We were able to demonstrate

that the efficacy of exogenous uricase to lower uric acid levels was correlated to lower anti-

uricase antibody responses. However, the mice in this model exhibited relatively weak and

non-uniform antibody responses against i.v.-injected Candida uricase. This variabilty may

be due to the outbred nature of the mouse strain and necessitates the use of a high n in

future studies.

Here we investigated p(Man)-antigen therapy’s capacity to prevent T cell dependent
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IgG antibody responses specifically. Future work can inform how p(Man) may impact IgE

responses relevant in a minority of ADA antibody responses(406; 407) and other diseases

such as allergy and asthma(408). Since we hypothesize p(Man) acts through the abrogation

of T cell help, it may not be able to reduce T cell independent antibody responses and further

work should be done to investigate this application.

In conclusion we have demonstrated that p(Man)-antigen therapy can significantly di-

minish the resulting antibody response to an immunogenic antigen. This technology has the

potential to be used with any immunogenic protein drug to prevent a patient from eliciting

a strong ADA response to the drug and reduce the risk of adverse effects associated with

ADAs including loss of therapeutic efficacy, infusion reactions and anaphylaxis. The ability

the reduce antibodies in an antigen-specific manner may have other broad applications in

the treatment of antibody-mediated diseases such as asthma, allergy and antibody mediated

autoimmune diseases where specific antigens can be identified, such as pemphigus vulgaris

and myasthenic gravis(409; 410). Further work should be done to see how p(Man)-antigen

therapy might function in the therapeutic setting after an antibody response has already

developed. It could potentially be combined with antibody reducing treatments such as

αCD20 treatments, plasma cell depletion or IVIG to reduce an antibody response and use

p(Man)-antigen therapy to keep the antigen-specific response of interest low once broad

immunosuppressants are discontinued.
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CHAPTER 4

DISCUSSION, FUTURE DIRECTIONS, AND CONCLUSION

4.1 Discussion and future directions in PEG-PPS polymersomes

in vaccination

In the first study I presented a set of vaccines against SARS-CoV-2 using PEG-PPS poly-

mersomes. Using the receptor binding domain (RBD) of the spike protein, I developed RBD

encapsulated (RBDencap) and RBD surface-decorated (RBDsurf) polymersomes for antigen

delivery and MPLA-encapsulated polymersomes for adjuvant delivery. Overall, I found that

RBDsurf, RBDencap and free RBD formulations were able to induce strong RBD-specific

IgG antibody titers, but only polymersome-formulated antigens RBDsurf and RBDencap

resulted in increased antigen-specific Th1 T cell responses. Of the different antigen formu-

lations, only RBDsurf polymersomes were able to elicit a neutralizing antibody response.

It would be interesting to further investigate the mechanisms by which antigen delivery

via RBDsurf and RBDencap result in different immune responses. The increased neutralizing

response found after RBDsurf vaccination was accompanied by a more limited epitope speci-

ficity, an increase in RBD-specific GC B cells and a lower IgG2b/IgG1 ratio. In contrast,

the RBDencap vaccination did not result in neutralization, but elicited a faster antibody

response, leading to a greater RBD-specific IgG signal than RBDsurf at day 7 after initial

prime injection. RBDencap also resulted in higher frequency of RBD-specific plasmablasts

and fewer RBD-specific GC B cells within the RBD-specific B cell compartment. These

data suggest that RBDsurf may elicit a stronger GC response, while RBDencap results in

more extrafollicular B cell responses. Extrafollicular responses are associated with rapid

differentiation of the B cell into antibody-secreting plasmablasts, peaking 4-6 days after im-

munization. The antibodies secreted by these responses are typically lower affinity as the B

cells were not able to undergo affinity-maturation and SHM in the germinal center(411). In

contrast it is possible RBDsurf elicited a stronger germinal center response associated with
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clonal selection and blasting resulting in the selection of B cells highly specific to a small

number of epitopes. This high affinity and selectivity may explain the neutralization results

and the limited epitopes identified via peptide array. Future work to investigate the local-

ization of antigen and visualize GC formation after vaccination with RBDencap or RBDsurf

via microscopy techniques may more definitively characterize these responses as GC or ex-

trafollicular. It is not currently well understood why different antigens and pathogens elicit

predominantly GC or extrafollicular B cell responses(411), delivery tools such as RBDsurf

and RBDencap may be useful in further elucidating this mechanism.

One way in which antigen delivery via RBDsurf might differ from RBDencap is in the

localization of the particles upon delivery. The presence of the protein on the surface of

the RBDsurf polymersomes may interact differently with cells and tissues in vivo. The RBD

contains the receptor binding motif which can bind to surface angiotensin-converting enzyme

2 (ACE2) expressed across a variety of tissues(412). Additionally, upon secondary boost ad-

ministration, circulating RBD-specific antibodies may bind RBDsurf particles. Formation

of immune complexes on the surface may lead to increased recognition and uptake through

FcγR on various immune cells. As a mammalian-expressed recombinant protein, RBD may

have surface glycosylations capable of binding lectins and increasing uptake. Future biodis-

tribution studies using fluorescently labeled particles would be valuable to elucidate the

cellular uptake and kinetics of administration of the different formulations.

In this study I demonstrated the utility of polymersomes as a delivery platform for vac-

cination. We were able to load antigen and adjuvant inside the polymersomes and conjugate

antigen to the surface. Future studies may demonstrate the utility of polymersomes for de-

livery of multiple antigens from the same pathogen to improve vaccination and perhaps elicit

an immune response against a variety of antigen sequences that may aid in protection against

pathogens with multiple strains or a high frequency of mutation. It would be interesting to

investigate how the immunodominance of different antigens may be altered if delivered on

the surface vs. encapsulated or alongside another antigen. Having demonstrated that anti-
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gen can be surface-conjugated to the polymersomes, it would be interesting to investigate

how different molecular surface moieties could be used for more directed targeting of these

polymersomes. Antibodies or Fabs could be used to target specific molecular signatures on

target cells or organs of interest very specifically or carbohydrates such as mannose could be

added to increase broad uptake through lectin-binding.

Overall, PEG-PPS polymersomes offer a versatile, biocompatible nanomaterial platform

for the delivery of both hydrophobic and hydrophilic payloads. We have demonstrated

their efficacy in mounting immune responses against antigens such as OVA(210; 213) and

pathogens including Lassa virus(327) and now SARS-CoV-2. It may also prove useful in

macromolecule delivery outside of the fields of vaccination such as tolerance or gene delivery.

4.2 Discussion and future directions in p(Man)-mediated

humoral tolerance

In the second study I presented p(Man) conjugation as an antigen delivery strategy to in-

crease localization to the liver, resulting in antigen-specific tolerance and diminished antigen-

specific antibody responses. I was able to show that pretreatment with p(Man)-antigen was

sufficient to impair downstream antibody responses to uricase, an immunogenic biologic and

that this effect is most likely the result of an impaired Tfh response.

It is interesting to note the differential responses of p(Man)-antigen treatment to different

antigens and identical antigens produced by different expression systems. While p(Man)-

OVA treatment fully abolished anti-OVA antibody titers, p(Man)-uricase reduced, but did

not eliminate antibodies. This difference likely corresponds to the different immunogenic-

ity of the antigens or the natural repertoire. When comparing un-tolerized, saline treated

mice, OVA elicited an antibody response peaking around a titer of 3 (Figure 3.5), whereas

Candida uricase elicited an antibody response peaking around a tier of 5-6 (Figure 3.12). It

is impossible to use titer measurement as a direct comparison between two antigens as the
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exact concentration and affinity of each set of antibodies cannot be elucidated due to the

polyclonal nature of the response, however, it does suggest a higher response to uricase as a

function of concentration and affinity. The increased immunogenicity of uricase may be due

to its multimeric structure, increasing the likelihood for BCR cross-linking. It may also be

the result of the natural affinity of the näıve B cell repertoire to uricase-specific epitopes.

Alternatively it might be due to the glycosylation of OVA as a chicken-produced protein

compared to the aglycosylated E Coli -produced uricase. Further investigation into the role

of valency, näıve B cell affinity, and glycosylation will offer additional insight into the utility

of p(Man)-antigen treatment to induce humoral tolerance. Tools that offer precise control

over antigen valency, such as eOD-GT constructs, which can be produced as 4-mers, 8-mers

and 60-mers(69), could be used in future studies to further investigate the role of antigen

valency on immunogenicity and the efficacy of p(Man) treatment. Investigating the natu-

ral affinity of the näıve B cell compartment offers a greater challenge. We use fluorescent

antigen multimers in our studies to detect antigen-specific B cells, however binding to the

multimers requires a sufficient affinity which may not capture all relevant näıve B cells prior

to somatic hypermutation. Antigen-specific enrichment strategies have been used to capture

up to 80% of the antigen-specific B cells(413; 414)and may help overcome this challenge. Due

to the polyclonal nature of the B cell compartment, quantifying the affinity of the BCRs will

require individual sorting, BCR sequencing and analysis of each BCR’s binding affinity by

techniques such as surface plasmon resonance (SPR).

We have shown in our experiments that antigen glycosylation alters the effects of p(Man)-

antigen treatment. It would be interesting to determine what molecular patterns of glyco-

sylation make an antigen more or less immunogenic to better understand the effects of

p(Man)-antigen treatment. A better understanding of the immune effects of glycosylation

may also to help guide the development of novel therapeutic glycopolymers. Mannose gly-

cosylations have been used extensively to delivery antigen to APCs due to the affinity for

the mannose receptor (MR; CD206). MR is expressed primarily on myeloid cells, including
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macrophages and APCs(415). Binding to MR leads to uptake and delivery of its ligands to

the early endosome, but does not trigger additional downstream signaling motifs(382). Tar-

geting antigen to the MR leads to efficient cross-presentation and activation of CD8+ as well

as CD4+ T cells for both vaccination and tolerance-inducing delivery approaches(291; 416).

Despite its lack of signaling domain, some studies have associated MR cross-linking with ini-

tiating a tolerogenic DC and macrophage phenotypes(417; 418). In addition to MR, p(Man)

likely also binds a number of other lectins such as Dectin-2, Mincle, DC-SIGN, SIGN-R1/3,

and Langerin. Many of these lectins contain signaling domains. Dectin-2 contains an ITAM

signaling motif, Mincle signals via FcRγ, DC-SIGN signals through an ITAM/ITIM indepen-

dent pathway involving Raf recruitment(419). It would be interesting to further investigate

the specificity for p(Man) to different lectins and the resulting downstream signaling. Future

in vivo studies inhibiting these signaling pathways would give valuable insight to determine if

the tolerance-inducing effects seen after p(Man) treatment can be attributed to its signaling

capacity in addition to endosomal delivery of antigen.

Additional native antigen glycosylations were shown to alter the immune response, and

p(Man)’s capacity to induce tolerance. It would be interesting to further study which glyco-

sylations are associated with higher and lower antibody responses and which receptors they

signal through to induce these immune signatures. C-type lectins are associated with both

initiating immune responses and maintaining homeostasis and can typically bind a range

of glycan signatures(370). High-throughput and computational analysis may offer insights

into these patterns that could be utilized to design materials to co-opt these pathways to

engineer vaccination and tolerance(420; 421)

I demonstrated that pre-treatment with p(Man)-antigen can elicit reduced antibody re-

sponses against subsequent exposure to an antigen. This type of prophylactic treatment

has clinical utility primarily in the treatment of patients prior to their administration of an

immunogenic biologic drug. In this scenario, patients will be prescribed a therapeutic with

a known risk of immunogenicity and can undergo p(Man) treatment before beginning the
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medication. Another scenario might be the pre-treatment of children at risk for developing

allergy. It has been established that there is an ‘atopic march’ in the development of aller-

gic diseases in which infants who develop atopic dermatitis, often in their first 6 months of

life, will be at an increased risk for developing food allergies(422). If these children can be

identified and treated prior to the development of food allergy, p(Man)-antigen therapy may

be able to reduce food antigen-specific IgE and allergic responses. However, further investi-

gation on the impact of p(Man)-antigen therapy on the development of antigen-specific IgE

and allergic responses is warranted.

There are numerous clinical scenarios in which it would be beneficial to reduce an active

antibody response. These include patients who have already developed ADAs or inhibitors

against life-saving therapeutics, allergies or active antibody-mediated autoimmunity who

will be diagnosed only after the development of the antibody response. Therefore it would

be interesting to investigate the effects of p(Man)-antigen treatment after an antigen-specific

antibody response is already established. We hypothesize that p(Man)-antigen therapy func-

tions through the T cell compartment and it is thus unlikely that p(Man)-antigen treatment

will have strong effects on an established long-lived antibody-secreting plasma cell response.

Although regulatory T cells have been implicated in plasma cell homeostasis(423), it is likely

that combination with B cell depletion and/ or plasma cell depletion strategies such as anti-

CD20 and bortezomib would be required to eliminate an active humoral response sufficiently

to enable treatment with p(Man)-antigen and subsequent immune tolerance. Even alongside

B cell and plasma cell depletion, there may be danger in administering p(Man)-antigen to

patients exhibiting active antibody responses. Intravenous administration of the antigen may

lead to hypersensitivity responses and anaphylaxis if sufficient circulating antibodies remain

and can bind the antigen despite some possible epitope shielding by the p(Man) polymer.

In conclusion, the p(Man) offers a modular platform to prophylactically reduce antigen-

specific antibody responses. It is biocompatible and can be conjugated to any protein antigen.

Future studies will offer valuable insight into the role of glycosylation in immune tolerance
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and activation and an understanding of the scope in which p(Man)-antigen treatment is

efficacious. Overall, p(Man)-antigen treatment may enhance tolerance to current and future

biologics, enabling long-term therapeutic solutions for an ever-increasing healthcare problem.

4.3 Conclusion

In conclusion, this work seeks to contribute to the field of immunoengineering through the

development of nanomaterials for the modulation of immunity, with a focus on antibody

responses. I have developed and characterized tools for the delivery of antigen and studied

how design features of these tools contribute to the resulting immune response. While

Chapter 2 focuses on the development of polymersomes for immune activation in the context

of vaccination and Chapter 3 focuses on the development of a glycopolymer for tolerogenic

antigen-delivery, both studies offer valuable insights to inform future directions of the other.

I have demonstrated that polymersomes can be used to encapsulate antigen for delivery. This

may offer an advantage when developing novel delivery strategies for immune tolerance. In

order to deliver an antigen to the tolerogenic microenvironment of the liver in an active

immune response, it may be necessary to avoid recognition by circulating antigen-specific

antibodies. Polymersomes may offer a way to shield the antigen from this recognition. I

have also shown how p(Man) conjugation can increase accumulation of antigen in the liver

likely through increased uptake via c-type lectins. In order to target the liver or increase

uptake by DCs, it may prove beneficial to decorate the surface of polymersomes with p(Man)

in order to increase uptake or target antigen and adjuvants for vaccination against liver-

resident pathogens such as hepatitis. Overall, these and other design considerations may

lead to improved vaccines and therapies for those suffering from immune dysregulation.

Immunoengineering is a rapidly evolving and interdisciplinary field. My experience in this

field has involved extensive collaborations between material scientists, chemists, engineers,

immunologists and clinicians. I hope to utilize this incredible training and continue to

work towards better understanding of the complexities of the immune system and improving
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human health.

118



REFERENCES

[1] E. S. Vitetta, M. T. Berton, C. Burger, M. Kepron, W. T. Lee, and X. M. Yin. Memory
B and T cells. Annual Review of Immunology, 9:193–217, 1991.

[2] Daniel L Hamilos. Antigen presenting cells. Antigen Presenting Cells.

[3] Petr Broz and Denise M. Monack. Newly described pattern recognition receptors
team up against intracellular pathogens. Nature Reviews Immunology, 13(8):551–565,
August 2013. Number: 8 Publisher: Nature Publishing Group.

[4] Danyang Li and Minghua Wu. Pattern recognition receptors in health and diseases.
Signal Transduction and Targeted Therapy, 6(1):1–24, August 2021. Number: 1 Pub-
lisher: Nature Publishing Group.

[5] Gianna Elena Hammer and Averil Ma. Molecular Control of Steady-State Dendritic
Cell Maturation and Immune Homeostasis. Annual review of immunology, 31:743–791,
2013.

[6] Olivier P. Joffre, Elodie Segura, Ariel Savina, and Sebastian Amigorena. Cross-
presentation by dendritic cells. Nature Reviews Immunology, 12(8):557–569, August
2012. Number: 8 Publisher: Nature Publishing Group.

[7] Carl H June, Jeffrey A Ledbetter, Peter S Linsley, and Craig B Thompson. Role of
the CD28 receptor in T-cell activation. Immunology Today, 11:211–216, January 1990.

[8] Jeong-Ryul Hwang, Yeongseon Byeon, Donghwan Kim, and Sung-Gyoo Park. Recent
insights of T cell receptor-mediated signaling pathways for T cell activation and de-
velopment. Experimental & Molecular Medicine, 52(5):750–761, May 2020. Number:
5 Publisher: Nature Publishing Group.

[9] Jinfang Zhu and William E. Paul. CD4 T cells: fates, functions, and faults. Blood,
112(5):1557–1569, September 2008.

[10] Dirk Wohlleber, Hamid Kashkar, Katja Gärtner, Marianne K. Frings, Margarete Oden-
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Alexander Vogel, Ulrike Krettek, Nina Gödecke, Mustafa Yilmaz, Anke R. M. Kraft,
Marius M. Hoeper, Isabell Pink, Julius J. Schmidt, Yang Li, Tobias Welte, Britta
Maecker-Kolhoff, Jörg Martens, Marc Moritz Berger, Corinna Lobenwein, Metodi V.
Stankov, Markus Cornberg, Sascha David, Georg M. N. Behrens, Oliver Witzke, Rainer
Blasczyk, and Britta Eiz-Vesper. COVID-19 immune signatures reveal stable antivi-
ral T cell function despite declining humoral responses. Immunity, 54(2):340–354.e6,
February 2021.

[322] Bo Diao, Chenhui Wang, Yingjun Tan, Xiewan Chen, Ying Liu, Lifen Ning, Li Chen,
Min Li, Yueping Liu, Gang Wang, Zilin Yuan, Zeqing Feng, Yi Zhang, Yuzhang Wu,
and Yongwen Chen. Reduction and Functional Exhaustion of T Cells in Patients With
Coronavirus Disease 2019 (COVID-19). Frontiers in Immunology, 11, 2020.

[323] Guang Chen, Di Wu, Wei Guo, Yong Cao, Da Huang, Hongwu Wang, Tao Wang,
Xiaoyun Zhang, Huilong Chen, Haijing Yu, Xiaoping Zhang, Minxia Zhang, Shiji
Wu, Jianxin Song, Tao Chen, Meifang Han, Shusheng Li, Xiaoping Luo, Jianping
Zhao, and Qin Ning. Clinical and immunological features of severe and moderate
coronavirus disease 2019. The Journal of Clinical Investigation, 130(5):2620–2629,
May 2020. Publisher: American Society for Clinical Investigation.

[324] Daniel M. Altmann and Rosemary J. Boyton. SARS-CoV-2 T cell immunity: Speci-
ficity, function, durability, and role in protection. Science Immunology, 5(49):eabd6160,
July 2020. Publisher: American Association for the Advancement of Science.

[325] Alessandro Napoli, Massimiliano Valentini, Nicola Tirelli, Martin Müller, and Jef-
frey A. Hubbell. Oxidation-responsive polymeric vesicles. Nature Materials, 3(3):183–
189, March 2004. Number: 3 Publisher: Nature Publishing Group.

155



[326] Simona Cerritelli, Conlin P. O’Neil, Diana Velluto, Antonella Fontana, Marc Adrian,
Jacques Dubochet, and Jeffrey A. Hubbell. Aggregation Behavior of Poly(ethylene
glycol-bl-propylene sulfide) Di- and Triblock Copolymers in Aqueous Solution. Lang-
muir, 25(19):11328–11335, October 2009. Publisher: American Chemical Society.

[327] Clara Galan-Navarro, Marcela Rincon-Restrepo, Gert Zimmer, Erica Ollmann Saphire,
Jeffrey A. Hubbell, Sachiko Hirosue, Melody A. Swartz, and Stefan Kunz. Oxidation-
sensitive polymersomes as vaccine nanocarriers enhance humoral responses against
Lassa virus envelope glycoprotein. Virology, 512:161–171, December 2017.

[328] Fatima Amanat, Daniel Stadlbauer, Shirin Strohmeier, Thi H. O. Nguyen, Veronika
Chromikova, Meagan McMahon, Kaijun Jiang, Guha Asthagiri Arunkumar, Denise Ju-
rczyszak, Jose Polanco, Maria Bermudez-Gonzalez, Giulio Kleiner, Teresa Aydillo, Lisa
Miorin, Daniel S. Fierer, Luz Amarilis Lugo, Erna Milunka Kojic, Jonathan Stoever,
Sean T. H. Liu, Charlotte Cunningham-Rundles, Philip L. Felgner, Thomas Moran,
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Natacha Szely, Marc Pallardy, Franck Carbonnel, Sebastian Spindeldreher, Xavier
Mariette, Corinne Miceli-Richard, and Bernard Maillère. Characterization of CD4 T

159



Cell Epitopes of Infliximab and Rituximab Identified from Healthy Donors. Frontiers
in Immunology, 8, 2017.

[366] Anette Karle, Sebastian Spindeldreher, and Frank Kolbinger. Secukinumab, a novel
anti–IL-17A antibody, shows low immunogenicity potential in human in vitro assays
comparable to other marketed biotherapeutics with low clinical immunogenicity. mAbs,
8(3):536–550, April 2016. Publisher: Taylor and Francis Inc.

[367] Jennifer G. Abelin, Dewi Harjanto, Matthew Malloy, Prerna Suri, Tyler Colson,
Scott P. Goulding, Amanda L. Creech, Lia R. Serrano, Gibran Nasir, Yusuf Nasrullah,
Christopher D. McGann, Diana Velez, Ying S. Ting, Asaf Poran, Daniel A. Rothen-
berg, Sagar Chhangawala, Alex Rubinsteyn, Jeff Hammerbacher, Richard B. Gaynor,
Edward F. Fritsch, Joel Greshock, Rob C. Oslund, Dominik Barthelme, Terri A. Ad-
dona, Christina M. Arieta, and Michael S. Rooney. Defining HLA-II Ligand Processing
and Binding Rules with Mass Spectrometry Enhances Cancer Epitope Prediction. Im-
munity, 51(4):766–779.e17, October 2019. Publisher: Cell Press.

[368] Julien Racle, Justine Michaux, Georg Alexander Rockinger, Marion Arnaud, Sara
Bobisse, Chloe Chong, Philippe Guillaume, George Coukos, Alexandre Harari, Camilla
Jandus, Michal Bassani-Sternberg, and David Gfeller. Robust prediction of HLA class
II epitopes by deep motif deconvolution of immunopeptidomes. Nature Biotechnology,
37(11):1283–1286, November 2019. Publisher: Nature Publishing Group.

[369] Kurt Drickamer and Maureen E. Taylor. Recent insights into structures and functions
of C-type lectins in the immune system. Current Opinion in Structural Biology, 34:26–
34, October 2015. Publisher: Elsevier Ltd.

[370] Gordon D. Brown, Janet A. Willment, and Lauren Whitehead. C-type lectins in
immunity and homeostasis. Nature Reviews Immunology, 18(6):374–389, June 2018.
Number: 6 Publisher: Nature Publishing Group.

[371] Anna J. Slezak, Aslan Mansurov, Michal M. Raczy, Kevin Chang, Aaron T. Alpar,
Abigail L. Lauterbach, Rachel P. Wallace, Rachel K. Weathered, Jorge E.G. Medellin,
Claudia Battistella, Laura T. Gray, Tiffany M. Marchell, Suzana Gomes, Melody A.
Swartz, and Jeffrey A. Hubbell. Tumor Cell-Surface Binding of Immune Stimulating
Polymeric Glyco-Adjuvant via Cysteine-Reactive Pyridyl Disulfide Promotes Antitu-
mor Immunity. ACS Central Science, 8(10):1435–1446, October 2022.

[372] Alexander Dobin, Carrie A. Davis, Felix Schlesinger, Jorg Drenkow, Chris Zaleski,
Sonali Jha, Philippe Batut, Mark Chaisson, and Thomas R. Gingeras. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics, 29(1), 2013.

[373] Artem Tarasov, Albert J. Vilella, Edwin Cuppen, Isaac J. Nijman, and Pjotr Prins.
Sambamba: Fast processing of NGS alignment formats. Bioinformatics, 31(12), 2015.

[374] Yang Liao, Gordon K. Smyth, and Wei Shi. The Subread aligner: Fast, accurate and
scalable read mapping by seed-and-vote. Nucleic Acids Research, 41(10), 2013.

160
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