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ABSTRACT

While clinical vaccination has long been used to promote protective adaptive immunity,

clinicians lack similar tools to specifically prevent immune reactions or to induce specific

immunological tolerance. Available medicines, such as glucocorticoids, can suppress inflam-

mation and benefit patient quality of life. However, they are not curative and leave patients

with compromised immune systems, vulnerability to infections, and risk of cancer. There

have long been efforts in pursuit of induction of antigen-specific immunological tolerance,

with efforts including delivery of apoptotic cells or targeting antigen to tolerogenic organs.

We sought to induce antigen-specific immunological tolerance by fusing antigen with effero-

cytic mediators, which facilitate the clearance of dying cells and modulate immunity. We

designed two recombinant proteins with ovalbumin (OVA) as the model antigen: GAS6-

OVA and MFGE8-OVA. We tested their immunomodulatory effects both in vitro and in

vivo. GAS6-OVA and MFGE8-OVA demonstrated preferential binding to phosphatidylser-

ine, a marker of apoptotic cells, and were rapidly taken up by bone-marrow-derived dendritic

cells. GAS6-OVA-pulsed BMDCs presented antigen to OT I and OT II cells, driving robust

proliferation. We also examined GAS6-OVA and MFGE8-OVA using the in vivo OT adop-

tive transfer model of antigen-specific immune responses. GAS6-OVA and MFGE8-OVA

either reduced the number and activity of OVA-specific CD4+ and CD8+ T cells or induced

signs of anergy, a state of unresponsiveness to antigen stimulation. Finally, when examined

in the context of allergic airway inflammation, prophylactic administration of GAS6-OVA

demonstrated benefit in reduction of multiple pathological mediators, including eosinophilia

in the airway, goblet cell metaplasia, and mucus hypersecretion. Directly targeting antigen

to efferocytosis pathways via GAS6 or MFGE8 has demonstrated potential for applications

in cases where antigen-specificity is both feasible and desirable, such as allergies to a known

immunodominant allergen. It is conceivable that this approach could enhance nanoparticle

delivery of antigen or other payloads.
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CHAPTER 1

INTRODUCTION

1.1 Unmet Clinical Need

The immune system’s name stems from immunitas, the Latin word for "freedom from dis-

ease," referring to its most prominent role in protecting us from would-be pathogens.[1–3]

However, the immune system learns not only how to mount effector responses against for-

eign antigens, but also how to tolerate self-associated antigen,[4, 5] commensal microbiota-

associated antigen,[6–8] and harmless environmental antigens. This balance is known as

immunological tolerance, and is of critical importance to health.[9] Breakdowns in this pro-

cess can lead to aberrant inflammation, tissue damage downstream of immune activation,

and autoimmune disease or allergies.[9, 10]

Once such pathologies have begun displaying signs of tissue damage, clinicians are left

with few options to combat further immunopathogenesis.[11, 12] In general, the clinical

standard of care is to use broadly anti-inflammatory drugs, such as corticosteroids or, more

recently, anti-cytokine antibodies. While these medications can slow disease progression in

some cases, they are not without substantial costs, including heightened risks of infection

and cancer. Furthermore, these medications are rarely curative.[13–16] Clinically, there is

substantial unmet need for interventions that drive antigen-specific immunological tolerance

without the side effects of broad immunosuppression. As I explore below, research in antigen-

specific immunological tolerance induction aspires to better understand the immunological

mechanisms underlying this process, and to develop tools for clinicians to address autoim-

mune phenomena in a targeted fashion.[17]
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1.2 Immunological Tolerance

1.2.1 Introduction to Immunological Tolerance

Consideration of immune function typically corresponds to the combined efforts of the adap-

tive and innate compartments of the immune system to mount protective responses against

threatening pathogen.[18] However, the appropriate restriction or total prevention of immune

effector functions can prove paramount to the health of the host.[10] Autoreactivity, or reac-

tivity of the adaptive immune system to autoantigens, can provoke devastating, sometimes

life-threatening autoimmune responses.[18] This can occur because the adaptive compart-

ment maintains the ability to target a vast space of antigens, some of which will be present

endogenously. As such, without prevention of effector reaction to these antigens, autoim-

mune disease is all but inevitable. To prevent this, our immune system induces and main-

tains the phenomenon known as self-tolerance, or tolerance for short, in which the immune

system maintains protective function, but refrains from mounting deleterious reactions to

self-associated antigens.[10, 18] Immunological tolerance has long been known to be critical

for prevention of autoimmune pathologies.[19] Dominant tolerance, in which tolerance is ro-

bust in the face of inflammatory insults, is managed by regulatory cells, which we introduce

here.

1.2.2 Central and Peripheral Tolerance

Tolerance is often differentiated by the site of its induction, leading us to understand central

and peripheral tolerance mechanisms. I discuss both below.

Central Tolerance

Central tolerance develops in the site of cellular maturation. For B cells, this is the bone

marrow. For T cells, this is the thymus.[18] Immature lymphocytes undergo processes of
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positive and negative selection in these organs.

Clonal Deletion The former serves to ensure adaptive receptors have formed appropri-

ately and can signal; the stochastic mechanisms generating these receptors yield many unpro-

ductive results that will fail this selection step. However, many T cells, having formed with

appropriately functioning T cell receptors, will survive this step.[20] Then, negative selection

accounts for the cells which recognize locally expressed autoantigens with high affinity by

causing clonal deletion of these autoreactive cells, thereby preventing their effector functions

from damaging the body in the periphery.[10] This process removes many autoreactive clones

from the repertoire before they engage with and harm tissues in the periphery.[18]

Induction of Natural Regulatory T Cells Natural Tregs, which are induced in the

thymus, play a prominent role in maintenance of immunological tolerance.[21] Treg function

is explored in more depth below.

Peripheral Tolerance

Autoreactive T cells regularly escape the central selection processes of the thymus, some

without becoming natural Tregs. These cells can pose a threat, as they retain the capacity to

mount an inflammatory response to autoantigen.[22, 23] Thankfully, many autoreactive cells

can be eliminated upon antigen exposure in the periphery, preventing them from contributing

to autoimmune pathogenesis.[24, 25]

Central tolerance, while necessary, is insufficient to prevent pathological autoimmune

disease, due to clonal escape of autoreactive clones, absence of certain autoantigens from the

central selection processes, and other factors. As such, other mechanisms have developed to

induce and maintain tolerance, referred to as mechanisms of peripheral tolerance. Induction

of peripheral tolerance comprises various mechanisms including clonal deletion, induction of

anergy, induction of Treg fate, exhaustion, and others that are being discovered.
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Anergy, also known as functional unresponsiveness, was first characterized when T cells

underwent CD3 crosslinking without costimulation.[26–28] Anergy may be induced upon

antigen experience under appropriate conditions.[29–31] As a result, autoreactive clones will

remain in competition for antigen being presented by local APCs, but they remain unable

to mount effector functions such as cytokine secretion and cell lysis, effectively acting as

a competitive inhibitor of the immune response. While anergy is induced upon antigen

experience under tolerogenic conditions,[30, 31] exhaustion is the result of chronic antigenic

stimulation.[32, 33] Exhaustion is canonically associated with cancer or chronic infection that

has persisted over a long enough timescale.[33] Although exhaustion may seem like a defect

in T cell biology, it is known to be important for T cells to survive chronic stimulation.[34]

Though they originate under divergent circumstances, anergy and exhaustion share many

properties, including a general inability of cells to productively respond to antigen experience

with cytokine secretion or cell-cell interactions.[31, 32] Some autoreactive cells, however, will

encounter a different fate and will become dominant regulatory cells (pTregs).[31, 35] Rather

than being eliminated, these cells adopt a phenotype in which they prevent immune effector

functions local to areas in which they encounter their cognate antigen. Nomenclature of

these regulatory cells is partially determined by the time and location at which they adopt

the regulatory fate. When this process occurs in the thymus, the resulting cells are called

natural Tregs (nTregs). When this process occurs in the thymus, the tolerant cells are called

peripheral Tregs (pTregs).[36]

Overall, anergy and exhaustion, though independent and distinct in mechanism,[37] can

be understood as the most passive forms of immunological tolerance. Autoreactive clones

by entering either of these dysfunctional states, are prevented from inducing an autoinflam-

matory response. However, it is well-recognized that anergy or exhaustion can be overcome

under certain circumstances, leading us to understand these mechanisms as passive forms

of tolerance induction.[28, 38] More dominant than either of these, clonal deletion removes
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autoreactive clones from the repertoire altogether.[22] While this eliminates the possibility

that recognized autoreactive clones will regain inflammatory function, clonal deletion does

not prevent autoreactive T cell clones, which may surface later, from re-initiating the au-

toimmune response. Finally, we associate the strongest form of immunological tolerance with

regulatory T cells (Tregs), which I explore below.

1.2.3 Treg Biology and Effector Functions

We have discussed how the adaptive immune system launches immune responses largely co-

ordinated by helper T cells, which become more active when stimulated by MHC-presented

antigen. However, not all antigen experiences drive T cells to become effector T cells. De-

pending on many factors surrounding the nature of antigen detection by T cells, including

binding interactions with TCR and immunomodulatory molecules present at the time of

antigen experience, T cells may meet fates that more strongly facilitate tolerance. For some

cells, this means clonal deletion or induction of anergy, both of which preclude these cells

from mounting inflammatory responses upon antigen encounter. For others, this comprises

the induction of the FoxP3 transcription factor, driving development of a regulatory T helper

cell, or a Treg for short. These cells are remarkably potent in their abilities to stifle adaptive

immune responses in an antigen-specific manner. On one hand, Tregs effectively starve most1

other T cells of IL-2 via expression of the high affinity chain of the IL-2 receptor (IL-2Rα, also

known as CD25).[39] Because IL-2 plays an essential role in T cell proliferation and mount-

ing of effector functions, this alone substantially limits T cell-driven inflammation. Beyond

this, Tregs express cell-bound immunosuppressive proteins and secrete a broad milieu of

anti-inflammatory molecules. Tregs leverage an arsenal of molecular mediators to suppress

inflammation. Membrane-bound proteins, many of which are known as immune checkpoint

1. Proliferating T cells also upregulate this receptor, so they can effectively compete with Tregs for
IL-2. Nevertheless, Tregs can drain the available IL-2 in a way that stunts T cell proliferation and effector
responses.
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receptors, include CTLA-4, PD-1, CD73, TIGIT, and TIM3, which will be explored below.

Coinhibitory and Immunosuppressive Receptors

Cytotoxic T-lymphocyte associated protein 4(CTLA-4) CTLA-4, or cytotoxic T-

lymphocyte-associated protein 4, plays a pivotal role in immune regulation. It achieves this

by employing avidity to effectively outcompete the co-stimulatory receptor CD28 for binding

to its ligands, CD80 and CD86, which are expressed on the surface of antigen-presenting

cells. By doing so, CTLA-4 functions as a critical checkpoint, dampening the activation

and proliferation of T cells.[26] This inhibition of the co-stimulatory signals necessary for

full T cell activation serves as a fundamental mechanism for immune tolerance, preventing

excessive or misguided immune responses that could lead to autoimmunity or other immune-

related pathologies. This is supported by the abundance of immune-related adverse events

associated with CTLA-4 blockade therapy for cancer patients.[40]

PD-1 and PD-L1 PD-1 interfaces with its ligands, PD-L1 and PD-L2, on various cells, in-

cluding antigen-presenting cells and tumor cells. Upon engagement with its cognate ligands,

PD-1 promotes cell death, serving to depotentiate the immune response. PD-1 functions as

an immune checkpoint receptor because it can prevent pathological autoimmune reactions

against the host. This is underscored in the literature by the success of PD-1/PD-L1 block-

ade therapies in cancer immunotherapy, as well as the well-reported risk of’ adverse immune

reactions downstream of this class of treatment.[40, 41]

T cell immunoreceptor with Ig- and ITIM domains (TIGIT) TIGIT is another

member of the family of immunoinhibitory surface receptors expressed on T cells. Similarly

to how CTLA-4 outcompetes CD28 for binding to CD80 and CD86, there is substantial ev-

idence that TIGIT binds CD155 and prevents engagement with CD226. The CD155-CD226

axis promotes immune effector function, so disrupting this interaction serves to suppress
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immunity. Notably, TIGIT can bind CD226 in cis, preventing receptor crosslinking and

productive signaling.[42, 43]

T Cell Immunoglobulin and Mucin-Domain Containing-3 (TIM3) TIM3 is a cru-

cial player in suppressing immune responses, as has been extensively noted in cancer im-

munotherapy research. Its primary role involves inducing exhaustion in chronically stimu-

lated CD8+ T cells, which often co-express PD-1. TIM3’s significance lies in its ability to

dampen immune reactions in situations of prolonged antigen exposure, contributing to the

state of T cell exhaustion. TIM3 helps prevent hyper-inflammatory responses in the context

of persistent antigens, thereby limiting autoimmunity, but also preventing effective immune

responses to chronic infections and tumors.[44]

CD73 and FR4 CD73 and FR4 have been referenced in the literature as markers for dis-

tinguishing anergic CD4+ T cells from other T cells. However, it is crucial to note that these

proteins serve functions that extend beyond mere surface markers and actively contribute

to Treg-mediated immunosuppression. CD73, for instance, functions as an ectonuclease,

catalyzing the enzymatic cleavage of 5’-AMP. This cleavage process results in the produc-

tion of adenosine, a molecule known for its potent anti-inflammatory effects. By converting

5’-AMP into adenosine, CD73 helps dampen inflammation, thus contributing to immuno-

suppressive responses.[45] CD73 has been identified on Treg-released exosomes with PD-1,

further extending the role this enzyme can play in immunosuppression.[46] On the other

hand, FR4 plays a significant role in the uptake of folate and has been demonstrated to play

a role in Treg function and proliferation.[47] Tregs that express both CD73 and FR4 exhibit

particularly robust anti-inflammatory properties, showcasing the synergy of CD73 and FR4

in regulating the immune response and maintaining tissue homeostasis.[45, 48–52] Further-

more, anergic CD4+ T cells often exhibit CD73highFR4high phenotype and can convert to

immunosuppressive Tregs under appropriate conditions.[30, 31]
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Tumor Microenvironment and Immune Checkpoints As supporting evidence of

Tregs’ ability to suppress immune effector function, many tumors which allow immune infil-

tration (i.e. “hot” tumors) promote Treg fate, subverting immune rejection despite contact

between the tumor and immune cells. Such tumors are far more likely to benefit from check-

point inhibition therapies, which inhibit various immunosuppressive molecules, including

some mentioned here. The efficacy of these therapies demonstrates the core immunological

role that these checkpoint receptors can play. At the same time, the lack of universal re-

sponsiveness of patients to such therapies demonstrates that the co-inhibitory receptors are

not fully explanatory of tumor persistence and immune suppression.

Soluble Mediators of Immunosuppression

Interleukin-10 (IL-10) IL-10 is a potent cytokine recognized for undercutting inflam-

matory responses. Many cells secrete IL-10, including Tregs and alternatively activated

macrophages. IL-10 is known to inhibit Th1 and Th17 responses, which are critical for cel-

lular immunity. As such, IL-10 is upregulated in many tumors and prevents tumor rejection.

IL-10-dominated T cell responses downstream of antigen experience support tolerance to

those antigens.[53, 54]

Transforming Growth Factor-beta (TGF-β) TGF-β is a potent growth factor primar-

ily recognized for its role in tissue growth and wound healing. Nevertheless, its functional

scope extends beyond tissue repair. TGF-β, a major secretion of Tregs, possesses the capa-

bility to dampen immune responses and to facilitate tissue healing processes.[55] However,

one must note that the influence of TGF-β is context-dependent. In certain situations,

such as when encountered alongside IL-6, TGF-β can paradoxically support the induction

of Th17 immune responses.[56] Therefore, while TGF-β holds immense immunosuppressive

power, its effectiveness in maintaining tolerance and in suppressing inflammation depends
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on the specific context in which it operates.

Adenosine As described above, adenosine is a cleavage product yielded by CD73 activ-

ity on 5’-AMP, which can be abundant in inflammatory contexts. Adenosine causes an

increase in intracellular levels of cyclic AMP, causing many effects on immune cells. Den-

dritic cells upregulate adenosine receptors upon inflammatory stimulus and their engagement

with adenosine can dampen the inflammatory activities of LPS engagement with TLR4 as

well as downregulating antigen presentation.[48] Adenosine is also known to cause vari-

ous effects in adaptive immune cells, including inhibition of cellular proliferation in B and

T cells.[45, 50, 51] Notably, adenosine signaling is particularly potent in hypoxic environ-

ments, making it especislly relevant to prevention of immune effector function in wounds

and tumors.[48]

IL-2 Depletion Tregs express CD25, which results in the high-affinity and rapid uptake

of IL-2 from the extracellular space. As such, they compete with other T cells for vital

resources needed to mount effector responses and to rapidly proliferate. In this way, Tregs

act as an IL-2 sink and prevent immune responses local to their recognized antigen.[57]

1.2.4 Prophylactic and Therapeutic Contexts of Tolerance

While central tolerance and peripheral tolerance differ in terms of where they were induced,

the prophylactic and therapeutic contexts of tolerance differ in terms of the timing of their

induction relative to antigen experience.

Prophylactic tolerance induction occurs before pathological immune reactivity develops

and causes tissue damage and primarily concerns shaping the future behaviors of antigen-

inexperienced (naive) cells. Prophylactic tolerance can be of interest in cases where risk

factors (e.g. genetics) give clear indication that disease will manifest. Prophylactic tolerance
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is considered more straightforward to induce because it is unopposed by ongoing antigen-

specific inflammation.

Therapeutic tolerance induction entails that immunity has already been licensed and

has perhaps caused some level of tissue destruction. Effector cells have been licensed and

their programmed responses to antigen must be overcome. Because the immune system

is finely attuned to sense patterns associated with danger and to respond to them, the

therapeutic context of tolerance induction is typically regarded as more difficult to achieve.

Ongoing signs of damage local to a given antigen can affirm the continuation of immune

function, despite its detrimental effects on the host. However, in clinically relevant cases of

autoimmune disorders, immunopathology precedes the development of symptoms, so patients

often remain unaware of their condition until immune effector functions have already been

licensed and are ongoing.[58] As such, achieving antigen-specific tolerance induction in the

therapeutic context can be considered much more valuable in the clinic.[59, 60] Of course,

exceptions exist: there can be major risk factors that promote patient knowledge of likelihood

to develop disease (with examples including Type I diabetes and celiac disease, where genetic

screens and analysis of family history can be quite informative). Patients at risk of suffering

from these ailments may greatly benefit even from prophylactic treatments, if they have the

fortune and foresight to access them.

1.3 Efferocytosis

1.3.1 Forms and Processes of Cell Death

Billions of cells in our bodies undergo programmed cell death daily, a process often balanced

by the generation of new cells.[24] Multicellular organisms must maintain this equilibrium

through various mechanisms, including regulated death and proactive clearance of debris.[61]

Cell death can manifest in diverse ways, some of which I explore below.
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Necrosis is a form of cell death that occurs when a cell abruptly fails to meet its metabolic

or structural requirements to survive, arising from insults like mechanical forces disrupting

the cell membrane, exposure to intense heat, or cell lysis following viral replication.[62–

64] Necrotic cell death releases numerous intracellular components into the extracellular

space, many of which act as damage-associated molecular patterns (DAMPs), triggering the

immune system via Toll-like receptors and others.[64, 65] This leads to inflammation and

robust immune responses, which are crucial for host defense against pathogens that induce

necrotic cell death.[65–68] Inflammation also precedes wound healing, and its resolution

triggers mechanisms relevant to tissue repair.[24, 69]

Apoptosis has long been recognized as a form of programmed cell death, in which cells

activate mechanisms for their own demise.[70, 71] Paradoxically, apoptosis is essential for

maintaining the health of multicellular organisms.[24, 68] It plays a pivotal role in growth,

tissue maintenance, and eliminating older cells to make way for new ones.[61, 72, 73] Apop-

tosis also serves antiviral and antitumor functions, as cells displaying signs of viral infection

or tumorigenesis can undergo apoptosis to halt the threat.[68] An estimated 10 billion cells

undergo apoptosis daily, with few detectable in a typical, healthy host due to constant clear-

ance through various efferocytic mechanisms.[24, 68] Beyond necrosis and apoptosis, various

other forms of cell death have been characterized, including pyroptosis (associated with fever

induction) and ferroptosis (resulting from excess iron).[74] These forms of cell death differ in

nuanced ways regarding the release or containment of intracellular cargo and the subsequent

immune response.[74, 75]

1.3.2 Introduction to Efferocytosis

To understand the vital importance of efferocytosis in maintaining immunological tolerance

to self, one must look no further than the rapid kinetics of the process,[72] the myriad
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mechanisms in place to maintain the process,[73, 76] and the evidence of maladies arising in

the event of these mechanisms’ absence or inefficacy. Efferocytosis helps to slow the immune

response and is invoked in various physiological and pathological conditions. I discuss various

facets of this process below.

Natural brake on the immune response

Many mechanisms help assure the maintenance of immunological tolerance. While we have

discussed central tolerance mechanisms above, peripheral tolerance mechanisms are also at

play. Because of its role in dampening and resolving inflammation, efferocytosis is often con-

sidered one of the natural brakes on the immune response.[77, 78] Efferocytosis, a derivative

of the Latin effere—, “to bring to the grave,” is the process by which the body rapidly and

continuously clears dying cells.[24, 68, 79] This process tends to catch cells in early stages of

apoptosis, before degradation of cell membrane integrity, conferring the immediate benefit of

containing internal cellular components. Many such cellular components, such as ATP and

DNA, can prime immune responses, potentially provoking autoimmunity.[80, 81] Prevention

of the release of these components from the cell is crucial for homeostasis.[79, 82]

Meanwhile, even in the context of a healthy host, cells are constantly dying, primarily via

apoptosis, a form of programmed cell death.[24, 68] For the most part, apoptotic cell death

is a normal part of cellular turnover in a healthy body.[79] Despite the abundance of cells

undergoing this process, vanishingly few are detectable at equilibrium, in no small part due

to the ubiquitous and rapid process of efferocytosis.[24, 83] In the context of inflammation,

efferocytic machinery is upregulated on phagocytes.[84] Activation of efferocytic signaling

pathways blocks further inflammatory signaling, including cytokine signaling, and helps the

immune system pivot to regenerative programs via release of pro-resolving factors,[69] among

other mechanisms.
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The Role of Efferocytosis in Cell Death

Efferocytosis plays a pivotal role in the regulation of cell death and its impact on multicellular

organisms.[24, 71] While this initiation of inflammation can be beneficial in terms of mounting

immune responses against invading pathogens and facilitating wound healing, it also carries

inherent risks. Excessive inflammation resulting from the release of intracellular DAMPs can

promote autoimmune responses, as these inflammatory mediators can serve as adjuvants for

autoantigens.[85, 86] The prevention of abnormal inflammation, especially in the context of

self-antigens, is crucial for maintaining host health and immune equilibrium.[24]

For example, there is evidence that impaired efferocytosis leads to antinuclear antibody

(ANA) responses, which are a hallmark feature of many autoimmune diseases.[87, 88] ANA

form immune complexes, which quickly aggregate and cause renal pathology.[89] Mice that

are deficient in MFGE8 rapidly develop ANA.[90, 91] Similar autoantibody responses develop

upon inhibition of other efferocytic machinery, including a triple knockout of Tyro3, Axl,

and MerTK (the TAM receptors),[92–95] or even a single knockout of MerTK.[92, 95–97]

Views on efferocytosis

Efferocytosis is mainly driven by macrophages or DCs, which are well-specialized phago-

cytes. While other cells can perform efferocytosis, macrophages and DCs performing effero-

cytosis are known as professional efferocytes. Of these, macrophages are especially capable

of performing efferocytosis in rapid succession. There is ample debate in the field regarding

efferocytosis. Primarily, the field agrees regarding the function of efferocytosis as a mech-

anism preventing leakage of inflammatory agents and autoantigens from the intracellular

compartment.[24, 95, 98] We can all appreciate the magic of efferocytes’ ability to consume

entire other cells, sometimes serially, while maintaining vital functions. The differences of

interpretation concern what occurs downstream of phagocytosis of dying cells by efferocytes.

I explore competing models and propose the central hypothesis of this work below.
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Passive Role Some groups have proposed that efferocytosis is immunologically silent.[99,

100] Through this lens, efferocytosis is thought to be a type of debris clearance, prevent-

ing immunogenicity upon routine cell death. As we have discussed, when apoptotic cells

are not promptly cleared,[85] secondary necrosis and other downstream consequences are

abundant.[80, 81] This process is valuable, though limited in the forms of tolerance that can

be induced.

More Active Role Other immunologists have demonstrated more active roles for effe-

rocytosis beyond (but always including) debris clearance. Efferocytes are liable to secrete

anti-inflammatory factors,[69, 101] including IL-10 and TGF-β,[102] to skew metabolism to-

wards M2 type metabolism,[103] and to express cell surface receptors that serve co-inhibitory

functions, all undercutting immune processes occurring local to the cell death.[102, 104] Ef-

ferocytes are thereby hypothesized to modulate the immune microenvironment, as well as to

remove autoantigen before it is presented in an immune-licensing context.

Most Active Role Other groups take this model a step further, proposing that effero-

cytosis, in addition to aforementioned functions, plays an active role in shaping adaptive

immunity by modulating antigen presentation.[24, 95, 98] In this model, efferocytes may

present apoptotic cell-associated antigens in such a way that invokes mechanisms of periph-

eral tolerance induction, including induction of Treg fate, anergy in naive cells, exhaustion

in antigen-experienced cells, and clonal deletion. In sharp contrast to the passive proposed

nature of efferocytosis as a silent process of debris clearance, which prevents activation of the

adaptive immune system temporarily,[85] this model positions efferocytosis as a dominant

mechanism, recycling apoptotic debris as antigen education material for active induction and

maintenance of immunological self-tolerance.[24, 95, 98]

14



Efferocytosis in Cancer We can also look to cancer for evidence that efferocytosis plays

critical immunological roles. It has been noted that GAS6, MFGE8, and other proteins

related to efferocytosis are upregulated in several cancers, modulating the tumor immune

microenvironment and correlating with worse patient prognosis.[105–108] For example, ef-

ferocytosis driven by MerTK signaling modulated macrophage phenotype and shaped a

cancer-friendly microenvironment.[109] As such, these proteins have been identified as po-

tential therapeutic targets.[105–109] These observations likely support efferocytosis as being

sufficiently immunmodulatory that cancers exploit it.

Core Hypothesis At the core of this work lies the core hypothesis that efferocytosis plays

an active role in shaping immunity and immunological tolerance. I describe design creation

and validations processes are described later. To accomplish this, we set out to design

molecules that would traffic antigen to efferocytic pathways as a novel modality

of immunomodulatory therapy. In particular, we utilized sequences for GAS6 and

MFGE8, two soluble bridge proteins, as efferocytic mediators and ovalbumin as a model

antigen.

1.3.3 Biology of GAS6 and MFGE8

Efferocytosis plays a pivotal role in the maintenance of self-tolerance and the prevention

of autoimmunity. Supporting evidence includes the myriad members of the efferocytic

process,[24, 110, 111] as well as the deleterious consequences of genetic knockouts of ef-

ferocytic machinery, which we will explore below. Because this dissertation work aimed to

develop a potential therapeutic, we focused on the components of this tolerance induction

mechanism that lent themselves to in vitro production and, eventually, injection for assess-

ment of therapeutic potential. Cell membrane-bound proteins have proven more difficult

to produce in vitro, to purify, and even to deliver, so we pursued investigation of soluble
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proteins involved in the process. GAS6 and MFGE8 quickly arose as promising candidates.

Their properties will be explored below.

Both GAS6 and MFGE8 function as soluble bridge proteins or opsonins, meaning they

each possess specialized terminal domains to bring their targets together in a controlled and

specific fashion.[112, 113] Each of these endogenous proteins contains a terminal domain

which binds phosphatidylserine (PS) on the outer membrane leaflet of cells that are dead

or dying.[71, 90, 114] This interaction is calcium-dependent and highly specific.[115, 116]

Opposite these domains, each protein contains a terminal domain to engage their target

receptors.[90, 116] These interactions each involve multiple receptors, depending on their

context. These cognate receptors reside on antigen-presenting cells, sensing the presence of

apoptotic cells and debris in their immediate microenvironment and stimulating phagocyto-

sis. Both GAS6 and MFGE8 promote the rapid identification and clearance of debris.[68, 111]

Stimulation of their cognate receptors leads to signaling cascades and modulates local im-

mune responses.

GAS6, discovered in the early 1990s,[117] interacts not with integrins, but with a family

of receptor tyrosine kinases: Tyro3,[118] Axl,[119, 120] and MerTK,[121] also known as

the TAM receptors.[24, 114, 116, 121] Efferocytic macrophages secrete GAS6 and sense

its binding to apoptotic cells primarily via MerTK,[122] activation of which is sufficient to

induce efferocytosis.[95, 98] The TAM receptors exhibit nuanced roles in cellular responses

to GAS6-driven signaling, demonstrating a pleiotropic role for GAS6 in cancer, infection,

and autoimmunity.[108, 116, 119, 123]

Somewhat analogous to Protein S, GAS6 possesses sex hormone binding globulin do-

mains on the C-terminus, that engage with and activate its cognate receptors.[98, 114, 118]

On the N-terminus, GAS6 also utilizes a Vitamin-K-dependent, γ-carboxylated Gla domain

to bind PS in a specific and calcium-dependent manner.[97, 114, 117] γ-carboxylation is a
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post-translational modification facilitated by intracellular Vitamin K, which acts as a cofac-

tor to VKOR activity in cells. This leads to the addition of a carboxyl group on the γ-carbon

of the glutamic acid being modified, resulting in a γ-carboxyglutamate residue. Various pro-

teins are known to depend on such modifications for appropriate function, including factors

VII, IX, and X; prothrombin; proteins C, S, and Z; and GAS-6.[114, 124, 125] With such

modifications, these proteins have the ability to complex with calcium ions. Without such

modifications, the Gla domain remains disordered, lackin affinity to calcium or the membrane

phospholipids.[126] Because many aforementioned Vitamin K-dependent proteins are criti-

cal to the coagulation cascade, interruption of the Vitamin K γ-carboxylation process can

prove fatal. Warfarin, a common anti-rodent pesticide,2 works by inhibiting γ-carboxylation,

leading to hemophilia.[128]

MFGE8, also known as lactadherin, was discovered in 1990. MFGE8 was first character-

ized as a protein component of breast milk and has many recognized biological functions,

including as an embryonic development factor and as an efferocytic mediator.[129] On the

C-terminus, it contains C1 and C2 domains to mediate binding to PS. On the N-terminus,

MFGE8 possesses an integrin-binding RGD motif within a domain that engages with αvβ3

and αvβ5 integrin heterodimers.[116] This interaction is sufficient to stimulate Rac phospho-

rylation and drive phagocytosis of PS-exposing debris.[130, 131] Many downstream cellular

actions have been connected to this interaction, including secretion of IL-10, downregulation

of inflammatory cytokines, and upregulation of receptors like TAMs.[84, 131] Furthermore,

activation of this signaling circuit can skew the metabolism of the sensing cell towards M2

metabolism. In turn, this facilitates serial efferocytosis, which depends on arginase enzymes,

among other metabolic machinery.[132–134]

2. Warfarin has also found use as an anticoagulant.[127] The dose makes the poison.
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1.4 Other Approaches to Generate Tolerance

Various other approaches have been explored for the induction of antigen-specific immuno-

logical tolerance, including antigen immunotherapy, delivery of apoptotic cells, decoration of

PS-liposomes with antigen, and many more. I discuss some below.

Antigen immunotherapy

Many researchers have pursued various forms of antigen immunotherapy as a potential

modality by which we can induce antigen-specific immunological tolerance. Multiple forms of

therapy have been described, including oral immunotherapy, epicutaneous immunotherapy,

and sublingual immunotherapy.[135–138] In all of these therapies, patients are exposed to

gradually increasing amounts of antigenic material with the goal of developing clinical non-

responsiveness to antigen encounter.[139, 140] Mechanistically, this is understood to cause

an increase in allergen-specific IgA and IgG4, as well as a concurrent decrease in allergen-

specific IgE.[140] While promising that some patients can achieve clinical non-responsiveness

via these antigen immunotherapies, there is much to be desired. These approaches remain

somewhat controversial, as efficacy is limited and risk of immune-related adverse events is

non-negligible.[138] Patients can experience dangerous reactions to allergen exposures over

the course of antigen immunotherapy, and cessation of treatment is associated with increased

risk of hyper-responsiveness. Very few patients respond to immunotherapy with clinically-

desirable sustained unresponsiveness, and the search continues for biomarkers that may

identify patients who are more likely to respond to therapy.

Delivery of Apoptotic Cells

Others in the field have demonstrated immunomodulatory effects when delivering apoptotic

cells, with or without antigen incorporated.[29, 141–143] In particular, this approach has
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found utility in the domain of organ transplantation.

Apoptotic cells have been infused to ameliorate post-transplant complications, including

organ rejection and inflammatory syndromes.[144, 145] It has been noted that many consid-

erations must be taken in delivering this infusion. For example, one must avoid delivering too

many apoptotic cells, as apoptotic cells that go uncleared “may then be allowed to progress

to late-stage apoptosis or even secondary necrosis, and consequently induce inflammation

instead of tolerance.”[145] As of 2021, definition of guidelines or criteria for inclusion of this

regimen in transplant proceedings has eluded consensus.[145, 146]

Encapsulation of Antigen in PS-Decorated Carriers

Similarly inspired approaches have sought to encapsulate antigenic cargo in PS-displaying

carriers, such as liposomes, to induce tolerance.[142, 143, 145] These liposomes display mul-

tiple advantages over other approaches. For instance, compared to cell-based therapies,

liposome approaches are cheaper, more scalable, more likely to be available off the shelf

(rather than personalized) and more uniform/controllable in their manufacture than autol-

ogous cells. Furthermore, liposomes can shield the antigen internally, preventing off-target

uptake by phagocytes and limiting development of humoral responses.[147, 148] While such

approaches leverage the propensity of efferocytosis to phagocytose and process anything

decorated with PS, they have limitations, including limited shelf life and challenging ster-

ilization requirements.[149] Also, these approaches depend on efferocytic functions working

appropriately to clear PS-laden debris without intervention. This stands in contrast to the

active induction of efferocytic signaling induced by protein-based approaches.

Polymeric glycosylation targeting to liver

Previous work in the lab has leveraged the propensity of the liver to take up cellular debris

tagged with molecular markers of self, including various glycosylations.[150] To target this,
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D. Scott Wilson and others developed polymer chemistry that incorporated several mannose

groups, leading to active uptake by mannose-receptor-expressing cells, which are abundant

in the liver.[151] Wilson et al. demonstrated that decoration with mannose-containing poly-

mer led to accumulation of payload antigen into the liver. This intervention has been shown

to lead to downstream antigen-specific immunological tolerance, comprising abortive prolif-

eration of would-be effector lymphocytes, a passive form of tolerance, as well as induction

of antigen-specific Tregs, a more dominant form of tolerance.[152–156] Notably, some of

these effects have been attributed to glycan shielding, which prevents humoral recognition

of antigen. This effect is analogous to the stealth effect mentioned in discussion above about

liposome-encapsulated antigen delivery.

Targeting Dying Red Blood Cells

Other work in Hubbell lab by Kristen Lorentz, Elyse Watkins and Stephan Kontos has

focused on targeting red blood cells (RBCs) for antigen delivery.[157–159] Antigen targeted

to red blood cells such that it is cleared by splenic red pulp macrophages as RBCs reach

the end of their life. Antigen delivery in this manner induced dysfunction in antigen-specific

T cells.[159] In this style of tolerance induction, RBCs are utilized as gradually scheduled

actuators of efferocytosis, such that antigen anchored to their surface is effectively destined

for tolerogenic clearance processes in the spleen. However, in contrast to the liposomal or

glycopolymer approaches described above, this approach relies on administration of antigen

which will circulate for several weeks.[159] As such, this approach is less suited to combat

existing immunological responses, in which the humoral response would likely clear and

perhaps present the RBC-targeted antigen.
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Targeting Efferocytic Pathways Directly

Other inquiries in the lab have included whether we can target efferocytic pathways directly,

perhaps with more control over or efficiency in the delivery of antigen to the immune system in

a tolerogenic manner. Initiated by Alizee Grimm and Andrew Tremain, this project sought to

target the MFGE8 pathway of efferocytosis.[157] This approach, developed throughout this

dissertation, differs in kinetics from the RBC-targeting approach. The RBC-targeted antigen

undergoes efferocytosis gradually, as RBCs die day by day. In contrast, the antigen bound to

efferocytic mediators is expected to clear quite rapidly, hitchhiking along the constant churn

of apoptotic cellular turnover.[24] As such, any induction of tolerance may be correspondingly

faster and the dosing might vary considerably.

1.5 Rationale for Directly Targeting Efferocytosis

For multiple reasons, we were motivated to pursue the attachment of antigen to GAS6

or MFGE8 as novel avenues for inducing antigen-specific immunological tolerance. Be-

cause these molecules target efferocytosis, which occurs ubiquitously and all but constantly

throughout the body, the molecules are likely to be taken up very quickly upon admin-

istration. Furthermore, the delivered biological material is precisely purified and well-

characterized, with the final product being a relatively high-purity protein monomer. We

have discussed abundant evidence that efferocytosis is necessary for induction of periph-

eral self-tolerance and demonstrates the capacity to modulate immune reactions.[87–97]

Loss of GAS6, TAM receptor activity, or MFGE8 has been implicated in many patholo-

gies, including allergic asthma in humans and experimental autoimmune encephalomyelitis

in mice.[110, 160–163] As such, we have great confidence that these pathways are crucial for

induction and maintenance of peripheral tolerance.

Overall, we sought to investigate novel avenues for induction of immunological tolerance.

With this work, we hope to demonstrate proof of concept that biologics can be made to
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modulate the immune system in clinically relevant ways, such as towards tolerogenic antigen

processing. While other approaches depend on functional efferocytic machinery, efferocytic

mediators delivered directly have the potential to facilitate efferocytosis locally to where the

antigen is taken up. Furthermore, we sought to probe the immunological effects of traf-

ficking antigen to efferocytic pathways, particularly on immune responses to later antigenic

challenges.
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CHAPTER 2

DESIGN, PRODUCTION, PURIFICATION, AND

CHARACTERIZATION OF EFFEROCYTIC MEDIATORS

FUSED WITH ANTIGEN

2.1 Introduction

2.1.1 OVA and the OT Transgenic System

Throughout this work, I leverage ovalbumin (OVA) as a model antigen. OVA is a protein

analogous to albumin present in chicken egg whites, and laboratory strains of mice lack

prior exposure to this antigen. It also has some favorable properties promoting its use as

a model antigen. For example, OVA is fairly soluble, lacks enzymatic activity, and has

well-explored and defined CD4+ T cell, CD8+ T cell, and B cell epitopes on the H2-KDb

background.[164, 165]

Transgenic strains of mice have also been developed to work with OVA as a model anti-

gen. Abbreviated as OT I (C57BL/6-Tg(TcraTcrb)1100Mjb/J) and

OT II (B6.Cg-Tg(TcraTcrb)425Cbn/J), which respectively harbor transgenic CD8+ and

CD4+ T cells, these mouse strains from Jackson Laboratories have modified T cells that

exclusively express the Vα2 and Vβ5 chains of the T cell receptor, conferring specificity to

OVA antigen. For CD8+ OT I cells, this is SIINFEKL peptide (OVA257−264), presented on

MHC I.[166, 167] For CD4+ OT II cells, the immunodominant OVA epitope is ISQ peptide

(OVA323−339) presented on MHC II.[168]

Our lab has crossbred these mice with mice transgenic for the congenic mark CD45.1+,

an allele of CD45 which can be distinguished from the CD45.2 allele with antibodies. Fur-

thermore, inclusion of CD45.1 facilitates identification of OT cells via surface staining and

analysis by flow cytometry.[169] Because mice resulting from this genetic cross harbor OT I
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or OT II T cells displaying CD45.1, their T cells can be isolated for use in adoptive trans-

fer experiments,[167] which comprise isolation of splenocytes from transgenic mice, negative

magnetic sorting of OT I and OT II cells (isolating CD8+ and CD4+ T cells, respectively),

and intravenous transfer of the isolated cells to naive B6 mice. These protocols will be

discussed more in Section 3.2.1.

2.1.2 Protein Properties of Interest

When mathematically modeling the interactions between proteins, we aim to simplify the

concentration- and time-dependent interactions between protein and ligand to quantifiable

properties that can be used to approximate behavior in more complex scenarios. In this

dissertation, I estimate affinity, seeking to validate specific association of GAS6-OVA and

MFGE8-OVA with PS-bearing liposomes.

Affinity describes the balance between complex and component abundances when equilib-

rium has been reached. Equilibrium comprises the state of the system at which total relative

abundances of complexes and their components are stable over time; conversion between

complex and components is ongoing, but at equivalent rates. Kinetic constants of associa-

tion and dissociation quantify the rates at which complexes form from components, and that

components separate from formed complexes (association and dissociation, respectively).

Mathematical Modeling of Protein Binding

We are interested in describing affinity and kinetics of protein interactions. These properties

of interest can be modeled by the equations:

RL
KD

L + R (2.1a)
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RL
kd

ka

L + R (2.1b)

In both equations, L represents the ligand, R represents the receptor, and RL represents

the concentration of formed complex. Equations 2.1a and 2.1b are equivalent, but focus on

different properties of protein binding. Equation 2.1a describes the equilibrium constant of

dissociation, KD, relating the relative abundance of the products to the reactant. Equation

2.1b describes the forward and reverse reaction kinetic constants, which describe how quickly

equilibrium is approached over time given the current state of the system. At equilibrium,

Equations 2.1a and 2.1b are equivalent, yielding the relationship:

KD =
kd
ka

(2.2)

Monovalent (1:1 Binding) Model The simplest model of protein binding interactions

assumes monovalency of the receptor and the ligand, resulting in 1:1 binding stoichiometry

and an absence of avidity effect. Solving differential equations derived from Equations 2.1a

through 2.2, binding model parameters ka, kd, and KD can be approximated to fit observed

data, estimating the properties of receptor-ligand interactions.

Bivalent (2:1 Binding) Model However, not all protein-protein interactions take place

with 1:1 stoichiometry. Many models have been described for modeling other interactions

that occur between proteins, including the bivalent model. This model assumes receptors

have two equivalent ligand-binding domains that can bind separately. To assess these types

of interactions, we must elaborate on previous equations.

RL2
KD1

RL + L
KD2

R + L + L (2.3a)

RL2
kd1

ka1
RL + L

kd2

ka2
R + L + L (2.3b)
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Similarly to above, solving Equations 2.3a and 2.3b assuming equilibrium has been

reached results in the following relationships:

KD1
=

kd1
ka1

(2.4a)

KD2
=

kd2
ka2

(2.4b)

Fitting parameters of this model to recapitulate observations of protein interaction over

time can estimate KD1
, KD2

, kd1 , ka1 , kd2 , and ka2 for a given receptor-ligand pair. The

most commonly recognized form of protein interaction that follows the bivalent model of

protein interactions is that of an antibody, given its identical antigen-binding fragments.

2.1.3 Assessment of Protein-Phospholipid Interaction Binding and Kinetics

Surface plasmon resonance (SPR) is one of myriad methods used by scientists to investigate

protein-protein interactions in the laboratory. The standard SPR system comprises a sensor

chip with a two-sided gold nanolayer. On one side of the gold nanolayer, reactions can be per-

formed to yield a surface of desirable material properties, including decoration with a ligand

of interest or a control surface. A laser can be shone onto the other side of the gold nanolayer

and reflected to a detector in the SPR machine. The resonance of the laser as detected by

the machine directly correlates with the amount of mass bound within ∼10 nanometers of

the functionalized side of the chip.This allows us to examine the time-dependent behavior

of the interaction between protein analytes and their ligands. Unlike other conventional as-

sessments of protein-protein interaction, such as enzyme-linked immunosorbent assay, which

allow affinity determination of a protein-protein interaction, SPR allows assessment of both

affinity and kinetics.

Care must be taken when functionalizing chip surfaces to account for potential avidity

effects, which can inflate the observed affinity. In the case of binding protein ligands to the
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chip surface, avidity effects can be mitigated by lowering coating density on the surface,

such that ligands are too far apart for a single analyte to simultaneously interact with. In

the context of liposome-functionalized surfaces, where the active groups of interest are often

phospholipid heads (as in this work) or membrane-bound proteins, avidity can be mitigated

by reducing the density of functional groups within the liposome formulation.

In this work, we utilized a Biacore X100 (Cytiva) to perform SPR analyses on MFGE8,

MFGE8-OVA, GAS6, and GAS6-OVA. We used an L1 sensor chip, which has a gold nanofilm

coated with dextran molecules and subsequently modified with alkyl chains. The resulting

surface exhibits lipophilic properties and captures liposomes flown over the chip surface.[170]

2.1.4 Column Chromatography of Proteins

Column purification has long been a method of separating molecules based on differences

in their physical, chemical, and biological properties. Columns are formulated in such a

way that a certain property will lead to separation. Properties by which we can separate

proteins include affinity of interaction with a given ligand, molecule size, and molecular

charge, which will be explored below in sections on affinity chromatography, size exchange

chromatography, and anion exchange chromatography, respectively. Columns can be made

from various materials, such as Sepharose, the material used to pack all columns used in this

dissertation. Generally, across all these methods, columns are equilibrated with a running

buffer, optimized to minimize nonspecific interactions between sample molecules and the

column medium. Sample is loaded onto the column and then eluted with eluent buffers of

various types. Molecules elute from the column outlet at different times, and subsets of

this eluate, collected as fractions, can be captured and studied using various methods (see

Section 2.2.5 for methods relevant to analysis of protein purification).
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Affinity Chromatography

Affinity column chromatography comprises separating molecules by their affinity to a given

ligand. Affinity chromatography columns have been modified with either chemical binding

or physical immobilization of a ligand to the column packing material. The column choice is

determined by the material to be purified. Many options exist to be utilized. For example,

histidine amino acid residues have the useful property of significant affinity to nickel ions. As

such, protein engineers have found that 6x histidine tags (HisTags) can easily be incorporated

into recombinant fusion protein designs and be leveraged for affinity purification. HisTags,

being polyvalent in nature, benefit from the avidity effect, which confers enhanced effective

affinity for nickel ions. As such, incorporating HisTags into recombinant proteins confers

substantial affinity to nickel ions.

Size Exchange Chromatography

Size exchange chromatography separates molecules on the basis of their hydrodynamic radius,

which generally correlates with size for proteins. To achieve this, the column is packed

with beads of a certain size that have small pores and sample is flowed slowly over the

column. Proteins that are too large to diffuse through the beads’ pores traverse the column

more rapidly, eluting first, whereas molecules that are small enough to diffuse into the

pores elute from the column later. We employed size exchange chromatography on purified

eluates from His affinity purification to remove many or all contaminating proteins that may

have associated with the recombinant protein in earlier production and purification steps.

Furthermore, size exchange chromatography allows for assessment of purity of the molecular

species being isolated. While separation is often imperfect, monomers and dimers of proteins

tend to flow separately over the column, allowing estimation of relative abundance of these

different species. Furthermore, aggregates are removed by this process, as they elute long

before proteins in the size range of interest.
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Anion Exchange Chromatography

Anion exchange chromatography separates materials on the basis of the strength of their

binding to a cationic packing material. More anionic materials bind the column more

strongly, while more cationic (i.e. less anionic) materials are eluted more easily. High

concentrations of salts can outcompete proteins for interactions with the column substrate,

making salt suitable for incorporation into bulk elution buffer. Similarly, running buffer

for anion exchange chromatography purification typically contains very low concentration of

salt. Running buffer pH is determined by the isoelectric point (pI) of the protein of inter-

est. When pHbuffer < pI, solvent protonates the protein, increasing its charge and reducing

retention in the anion exchange column. Conversely, pHbuffer > pI drives the solvent to

deprotonate the protein, decreasing its charge and increasing retention in the column.

29



2.2 Materials and Methods

2.2.1 Design of Recombinant Fusion Proteins

We were motivated to create recombinant fusion proteins comprising antigen and GAS6 or

MFGE8. To accomplish this, we utilized several established engineering tools. To start, we

elected to use the pSecTag2A plasmid backbone which confers resistance to ampicillin. This

facilitates antibiotic selection protocols we often use in lab. Furthermore, because pSecTag2A

is a high copy number plasmid, it will likely produce efficiently in the competent DH5-α e.

coli cells we use.

For MFGE8-OVA, we incorporated the IgK leader sequence, as this is a well-established

secretion signal. Incorporation of IgK leads to efficient secretion of the recombinant protein

in the in vitro production system. However, in the case of GAS6-OVA, we forewent the

IgK leader sequence and instead utilized the native GAS6 leader sequence. Further litera-

ture search revealed that this post-translational modification is coordinated by the leader

sequences of γ-carboxylated proteins.[171]

We experimented with placing the efferocytic mediators on the N- or C- termini of the

plasmids. Both MFGE8-OVA and GAS6-OVA (N-terminal designs) successfully produced

in the HEK transfection system, while OVA-MFGE8 and OVA-GAS6 (C-terminal designs)

failed to produce. As such, we continued with efferocytic mediators on the N-terminus of the

designs, placing OVA and the His tag on the C-terminus. Between antigen and efferocytic

mediator, we utilized the established motif of Gly4Ser peptides as flexible linkers, as these

linkers allow proteins to move somewhat freely in the vicinity of one another.[172] Plasmid

designs are depicted in Fig. 2.1.

2.2.2 Prediction of Protein Structures with AlphaFold2

We utilized ColabFold to predict folded protein structures of our recombinant protein designs.[173]
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4000300020001000

G4S linker
T7 promoter

native GAS6 leader sequence G4Sx3 linker

OVAGAS6

8xHis

300020001000

G4S linker
T7 promoter

IgK leader sequence G4Sx3 linker

OVAMFGE8
8xHis

GAS6-OVA with native leader sequence on pSecTag2A
8273 bp

MFGE8-OVA with IgΚ leader sequence on pSecTag2A
7663 bp

A.

B.

Figure 2.1: Plasmid maps for GAS6-OVA and MFGE8-OVA. In (A), we show
the plasmid map for GAS6-OVA. Following the T7 promoter, the design includes the full
wild-type sequence of GAS6, including the native leader sequence. Then, after a (G4S)3
linker, the full sequence of OVA is included. The design terminates with a G4S linker, a His8
tag, and a stop codon. In (B), we show the plasmid map for MFGE8-OVA. After the T7
promoter, the construct starts with the IgK leader sequence, followed by the full wild-type
sequence of MFGE8, excluding its native leader sequence. Then, we include a (G4S)3 linker
and the full sequence of OVA. The design ends with a G4S linker, a His8 tag, and a stop
codon. Numbers above the two black bars represent base pair coordinates in the plasmid
map. These maps were prepared with Snapgene.
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2.2.3 Protein Production

Cell Culture for Protein Production

Human embryonic kidney 293 (HEK293) cells were cultured according to ATCC pro-

tocols in fresh FreeStyle 293 Expression Medium with Glutamax (FreeStyle, Gibco

#12338-026). In brief, every 2-3 days, cells were passaged at a 5x dilution (1 part cell culture

to 4 parts fresh medium). Cells were counted using Trypan Blue (HyClone #SV30084.01)

on a hemocytometer or acridine orange propidium iodide stain (Logos #F23001) using

a Luna cell counter. Cells were maintained at a density between 0.3 ∗106 live cells
mL and 2.0

∗106 live cells
mL in shaking Erlenmeyer vented flasks.

Methods of Transient Transfection with Recombinant Plasmid

Transfection comprises delivery of genetic material to a cell, either for production of encoded

products or for inhibition of another gene. We leveraged an established transient transfection

protocol to achieve the former. It is known that zwitterionic particles have the potential to

penetrate cell membranes, allowing delivery of particle contents to the intracellular space.

In the lab, we often make use of Polyethylenimine, Linear, MW 25000, Transfection

Grade (PEI; Polysciences #23966-1) a cationic polymer, which complexes tightly with

DNA’s anionic phosphate backbone to form zwitterionic particles. When using plasmid

DNA which encodes a desired protein product on an appropriate promoter, these particles

can be prepared immediately before transfection according to standard protocols to induce

protein production in cells such as the HEK293F line.
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2.2.4 Protein Purification

Affinity Chromatography

We utilized 5 mL HisTrap HP columns (Cytiva #17524701) to perform affinity chro-

matography purification on both MFGE8-OVA and GAS6-OVA. HisTrap columns were

charged with a 3 mL injection of an aqueous solution of 0.5 M nickel sulfate, prepared

from nickel(II) sulfate hexahydrate (Millipore #467901). Columns were then washed

with 5 column volumes of running buffer, which comprised 500 mM NaCl (Invitrogen

#AM9759) and 20 mM monobasic anhydrous sodium phosphate (NaH2PO4, Fisher

#BP329-1), which was equilibrated to pH 7.4 and filtered through a 0.22 µm low-binding

filter (Millipore #SLGPR33RS). The elution buffer comprised running buffer supplemented

with 500 mM imidazole (Thermo #A10221.36).

After supernatants of transfected HEK cell cultures were isolated, we supplemented them

to a final concentration of 15 mM imidazole to prevent nonspecific binding to the column.

Then, they were flowed over the fresh HisTrap HP column at a flow rate of 5 mL
min to load the

sample. A sample of flow-through was collected to assess if recombinant protein was flowing

over the column without binding. Throughout the Äkta purification run, we monitored the

conductivity, pH, and UV280 nm absorbance. The column was then washed with 25 mL of

3% elution buffer1 at a flow rate of 5.0 mL
min .

The flow path (excluding the column) was filled with 12% elution buffer. Then, we

began fractionation to capture fractions of volumes ranging from 1.0 to 1.2 mL. We flowed

12% elution buffer over the column at a flow rate ranging from 0.5 to 1.0 mL
min , washing off

impurities, which lack strong binding to the histidine-loaded column. We then filled the flow

path with 60% elution buffer (without fractionation). We flowed 60% elution buffer over the

column at a flow rate ranging from 0.5 to 1.0 mL
min , eluting our recombinant fusion protein

1. Buffer strengths for affinity chromatography are reported as percentage composed of elution buffer.
The remainder comprises unmodified running buffer.

33



from the column.

We assessed fractions for likely presence of protein by considering changes in UV280 nm

absorbance, conductivity, and pH. Fractions of interest were selected for downstream analysis

by gel electrophoresis, as described in Section 2.2.5.

Size Exchange Chromatography

We utilized a HiLoad 16/600 Superdex 200 pg column (Cytiva #28989335) to perform

size exchange chromatography purification of affinity purification products. We began by

preparing the column. We cleared the column of any protein or lipopolysaccharide by flowing

180 mL of 1.0 M sodium hydroxide (NaOH, Fisher #S318-3) in the upflow direction at

a flow rate of 1.5 mL
min . After incubation for 4-24 hours, we equilibrated the column with 240

mL phosphate-buffered saline (PBS, Corning #21-040-CV) in the downflow direction at

a flow rate of 1.5 mL
min . To do so, we injected up to 4 mL of protein into a 10 mL loop. The

loop was loaded onto the column by flowing 12 mL of PBS at a flow rate of 0.5 mL
min . Then,

we flowed 25 mL of PBS at a flow rate of 1.0 mL
min . We began fractionation at a volume of 1.0

mL per fraction and continued to flow 100 mL of PBS at the same rate. After completing

a purification on the Superdex column, we repeated the column preparation steps to clean

the column for future use.

Anion Exchange Chromatography

We performed anion exchange chromatography using a 5 mL HiScreen Q HP column

(Cytiva #28950511). Running buffer comprised 20 mM Tris buffer (Thermo #AM9855G),

and 150 mM NaCl (Invitrogen #2715607). Eluent buffers were prepared with running

buffer supplemented with either 3 mM CaCl2 (Fisher #SC10-1), 10 mM CaCl2, or 0.5 M

NaCl. To inform our choice of buffer pH, we used the ExPasy ProtParam tool to predict

the isoelectric point of GAS6-OVA, yielding an estimate of 5.45. For anion exchange, we
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used running buffer with pH of 7.4, such that GAS6-OVA would be predominantly anionic

and would have affinity for the column.

After isolating transfected cell supernatant as described above, we supplemented the

supernatant to a final concentration of 4 mM EDTA (Millipore #324504-500ML), chelating

calcium ions. We equilibrated the column using running buffer and loaded the protein sample.

Anion exchange chromatography took place at a flow rate of 1.0 mL
min . After loading sample,

we washed the column first with 5 column volumes of running buffer supplemented with 4

mM EDTA, followed by 5 column volumes of running buffer. We began fractionation at a

volume of 1 mL.

Our first elution was performed by flowing eluent comprising running buffer supplemented

with 3 mM CaCl2. We flowed this eluent for 30 mL at a flow rate of 1.0 mL
min while collecting

1 mL fractions. Our second elution was performed using eluent comprising running buffer

supplemented with 10 mM CaCl2. We flowed this eluent for 35 mL at a flow rate of 1.0

mL
min while collecting 1 mL fractions. Finally, our third elution was performed using eluent

comprising running buffer supplemented with 0.5 M NaCl. We flowed this eluent for 20

mL at a flow rate of 1.0 mL
min while collecting 1 mL fractions. The column was then stored

according to manufacturer instructions until the following purification.

2.2.5 Protein Characterization

Protein Sample Analysis via Gel Electrophoresis and Western Blot

Gel Electrophoresis We performed sodium dodecyl sulfate–polyacrylamide gel electrophore-

sis (SDS-PAGE) using 4-20% Mini-Protean TGX Stain-Free Gels (Bio-Rad #4568096).

Gels were prepared for sample loading in fresh 25 mM Tris, 192 mM Glycine, 0.1%

SDS buffer (TGS, RPI #T32080-5000.0). 12 µL of each sample was stained with 4 µL

Laemmli SDS-Sample Buffer (4x, Non-Reducing) (bioWorld #10570018-1). Then,

12 µL of each stained sample was added to the gel. All Blue ladder (Bio-Rad#1610373)
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and Unstained ladder (Bio-Rad #1610363) were added at either end of the gel. The gel

was run at 155 V for 45 minutes. Gels that were to be blotted underwent activation pe-

riods of 30 seconds and were imaged. Gels that were not to be blotted underwent longer

activation, ranging from 2.5 to 5.0 minutes. In the event that little protein was present in

the sample, sensitivity of the gel was enhanced by staining with SimplyBlue SafeStain

(Novex #LC6065), requiring heating to boiling temperature and serial washes with PBS

supplemented with 0.005% Tween-20 (Thermo #J20605-AP). Gels were imaged such that

both faint and intense bands were exposed appropriately (ranging from 0.2 to 30 seconds).

Surface Plasmon Resonance of Efferocytic Mediators and Derivatives

Liposome Preparation I prepared liposomes via the thin-film hydration preparation

method.[174] We began with

purchased 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (phosphatidylserine;

Avanti #840034) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (phosphatidylcholine;

Avanti #850375). Liposomes were prepared with one of two formulations: a 100% phos-

phatidylcholine formulation (PC), or an 80% phosphatidycholine:20% phosphatidylserine

formulation (PC:PS). In glass scintillation vials, phospholipids were dissolved in chloroform

according to manufacturer instructions at a concentration of 1.0 mg
mL . Inert nitrogen gas

was blown into the vials while continuously turning or vortexing the vial, leading to the

evaporation of the chloroform and deposition of a thin film of phospholipid onto the glass.

Then, PBS was added to the vial followed by vigorous vortexing, taking the thin film from

the glass surface into solution. Finally, this preparation was syringe-filtered through a 0.22

µm filter. Utilizing dynamic light scattering, we validated that the size of these particles

was roughly 200 nm with reasonable polydispersity indices.

36



L1 Chip Coating After preparing the PC and PC:PS formulations, we bound them to

the L1 sensor chip (Cytiva #BR100558). Because the hypothesis in question was that

recombinant fusion proteins would demonstrate preferential and concentration-dependent

binding to PS-bearing liposomes, PC:PS was used to coat the active surface and PC was used

to coat the reference surface. The chip surface was first cleaned with a pulse of 20 mM 3-[(3-

cholamidopropyl)-dimethylammonia]-1-propan-sulfonate (CHAPS; RPI #C41010-

1.0) at a flow rate of 5.0 µL
min . PC:PS and PC liposomes were flowed according to manufacturer

instructions over the active surface and the reference surface, respectively, until a total

coating of 2000 RU was achieved on each surface.

Assay Protocol Three start cycles were performed to rinse the chip and to prepare for

assay runs. Descending concentrations of MFGE8, MFGE8-OVA, GAS6, and GAS6-OVA

were flowed over the chip as the sample in running buffer. which comprised HEPES-buffered

saline supplemented with Pluronic (HBS-P; Cytiva #BR100368) and 4 mM CaCl2. Re-

generation, or removal of recombinant protein, of the liposome surface was performed by

washing with HBS-P supplemented with 300 mM EDTA, chelating calcium ions and

nullifying protein affinity to the liposomes. Regenerations steps returned the measured RU

to baseline values, suggesting successful regeneration and lack of non-specific binding to li-

posomes. As such, the EDTA regeneration steps proved sufficient to renew the active and

reference surfaces for the next cycle.

2.2.6 In Vitro Cell Culture Experiments

We performed experiments in vitro on bone-marrow-derived dendritic cells (BMDCs) to

probe how GAS6-OVA and MFGE8-OVA interact with antigen-presenting cells. BMDCs

were isolated from bone marrow, incubated with recombinant fusion proteins or appropriate

controls, and assessed via flow cytometry.
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Generation of BMDCs

We generated BMDCs using a modified Lutz protocol.[175, 176] In short, we extracted bone

marrow from B6 mice aged 6-15 weeks and placed it in RPMI-1640 medium. We prepared

modified Lutz medium, which comprises RPMI 1640 with various supplements, including

10% FBS, 1% Pen/Strep/L-glutamine, 50 µM beta-mercaptoethanol, 25 mM HEPES, 20

ng/mL GM-CSF, and 200 ng/mL Flt3L. Following filtration, approximately 3 million cells

were seeded in 10 mL of modified Lutz medium within 100 mm non-tissue-culture-treated

petri dishes. Beginning on day 0, the cells were sustained with 10 mL of the initial medium

containing GM-CSF and Flt3L. By day 3, an additional 10 mL of the modified Lutz medium

was added to feed the cells. On day 6, the medium was renewed by centrifuging the cells,

discarding the supernatant, and resuspending the cell pellet in 10 mL of fresh modified

complete medium. Non-adherent cells were collected on day 9 for use in in vitro experiments.

Flow Cytometry on BMDCs

0.5-4.0 ∗ 106 cells were plated in 96-well plates and were pelleted via centrifugation at

2000 rpm ∗ 2 minutes.2 Cells were washed with PBS. To stain dead cells and to block Fcγ

receptors, cells were incubated with Fixable LiveDead Blue (ThermoFisher #L23105)

or Fixable LiveDead Aqua (ThermoFisher #L34957) at 1:500 dilution and Fc Recep-

tor Binding Inhibitor Polyclonal Antibody (FcBlock; eBioscience #14-9161-73) at

1:200 dilution in PBS for 15 minutes at 4°C. Cells were washed with PBS supplemented

with 2% FBS and 2 mM EDTA (FACS buffer) to quench the viability stain. Cells were

then stained for 15 minutes at room temperature with surface stain mixes or appropriate

controls. After incubation with stain, cells were washed with FACS twice. Fixation and per-

2. All centrifugation steps for flow cytometric analyses in this dissertation will be performed according
to these parameters, often followed by dumping the supernatant. For brevity, this may be abbreviated as
"spun down." "Washes" will refer to addition of 180µL of the designated wash buffer, followed by the same
centrifugation and supernatant removal procedures.
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meabilization steps were then performed according to manufacturer instructions using the

FoxP3 Transcription Factor Staining Kit (eBioScience #00-5523-00), unless otherwise

indicated. Briefly, cells were incubated with 100 µL fixation and permeabilization buffer for

at least 15 minutes and washed twice with permeabilization buffer. Cells were stained with

intracellular stain mixes or appropriate controls overnight at 4°C. The next day, cells were

washed twice with permeabilization buffer, washed once with FACS buffer, and resuspended

in FACS buffer for analysis on a flow cytometer. Antibodies are described in Table B.1.

Experiments were performed on a BD Fortessa X20, a NovoCyte Penteon, or a Cytek

Aurora.

Evaluating Uptake of GAS6-OVA and MFGE8-OVA

We performed a series of short-term pulses with recombinant fusions or appropriate controls

on BMDCs. We stained cells with a polyclonal OVA antibody conjugated to FITC, (Rockwell

#200-4233) allowing us to perform flow cytometry to assess both binding of OVA to the cells

and uptake of OVA by the cells. The timeline for this experiment is depicted in Fig. 2.2.

Figure 2.2: Schematic of the timeline of BMDC pulse experiments, which comprises prepa-
ration of BMDCs via the Lutz protocol, a 30-minute incubation period of cells with proteins
as described, and then intracellular staining and flow cytometric analyses.
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2.2.7 Co-Culture with T Cell Experiments

To interrogate the propensity of GAS6-OVA to modulate DC:T cell interactions, we also per-

formed co-culture experiments. These experiments consisted of three phases: DC stimula-

tion, T cell isolation, and DC:T co-culture. The timeline for this experiment is demonstrated

in Fig. 2.3.

BMDC:OT Incubation Flow CytometryBMDC Pulse

9-10 days

Prepare BMDCs

t = 0 min t = 18 hours

18 hour

t = 80 hours

~2.5 days

Figure 2.3: Timeline for BMDC:OT co-culture experiment. Schematic of the timeline
of BMDC pulse experiments, which comprises preparation of BMDCs via the Lutz protocol,
an 18-hour incubation period of cells with proteins, with or without LPS as described.
BMDCs are then washed and co-cultured with OT I or OT II cells at a 10:1 ratio for roughly
2.5 days. Finally, cells are prepared for intracellular staining and flow cytometric analyses.

DC Stimulation BMDCs were isolated and cultured as described above. On either day

6 or day 9 of BMDC culture, BMDCs were isolated and plated at a count of 10,000 cells

per well in a 96-well plate. Stimulant conditions were added for a final volume of 200 µL

complete RPMI per well. Stimulation conditions in this work included GAS6-OVA, OVA,

SIINFEKL peptide, and ISQ peptide at designated concentrations with or without 5 ng
mL

LPS.

T Cell Isolation and Labeling After the BMDCs had been stimulated overnight, the

OT I and OT II cells were isolated from mice and labeled with CellTrace Violet (CTV;

Thermo #C34557) using magnetic isolation kits (StemCell #19852 & #19853). To label

the cells, we prepared CTV working solutions at a concentration of 10 µM in warm PBS

immediately prior to use. After pelleting via centrifugation, we resuspended cell pellets in
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CTV working solution. We gently mixed cells at room temperature for 20 minutes. We then

stopped the dye reaction via quenching with 5 times the working volume of serum-containing

cell culture medium. We again pelleted cells via centrifugation. When labeled cells were to

be injected for adoptive transfer, we resuspended them in saline. When labeled cells were

to be used for in vitro experiments, we resuspended them in fresh, warm, complete medium.

The sufficient intensity and consistency of CTV staining was confirmed by flow cytometry

on the day of staining.

DC:T Cell Co-Culture When the T cells were isolated and labeled, the BMDCs were

pelleted via centrifugation. 100,000 T cells were added in a volume of 200 µL complete

RPMI per well. The co-culture was incubated at 37°C for 3 days. At the end of the

incubation period, the co-culture was pelleted via centrifugation and the supernatant was

removed. Cells were washed and prepared for flow cytometry. This timeline is shown in Fig.

2.3. Phenotype of cells was assessed by surface and intracellular staining. Proliferation was

assessed by flow cytometric measurement of the dilution of the proliferation marker,[177]

allowing us to compare proliferation indices between samples.
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2.3 Results

2.3.1 Prediction of Protein Structures with AlphaFold2

AlphaFold2, run through ColabFold, was able to predict the folded structures of both GAS6-

OVA and MFGE8-OVA with high confidence. The predictions reflect the structures our de-

signs hoped to achieve, without predicting abnormal interactions between the recombinant

protein components (Fig. 2.4). Other considerations include that the His Tag is predicted

to be exposed to solvent for each molecule, which is helpful for our purification by affinity

chromatography. Furthermore, it seems likely that the glycine-serine flexible linkers used

between GAS6 or MFGE8 and OVA are of sufficient length to prevent OVA from steri-

cally hindering interactions with receptors or apoptotic cells. Of course, this remains to be

validated with further evidence.

2.3.2 Protein Production and Purification

Transient Transfection for Production of Protein

Transfection of MFGE8-OVA and GAS6-OVA yielded observable protein products in the

supernatant of HEK cells, as validated by gel electrophoresis of transfection product (not

shown).

Protein Purification

Purification of GAS6-OVA We were able to isolate γ-carboxylated GAS6-OVA after

performing affinity chromatography, size exchange chromatography, and anion exchange

chromatography. Äkta traces are shown in Fig. 2.5, and the SDS-PAGE gel of the fi-

nal product is shown in Fig. 2.7. His affinity purification removed many impurities and led

to a highly concentrated product for following purification steps. Anion exchange chromatog-
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OVA

GAS6-OVA MFGE8-OVA

OVA

His6

His6

EGF-like

SHBG
(receptor-
binding)

Gla
(PS-binding)

RGD

EGF-like
(integrin-
binding)

C1&C2
(PS-binding)

A. B.

Figure 2.4: AlphaFold2 predicted the folded structures of GAS6-OVA and
MFGE8-OVA. GAS6-OVA (A) is depicted in blue and annotated with known protein
domains, including the Gla domain, the EGF-like domains, and the receptor-binding do-
main. OVA is depicted in gold. MFGE8-OVA (B) is depicted in red and annotated with
known protein domains, including the RGD motif, the EGF-like domains, and the C1-C2
domains. OVA is depicted in gold. In both protein structures, the His tag is exposed and
depicted in mint green.
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raphy performed with various strengths of calcium-containing buffers eluted relatively little

γ-carboxylated protein compared to the (likely non-γ-carboxylated) NaCl-eluted fraction,

but was enough to continue with purification and carry into testing. Finally, size exchange

chromatography yielded several fractions of GAS6-OVA monomer. Fractions were stored at

-80°C until use in experiments.
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Figure 2.5: Äkta traces from His affinity chromatography and size exchange chro-
matography purifications of GAS6-OVA. In (A), (B), and (C), we plot the traces of
the UV280 absorbance for His affinity chromatography, size exchange chromatography, and
anion exchange chromatography steps for purification of GAS6-OVA. Overall, we observe
substantial loss between the His affinity chromatography and the size exchange chromatog-
raphy purification steps, as evidenced by the change in the scale of the UV280 absorbance
between (A) and (B). For anion exchange (C), we observe a small eluate at 3 mM CaCl2, a
larger eluate at 10 mM CaCl2, and finally a vastly larger protein content in the NaCl elution.
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Purification of MFGE8-OVA We isolated MFGE8-OVA via two purification steps as

described above. Äkta traces are shown in Fig. 2.6, and the SDS-PAGE gel of the final

product is shown in Fig. 2.7. His affinity purification removed many impurities and led

to a highly concentrated product for following purification steps. Then, size exchange chro-

matography yielded several fractions of MFGE8-OVA monomer. Fractions were stored at

-80°C until use in experiments.
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Figure 2.6: Äkta traces from His affinity chromatography and size exchange chro-
matography purification of MFGE8-OVA. In (A) and (B), we plot the traces of the
UV280 absorbance for His affinity chromatography and size exchange chromatography steps
for purification of MFGE8-OVA. The 25% elution fractions from His purification (A) con-
tained substantial content of MFGE8-OVA. Taking this forward to purification via size ex-
change chromatography (B), we see three peaks in the absorbance trace. We believe the
first is aggregates. The second peak appears to be MFGE8-OVA dimer and the final peak
seems to be MFGE8-OVA monomer. We isolated and aliquoted the monomer fractions for
use in these studies.
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Figure 2.7: SDS-PAGE gels establishing purity of purified recombinant proteins.
We show GAS6-OVA in (A). The left pane shows the ladder with standard sizes marked
in kilodaltons. The right pane shows the protein band corresponding to GAS6-OVA, which
has a predicted size of about 117 kilodaltons. We show MFGE8-OVA in (B). The ladder is
marked in kilodaltons, as in panel (A). MFGE8-OVA has a predicted molecular weight of
about 94 kilodaltons.

2.3.3 Surface Plasmon Resonance Analyses

SPR analyses on an L1 chip were performed according to the protocols described in Section

2.2.5. The three core alternate hypotheses being evaluated with this methodology were

as follows: Recombinant fusion proteins will demonstrate concentration-dependent binding

to the L1 chip surface according to typical models of protein-ligand binding. Recombinant

fusion proteins will demonstrate stronger binding to the L1 chip surface than OVA, which

was the control for nonspecific binding in this assay. Recombinant fusion proteins will

demonstrate calcium-dependence of binding. Null hypotheses were that we would fail to

observe such differences. In all three cases, for all four materials tested, the data from

our L1 SPR runs supported rejection of the null hypotheses in favor of the listed alternate

hypotheses. These data are displayed in Fig. 2.8.
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Figure 2.8: Recombinant fusions of OVA with GAS6 or MFGE8, as well as their
wild-type counterparts, demonstrate preferential, concentration-dependent,
calcium-dependent binding to a PC:PS liposome-coated surface. (A) Wild-type
GAS6 demonstrates concentration-dependent binding to the PC:PS surface of the L1 chip.
(B) Recombinant GAS6-OVA demonstrates concentration-dependent binding to the PC:PS
surface of the L1 chip. (C) Wild-type MFGE8 demonstrates concentration-dependent bind-
ing to the PC:PS surface of the L1 chip. (D) Recombinant MFGE8-OVA demonstrates
concentration-dependent binding to the PC:PS surface of the L1 chip.
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2.3.4 Experiments on Bone-Marrow-Derived Dendritic Cells

Monoculture Experiments

We hypothesized that GAS6-OVA- or MFGE8-OVA-driven OVA staining, dependent on up-

take by BMDCs, would exceed that which could be explained by protein decorating the

surface via surface receptor binding. To probe this, we performed the BMDC uptake assay

both at 4°C and at 37°C. Cold temperatures, such as 4°C, are known to prevent phago-

cytosis but to allow receptor binding, whereas warm temperatures, like 37°C, allow both

phagocytosis and receptor binding.[178]

Assessment of surface binding Background signal for OVA-FITC gMFI (as assessed

with wells of BMDCs cultured with non-supplemented media) was approximately 2000 units

following incubation of BMDCs with proteins at 4°C, with only the highest concentration

tested of GAS6-OVA exceeding the background level of signal (Fig. 2.9A). This suggests

that, at these concentrations, the amount of fluorescence that can be explained by binding

of proteins to the surface of cells is relatively low. This may also imply that we are far from

saturating this system with GAS6 or MFGE8.

Mixing Controls We observe that neither GAS6+OVA nor MFGE8+OVA demonstrate

significant increases in OVA staining relative to equimolar OVA, regardless of temperature

(Fig. 2.9). Only the highest concentration of GAS6-OVA demonstrated staining above the

blank sample baseline (Fig. 2.9A). While the number of samples is insufficient to determine

if the observed differences in staining between this condition and others are statistically

significant, we appreciate the lack of discernible staining in the GAS6+OVA and OVA groups.

In contrast, we see significant increases in OVA staining of BMDCs following incubation at

37°C for both GAS6-OVA and MFGE8-OVA, particularly at the concentration of 1.00 µg
mL

(Fig. 2.9B).
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Figure 2.9: BMDCs uptake GAS6-OVA and MFGE8-OVA much more than OVA
controls or mixing controls.
In (A), we observe the degree to which BMDCs stain for OVA after brief incubation at 4°C,
followed by washing with cold PBS. Only GAS6-OVA (filled blue triangles) at the highest
concentration tested exceeds the background level of staining signal. In (B), we observe
that BMDCs cultured with either GAS6-OVA or MFGE8-OVA (filled eggplant diamonds),
but not their corresponding mixing controls (hollow, pale matching shapes), demonstrate
concentration-dependent increases in OVA staining after brief incubation at 37°C.
(∗: p < 0.05; ∗∗: p < 0.01; ∗ ∗ ∗: p < 0.001; ∗ ∗ ∗∗: p < 0.0001)
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This difference between 4°C (Fig. 2.9A) and 37°C (Fig. 2.9B) suggests that the

increase of OVA staining we observed on BMDCs cultured with GAS6-OVA or MFGE8-OVA

is dependent on heat, and cannot be explained by OVA remaining bound to the surface after

incubation. We take this as evidence that GAS6-OVA and MFGE8-OVA drive increased

OVA staining on BMDCs in a phagocytic-uptake-dependent manner. Because we did not

see similar extent of staining upon incubation with mixing controls (Fig. 2.9), we conclude

that these increases depended both on OVA being bound to the MFGE8 or GAS6, rather

than resulting from indiscriminate uptake of environmental antigens via pinocytosis or other

such mechanisms.

Dependence of GAS6-OVA binding on γ-carboxylation In a separate experiment,

we explored if the purificaton of GAS6-OVA to isolate γ-carboxylated protein was essential

for observing these effects on BMDCs. Because the non-γ-carboxylated GAS6-OVA did not

demonstrate binding to cells above that of controls (Fig. 2.10), we conclude that binding

and uptake enhancement in vitro on BMDCs was dependent on γ-carboxylation. These

results align with our previous observation that the amount of non-modified GAS6-OVA

seems to far exceed that of the γ-carboxylated GAS6-OVA (Fig. 2.5).

Co-Culture with T Cell Experiments

Having characterized the effects of incubating BMDCs with recombinant constructs com-

pared to appropriate controls, we sought to understand how pulsed BMDCs then modulate

antigen-specific T cell responses. Primarily, we wanted to validate that BMDCs pulsed with

GAS6-OVA presented antigen in a productive manner to antigen-specific cells. We assessed

this by examining if OTs co-cultured with pulsed BMDCs would proliferate, as this would

necessitate antigen presentation. We found that GAS6-OVA-pulsed BMDCs drove substan-

tially more expansion of OT Is and OT IIs than OVA at equimolar concentration ("OVA
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Figure 2.10: Increases in BMDC intracellular staining for OVA after short pulse
with GAS6-OVA depends on γ-carboxylation. BMDCs were pulsed with various con-
centrations of GAS6-OVA that had been purified via HisTag affinity chromatography, size
exchange chromatography, and anion exchange chromatography. Two products of anion
exchange purification were compared: γ-carboxylated GAS6-OVA from 10 mM CaCl2 elu-
tion fraction (blue; "GAS6-OVA[CaCl2]"); and non-γ-carboxylated GAS6-OVA from 0.5
M NaCl elution fraction (navy blue; "GAS6-OVA[NaCl]"). After BMDCs were incubated
with these protein isolates or appropriate controls (media [negative control; grey] and high-
concentration wild-type OVA [yellow]), intracellular staining was performed and flow cytom-
etry was used to assess the 90th percentile fluorescent intensity staining of OVA.
(∗∗∗∗: p < 0.0001)
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lo") or even at several orders of magnitude higher molarity ("OVA hi"). Examining the sys-

tem as a whole (division index), proliferating cells specifically (proliferation index), or how

much population expands following proliferation (expansion index) we see substantial in-

creases in OT proliferation after co-culture with GAS6-OVA-pulsed BMDCs compared with

OVA-pulsed controls (Figs. 2.11 and 2.12). Somewhat surprisingly, proliferating OT Is un-

derwent significantly more divisions following co-culture with GAS6-OVA-pulsed activated

BMDCs compared with SIINFEKL-pulsed activated BMDCs (Fig. 2.11).
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Figure 2.11: Expansion, proliferation, and division indices of OT I cells after
co-culture with antigen-pulsed BMDCs. Expansion (A), proliferation (B), and di-
vision indices (C) were calculated for OT I cells isolated following 3-day co-culture with
antigen-pulsed BMDCs in the presence or absence of LPS. We see that GAS6-OVA drives
substantial proliferation of OT I cells by all indices, particularly in the presence of LPS.
The recovery of OT I cells after co-culture with BMDCs that were pulsed with media or
the low concentration of OVA was very low. As such, in (D) and (E), we exclude these
groups from data visualizations. In these figures, we can compare the abundance of different
generations of OT I cells, as measured by dilution of CTV dye, with assessment of the effect
of LPS assessed more easily in (D) and the effect of protein assessed more easily in (E).
These abundances are used to calculate the indices.
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Figure 2.12: Expansion, proliferation, and division indices for OT II cells follow-
ing co-culture with antigen-pulsed BMDCs. Expansion (A), proliferation (B), and
division indices (C) were calculated for OT II cells isolated following 3-day co-culture with
antigen-pulsed BMDCs in the presence or absence of LPS. We see that GAS6-OVA drives
substantial proliferation of OT II cells by all indices, particularly in the presence of LPS.
The recovery of OT II cells after co-culture with BMDCs that were pulsed with media or
the low concentration of OVA was very low. As such, in (D) and (E), we exclude these
groups from data visualizations. In these figures, we can compare the abundance of different
generations of OT II cells, as measured by dilution of CTV dye, with assessment of the effect
of LPS assessed more easily in (D) and the effect of protein assessed more easily in (E).
These abundances are used to calculate the indices.
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2.4 Discussion of Chapter 2

Overall, in this chapter, we succeeded in designing, producing, and purifying biologically ac-

tive GAS6-OVA and MFGE8-OVA. First, we successfully isolated relatively pure monomers

of GAS6-OVA and MFGE8-OVA (Fig. 2.7). After demonstrating that GAS6-OVA and

MFGE8-OVA have specific and preferential binding to PS via SPR (Fig. 2.8), we found

that purified monomers of GAS6-OVA and MFGE8-OVA could rapidly associate with and

be uptaken by BMDCs in a temperature- and calcium-dependent manner (Fig. 2.9). We

continued to confirm that uptake of GAS6-OVA leads to antigen processing and presentation

to cognate T cells (Figs. 2.11 and 2.12), even when low amount of antigen is delivered.

These data support the potential of recombinant proteins comprising antigens fused with

mediators of efferocytosis as immunomodulatory in an antigen-specific manner.

2.4.1 Production and Purification of Protein

We first designed plasmids on the pSecTag2A backbone with either GAS6-OVA or MFGE8-

OVA on the IgK leader sequence, followed by a His tag (Fig. 2.1). While this allowed

secretion and purification of GAS6-OVA and MFGE8-OVA from transfected HEK cultures,

the yields were low. This was especially true for GAS6-OVA. Given that meaningful affinity

of GAS6 to PS requires γ-carboxylation, and that the rate of this reaction occurring in cell

culture is reported to be low, we expected the majority of our yield to have unmodified

Gla domains. During anion exchange chromatography, this led to the removal of substantial

protein from the eluate of the His column (Fig. 2.5) presumably because the proteins lack

the γ-carboxylations despite containing the His tag.
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2.4.2 Surface Plasmon Resonance Analysis

We demonstrated that both GAS6-OVA and MFGE8-OVA exhibit specific, concentration-

dependent preferential binding to PS-containing liposomes, compared with liposomes which

only contain phosphatidylcholine. We took this as encouraging evidence that our proteins not

only expressed and purified around the appropriate size, as observed earlier in the process,

but also maintained their functional binding characteristics.

We make multiple considerations in interpreting these data. Affinity, while detectable,

was estimated to be ≥ 100 nM for MFGE8-OVA and ≥ 1 µM for GAS6-OVA. The analyte

concentrations of protein in the assay were not sufficiently high to trust these quantifications

(i.e. the analyte concentration of GAS6-OVA was never as high as the purported KD), so

we take them as qualitative affirmations of phosphatidylserine-specific, calcium-dependent

binding of both GAS6-OVA and MFGE8-OVA. Furthermore, GAS6-OVA and MFGE8-OVA

still demonstrated affinity to PS over PC, suggesting specific binding was maintained, albeit

at lower affinity than wildtype GAS6 and MFGE8. As such, this evidence left open the

question of if GAS6-OVA and MFGE8-OVA would bind their targets with sufficient affinity

to drive signaling and activity of cells.

We performed analysis for GAS6-OVA and MFGE8-OVA based on analysis performed

on Protein S, a GAS6 analog which also binds PS, in another study.[179] As such, we did

not explore how parameters of liposome formulation or coating may affect these conclusions.

For example, one must consider that avidity effects may be distorting our measurement of

affinity. Perhaps a lower proportion of PS would be necessary to measure affinity between a

single efferocytic mediator fusion and a single phosphatidyl head of PS.

Nonetheless, recognizing that apoptosis drives concerted and increasing exposure of PS

on the cell surface, and that individual PS phospholipids flip out regularly, we suspect PS-

bearing liposomes to be relevant assay targets for efferocytic binders. As such, we found

the question of whether GAS6-OVA and MFGE8-OVA could selectively associate with PS-
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bearing liposomes sufficient to assess whether the protein production process yielded func-

tional protein. In investigating this and reviewing the data, we believe that the affinity we

observe between GAS6-OVA and PS or MFGE8-OVA and PS in these conditions reflects a

biologically relevant function. To better assess this, we turned to in vitro cellular assays.

2.4.3 Cellular Assays

30-minute BMDC Pulse

Because we observed binding to PS by both GAS6-OVA and MFGE8-OVA (Fig. 2.8), we

expected both would activate rapid uptake by BMDCs in vitro. We found that, indeed, both

GAS6-OVA and MFGE8-OVA were taken up by BMDCs much more than unmodified OVA

in a period of 30 minutes (Fig. 2.9). BMDCs incubated with MFGE8-OVA demonstrate

much stronger OVA staining than BMDCs incubated with GAS6-OVA (Fig. 2.9B). One

might imagine that this could result from their difference in affinity to PS, as discussed

above.

We used mixing controls, MFGE8+OVA and GAS6+OVA, to assess if the efferocytic me-

diators were driving nonspecific uptake by the BMDCs. These control conditions comprised

both OVA and the efferocytic mediator in solution at equivalent concentrations, without

any intervention to bind them to one another. If the efferocytic mediators were driving

nonspecific uptake, we would expect that OVA staining would increase similarly for both

MFGE8+OVA and MFGE8-OVA, as well as for both GAS6+OVA and GAS6-OVA. Con-

versely, if the mixing controls fail to match the level of OVA staining of their cognate fusion

proteins, we would likely conclude that the change in OVA staining is dependent on OVA

being bound to the molecule.
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BMDC:OT Co-Culture

The next question to answer was whether incubation of BMDCs with GAS6-OVA would lead

the BMDCs to present antigen to cognate T cells.3 As efferocytosis is sometimes depicted

as immunologically silent, we were unsure if pulsed phagocytes would display epitopes to

cognate T cells. In our context of designing therapeutic interventions for active induction

of antigen-specific immunological tolerance, we hypothesize that presentation of modified

antigen is paramount to induction of tolerance.

As such, we modified our experiment to probe whether antigen-pulsed BMDCs could

induce proliferation of OT I and OT II cells. First, BMDCs were incubated with GAS6-

OVA or appropriate controls, with or without LPS, for 18 hours. BMDCs were washed

and then co-cultured with CTV-labeled OT I or OT II cells for 3 days. We assessed the

proliferation indices of OT I and II cells in each condition and saw a marked increase across

multiple measures, in conditions with and without LPS, for GAS6-OVA (Fig. 2.11 and

2.12). The same effects were not observed when an equimolar amount of OVA was delivered,

and delivering more OVA did not abrogate this difference.

This evidence supports our hypothesis that GAS6-OVA, after inducing rapid uptake by

BMDCs, leads to antigen processing and presentation by those DCs. While we were unable

to perform this experiment with MFGE8-OVA, we hypothesize that MFGE8-OVA would

similarly promote antigen presentation. Furthermore, we hypothesize that this phenomenon

is not unique to OVA. Instead, we hypothesize that incorporation of antigens other than

OVA into the MFGE8- and GAS6-fusion designs would similarly lead to presentation of

immunodominant epitopes by BMDCs.

3. The question of what MFGE8-OVA might do in this context also intrigues us, but we had limited
supply of protein for technical reasons and elected to pursue GAS6-OVA.
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2.4.4 Takeaways from Chapter 2

Overall, we believe these experiments demonstrate feasibility that antigen can be recom-

binantly fused with efferocytic mediators to drive interactions with immune cells. These

experiments showed that GAS6-OVA and MFGE8-OVA drove rapid uptake, processing, and

presentation of fused antigen in vitro. All of these properties are desirable when considering

that we seek to create an active induction of antigen-specific immunological tolerance. We

took this collection of data as sufficient to proceed to in vivo experimentation, which we

discuss in Chapter 3.
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CHAPTER 3

INVESTIGATING EFFEROCYTIC MEDIATORS FUSED WITH

OVA USING OVA TRANSGENIC SYSTEM IN VIVO

3.1 Introduction

3.1.1 OVA, the OT System, and Adoptive Transfer Models

As we explored in Chapter 2, the OVA and OT system can be quite useful for probing

T cell responses to OVA as a model antigen. However, because we know that in vitro

experiments fail to capture the complexity of real-world phenomena,[180–182] we recognize

that co-culture experiments comprising BMDCs with OT I or II cells in vitro cannot yield

sufficient evidence for claims about induction of antigen-specific immunological tolerance.

As such, we pursued experimentation in vivo. While B6 mice can mount OVA-specific

T cell responses, we acknowledge that immune systems vary between mice, even in the case

of inbred strains like B6 mice.[183] Furthermore, there is no guarantee that OVA-specific T

cells will have matured by the time of experimentation. Therefore, raising the abundance

of antigen-specific cells to a predetermined minimum number by performing intravenous

adoptive transfer can help control this source of variability. In contexts where OVA is the

antigen of interest, OT I and II mice can be used as donors. Section 2.1.1 can be reviewed

for further information about these mice.

Upon culmination of an experiment, cell cultures or single cell suspensions from lymphoid

organs such as spleens and lymph nodes can be isolated and processed for flow cytometry.

We can identify adoptively transferred cells (and their descendants) by surface expression

of CD45.1. After identifying the cells of interest, one can assess their phenotype, functional

responsiveness to antigen experience, and history of proliferation. These readouts can inform

one’s understanding of antigen-specific reactions.

60



3.2 Materials and Methods

3.2.1 Animal Protocols

Experimental Timeline for Adoptive Transfer

OT I and OT II cells were isolated and labeled with CTV as described in Section 2.2.7.

C57B/6 mice were adoptively transferred with 300,000 OT I and 300,000 OT II CTV-labeled

cells via intravenous injection on day 0 (d0). On d1, mice were injected with MFGE8-OVA,

GAS6-OVA, or appropriate controls via intravenous injection. After two weeks, on d15, mice

were challenged with an emulsion of complete Freund’s adjuvant and OVA in the hocks.

Five days later, on d20, mice were sacrificed and the spleen and hock-draining lymph nodes

(brachial, axillary, popliteal, and inguinal lymph nodes) were harvested for analysis. This

timeline is depicted in Fig. 3.1.

challenge with CFA + OVA in hocks, s.c.doseadoptive transfer

d1

14 days

d15

5 days

d0 d20d5

Figure 3.1: Timeline for in vivo prophylactic tolerance experiments in OT model.
Mice are adoptively transferred with CTV-labeled cells on d0 and injected with treatment on
d1. Then, on d15, mice are challenged with CFA+OVA. Finally, on d20, mice are sacrificed.
The lymphoid organs are harvested for analysis.
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Euthanasia

Animals were sacrificed according to approved protocols from the University of Chicago

Animal Resource Center. Briefly, mice underwent CO2 asphyxiation as a primary method of

euthanasia. We performed cervical dislocation as a secondary method of euthanasia. Finally,

the thoracic cavities of the mice were punctured as a tertiary method of euthanasia.

Tissue Harvest

Lymph Nodes Lymph nodes were harvested after sacrificing mice according to the above

protocols. For OT adoptive transfer experiments, we collected the brachial, axillary, in-

guinal, and popliteal lymph nodes, which drain the hocks, on each side of the mouse. For

allergic airway inflammation experiments, the mediastinal lymph node was collected into

Dulbecco’s Modified Eagle Medium (DMEM; Gibco #11965-092) supplemented with

10% fetal bovine serum (Gibco #A38400-01) and 1% penicillin/streptomycin (#),

which we refer to as complete DMEM. Lymph nodes were then smashed and filtered over

70 µm filters (Falcon #352350), pelleted via centrifugation at 350 g for 8 minutes, and

resuspended in 0.3-1 mL complete medium for counting.

Spleen Spleens were collected into complete DMEM and smashed and filtered over 70 µm

filters. Spleens were pelleted via centrifugation at 350 g for 8 minutes. We incubated splenic

pellets with 3 mL ACK lysis buffer (Gibco #A10492-01) for 5 minutes and quenched with

medium by adding up to 20 mL final volume. Cells were pelleted (350 g for 8 minutes) and

resuspended in 2 mL complete DMEM for counting.

Blood and Serum Blood was collected in heparin-lithium collection tubes (Sarstedt

#20.1309.100) either via submandibular bleed or cardiac puncture, depending on the context.

When circulating cells were to be analyzed, blood samples were pelleted at 350 g for 5
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minutes. The supernatant was removed and stored as serum. The pellets were then treated

with ACK lysis buffer (0.5 mL for 3 minutes) and quenched with medium. The cells were

then pelleted and prepared for analysis via flow cytometry as described below. When blood

cells were not collected (i.e. when serum was the only sample of interest in the blood),

blood was centrifuged at 10,000 g for 5 minutes, and the supernatant was taken as serum

samples.

3.2.2 Flow Cytometry of Fresh Tissues

Snapshot flow cytometric stains were carried out to measure phenotype of cells at the time

of harvest, without further manipulation ex vivo. Tissues were isolated and prepared into

single cell suspensions as described above. Then, flow cytometry was performed as described

in Section 2.2.6. For these experiments, we were interested in tracking the number of

divisions that OT I and II cells underwent during the experiment. As such, we included

CTV labeling of OT I and II cells, as described in Section 2.2.7. Representative gating is

depicted in Fig. A.1. Antibodies are described in Table B.2.

3.2.3 Ex Vivo Restimulation

6-Hour Restimulation Protocols

After single cell suspensions were prepared from tissues as described above, multiple wells

were plated for each sample. Stimulation conditions included unstimulated, SIINFEKL at

a concentration of 2 µg
mL , ISQ at a concentration of 2 µg

mL , or PMA and ionomycin at stan-

dard concentrations. Stimulation was carried out for 2 hours before inhibition of secretion

was initiated. Stimulation continued for another 6 hours before we performed intracellular

cytokine staining.
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Intracellular Cytokine Staining following Restimulation

Intracellular cytokine staining was performed to assess the functional responsiveness of

antigen-specific T cells following isolation in vivo or restimulation ex vivo. This was per-

formed similarly to the flow cytometry described in Section 2.2.6. However, instead of

using the FoxP3 Transcription Factor Staining Kit, we used the Cytofix/Cytoperm Fix-

ation/Permeabilization Kit (BD #554714) according to manufacturer instructions.

Briefly, after completing surface staining and the following washes, single cell suspensions

were incubated in Fixation/Permeabilization solution for at least 20 minutes, wrapped in alu-

minum foil and incubated at 4°C. After centrifuging the cells, cell pellets werw washed twice

with Permeabilization/Wash buffer. Staining mixes for intracellular staining were prepared

in Permeabilization/Wash buffer. Washed cells were centrifuged again and incubated with

intracellular staining mix for one hour, wrapped in aluminum foil in the refrigerator. Cells

were washed twice with Permeabilization/Wash buffer, once with FACS buffer, and then

finally stored in FACS buffer until analysis on a flow cytometer. Antibodies are described

in Table B.2.
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3.3 Results

3.3.1 Flow Cytometric Snapshots of Tissues

Recovery and Clonal Deletion Clonal deletion is well-recognized as a form of immuno-

logical tolerance.[184] Furthermore, previous tolerance induction strategies have demon-

strated a reduction in recovery of antigen-specific T cells following challenge.[152, 153] As

such, we were particularly interested in how much the recovery of OT cells would be affected

by our treatment. We used flow cytometry to profile cells isolated from murine spleens and

lymph nodes, identifying transferred cells by expression of CD45.1.

We recovered significantly fewer OT cells from the lymphoid organs of mice treated with

GAS6-OVA. In the spleens, we recovered fewer OT II cells (Fig. 3.2C) and trended towards

fewer recovered OT I cells (Fig. 3.2A). Furthermore, we recovered fewer OT I and OT II

cells (Fig. 3.2B,D) from the lymph nodes. This significant difference was not replicated

by treatment with OVA alone, suggesting that the recombinant fusion with GAS6 played

a role in how the immune system processed OVA. Despite expectations that MFGE8-OVA

would similarly reduce the recovery of antigen-specific T cells in this experiment, we failed

to observe this. Instead, MFGE8-OVA-treated mice yielded similar amounts of OT I and

OT II cells in their spleen and lymph nodes as saline-treated mice. (Fig. 3.2).

Replication Indices of Recovered OT I and II Cells Bearing little similarity to the

stark differences we observed in recovery of OT I and II cells (Fig. 3.2), we did not observe

significant effects of treatments on abundance of Tregs within the OT II compartment at

the time of sacrifice (Fig. 3.5A). Comparing mice that received delivery of prophylactic

antigen (OVA, GAS6-OVA, or MFGE8-OVA) with those that didn’t (saline), we fail to

discern average differences in Treg abundance in the OT II compartment between groups

(Fig. 3.5B).

We failed to observe differences between treatment groups for the replication indices of
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Figure 3.2: Recovery and proliferation history of OT I and OT II cells from spleens
and hock-draining lymph nodes in prophylactic OT experiment. Recovery of OT
Is is shown in (A), whereas recovery of OT IIs is shown in (B).
GAS6-OVA (blue upward triangles) shows substantially diminished recovery of both OT I
(A) and OT II cells (B) compared to saline (black circles) in both the LN and the spleen.
OVA (yellow squares) causes significant reduction in recovery of OT I cells (A) from lym-
phoid organs but fails to drive a significant reduction in recovery of OT II cells (B). However,
spleens and LNs from mice treated with MFGE8-OVA (eggplant downward triangles) con-
tained similar amounts of OT I and OT II cells to those from mice treated with saline.
(∗: p < 0.05; ∗∗: p < 0.01)
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Figure 3.3: OT I cell replication indices are enhanced by treatment with GAS6-
OVA or MFGE8-OVA in vivo. We used CTV staining intensity data to calculate the
proliferation (A), division (B), and expansion (C) indices for recovered OT I cells. The
limits for these indices, determined by the number of generations observed before CTV
has been fully diluted, are depicted as dashed black lines. These limits correspond to the
8 detectable divisions, which yield a factor of expansion of 256). We observe that across
all three indices, OT I cells recovered from LNs of mice treated with GAS6-OVA (blue
upward triangles) or MFGE8-OVA (eggplant downward triangles), but not with OVA (yellow
squares), proliferated significantly more than the saline control. The same holds with the
exception that OVA significantly enhances proliferation in OT I cells recovered from the
spleens of mice.
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Figure 3.4: OT II replication indices are similar across treatment groups following
in vivo experiment. We used CTV staining intensity data to calculate the proliferation
(A), division (B), and expansion (C) indices for recovered OT II cells. The limits for
these indices, determined by the number of generations observed before CTV has been fully
diluted, are depicted as dotted black lines. These limits correspond to the 8 detectable
divisions, which yield a factor of expansion of 256). We fail to observe notable differences
between cells recovered from different treatment groups.

OT II Tregs (Fig. 3.6). Virtually all OT II Tregs in OVA- or GAS6-OVA-treated mice

have mostly (or even fully) diluted CTV, clustering the values for these metrics at their

ceiling. This is more pronounced in the spleens than in the LNs. From both saline- and

MFGE8-OVA-treated mice, we recovered OT II Tregs that had not fully diluted CTV. It is

also notable that the proliferation index of OT II Tregs only fell below 7 for cells recovered

from either saline- (black circles) or MFGE8-OVA-treated (eggplant downward triangles)

mice (Fig. 3.6A).

Phenotype of Recovered OT I and II Cells We utilized flow cytometry to assess the

phenotype of the cells that we recovered in this study. We focused on PD-1, TOX, CD73,

and FR4. Only cells recovered from MFGE8-OVA-treated mice showed strong reduction in

abundance of PD-1 expression within the OT I compartment (Fig. 3.7A). When examining

the transcription factor TOX, we failed to note differences between groups. We expected to

observe exhaustion in some of the cells in this model. However, we did not observe that in
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Figure 3.5: Relative abundance of Tregs within OT II cells does not significantly
change after prophylactic administration in vivo. (A), While lymphoids organs iso-
lated from some mice treated with GAS6-OVA (blue upward triangles) had many more Tregs
in the OT II compartment, the difference between treatment groups was not statistically sig-
nificant. In (B), we pool all forms of antigen delivery (OVA, GAS6-OVA, MFGE8-OVA)
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the OT II compartment.
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Figure 3.6: OT II Tregs have largely diluted CTV by the time of recovery.
We used CTV staining intensity data to calculate the proliferation (A), division (B), and
expansion (C) indices for recovered OT II Tregs. The limits for these indices, determined
by the number of generations observed before CTV has been fully diluted, are depicted as
dotted black lines. These limits correspond to the 8 detectable divisions, which yield a factor
of expansion of 256). Across these indices, we see that all groups contain samples at the
detection limit for this assay.

these data (Fig. 3.7B). Finally, when examining CD73 and FR4 surface enzymes, which are

associated with anergy, we found that only OT II cells recovered from MFGE8-OVA-treated

mice displayed increases in the prevalence of anergy marker expression (Fig. 3.7C).

Phenotype over the Course of Proliferation When possible, we also sought to examine

how phenotypes of OT I and II cells changed over the course of proliferation after antigenic

challenge. Two insights emerged. First, prophylactic antigen experience seemed to cause a

delay in the upregulation of PD-1 in OT I cells (Fig. 3.8A). Conversely, anergic fate shows

different rates of upregulation for cells recovered from the spleen or the LN of MFGE8-OVA-

treated mice. OT II cells recovered from the spleen show surface expression of CD73 and

FR4 as early as two generations from starting to divide, whereas expression of these markers

takes longer in the LN-recovered cells (Fig. 3.8B).1

1. Of note, even fully CTV-dilute cells (generation 8+) recovered from MFGE8-OVA-treated mice main-
tain lower expression of PD-1 (Fig. 3.8A) and higher rates of anergy (Fig. 3.8B).
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3.3.2 Ex Vivo Restimulation Experiments

Following a combination of antigenic restimulation and inhibition of cytokine secretion, we

performed intracellular cytokine staining and evaluated the abundance of OT I and OT II

cells that were expressing various cytokines. We focused on IL-2, TNF-α, and IFN-γ.

MFGE8-OVA and GAS6-OVA both modulated the immune responses of recovered OT I

and OT II cells upon restimulation with SIINFEKL peptide (SIIN), ISQ peptide (ISQ), or

PMA-ionomycin stimulation (PI). In the case of MFGE8-OVA, both OT I (Fig. 3.10B)

and OT II (Fig. 3.11B) cells recovered from MFGE8-OVA-treated mice were less able to

produce IL-2 upon stimulation with SIIN. In particular, OT I cells from these mice were

unable to mount as much of an IL-2 response even under PI stimulation (Fig. 3.10A).

Similarly, fewer OT I cells from spleens of MFGE8-OVA-treated mice demonstrated stain-

ing for IFN-γ upon SIIN stimulation, despite maintaining ability to express IFN-γ upon PI

stimulation (Fig. 3.9). However, more OT I cells from these spleens demonstrated staining

for IFN-γ upon PI stimulation (Fig. 3.9). This upregulation of IFN-γ is not observed in

the OT II compartment (Fig. 3.12), where the IFN-γ response is all but ablated in cells

from MFGE8-OVA-treated mice. This suppression of the OT II IFN-γ response occurred

regardless of stimulation, suggesting that MFGE8-OVA treatment may have induced TCR-

independent dysfunction in the OT II cells. Significantly fewer OT II cells recovered from

MFGE8-OVA-treated mice exhibited staining for TNF-α after stimulation with ISQ peptide,

but they maintained TNF-α production upon PI stimulation (Fig. 3.13).2 For GAS6-OVA,

we found that more OT II cells from GAS6-OVA-treated mice expressed IFN-γ upon stim-

ulation with ISQ peptide, which contrasts heavily with the loss of IFN-γ response observed

in OT II cells recovered from MFGE8-OVA-treated mice (Fig. 3.12).

Overall, we observed that upon antigenic challenge, OT I and II cells recovered from mice

treated with MFGE8-OVA secreted far less IL-2 (Figs. 3.10 and 3.11), less IFN-γ (Figs.

2. When tested, OT I TNF-α responses did not yield interpretable data.
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Figure 3.9: Abundance of IFN-γ+ OT I cells following 6-hour restimulation. In
(A), we show abundance of IFN-γ-expressing cells among OT Is recovered from spleens
or lymph nodes following 6-hour restimulation. In (B), we plot how these abundances
change between stimulation conditions, comparing absolute differences between SIINFEKL-
stimulated and unstimulated wells, as well as between PI-stimulated and SIINFEKL-
stimulated wells. In (C), we depict these data with lines that connect points belonging
to the same sample.
(∗: p < 0.05; ∗∗: p < 0.01; ∗ ∗ ∗: p < 0.001)

3.9 and 3.12) and, in the case of OT II responses, less TNF-α (Fig. 3.13). In the case

of GAS6-OVA, we found that the IL-2 response to antigenic stimulation was lesser in OT I

cells recovered from either organ (Fig. 3.10), as well as in OT II cells recovered from the

spleen (Fig. 3.11). The IFN-γ response for cells recovered from GAS6-OVA-treated mice

was complex. For cells isolated from the spleen, the IFN-γ response to antigen is suppressed

significantly in OT I cells (Fig. 3.9), with a similar trend in OT II cells. Meanwhile, for OT

II cells isolated from the LNs of GAS6-OVA-treated mice, the IFN-γ response to antigen is

significantly higher (Fig. 3.12).
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Figure 3.10: Abundance of IL-2+ OT I cells following 6-hour restimulation.
In (A), we show abundance of IL-2-expressing cells among OT Is recovered from spleens
or lymph nodes following 6-hour restimulation. In (B), we plot how these abundances
change between stimulation conditions, comparing absolute differences between SIINFEKL-
stimulated and unstimulated wells, as well as between PI-stimulated and SIINFEKL-
stimulated wells. In (C), we depict these data with lines that connect points belonging
to the same mouse. OT I cells recovered from MFGE8-OVA-treated mice failed to produce
IL-2 upon restimulation with SIIN epitope. Furthermore, in the case of OT I cells from
MFGE8-OVA-treated mice, even PI stimulation was insufficient to induce IL-2 expression
equivalent to that of OT I cells recovered from saline- or OVA-treated mice.
(∗: p < 0.05; ∗∗: p < 0.01; ∗ ∗ ∗: p < 0.001; ∗ ∗ ∗∗: p < 0.0001)
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Figure 3.11: Abundance of IL-2+ OT II cells following 6-hour restimulation. In
(A), we show abundance of IL-2-expressing cells among OT IIs recovered from spleens or
lymph nodes following 6-hour restimulation. In (B), we plot how these abundances change
between stimulation conditions, comparing absolute differences between ISQ-stimulated and
unstimulated wells, as well as between PI-stimulated and ISQ-stimulated wells. In (C), we
depict these data with lines that connect points belonging to the same sample. GAS6-OVA
administration appears to have reduced the IL-2 positivity of the recovered OT II cells.
(∗: p < 0.05; ∗∗: p < 0.01)
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Figure 3.12: Abundance of IFN-γ+ OT II cells following 6-hour restimulation. In
(A), we show abundance of IFN-γ-expressing cells among OT IIs recovered from spleens or
lymph nodes following 6-hour restimulation. In (B), we plot how these abundances change
between stimulation conditions, comparing absolute differences between ISQ-stimulated and
unstimulated wells, as well as between PI-stimulated and ISQ-stimulated wells. In (C), we
depict these data with lines that connect points belonging to the same sample. We observed
that OT II cells we recovered from lymph nodes of GAS6-OVA-treated mice showed enhanced
ability to express IFN-γ upon restimulation with ISQ peptide. Remarkably, this difference
is absent in the OT IIs recovered from the spleens.
(∗: p < 0.05; ∗∗: p < 0.01)
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Figure 3.13: Abundance of TNF-α+ OT II cells following 6-hour restimulation.
In (A), we show abundance of TNF-α-expressing cells among OT IIs recovered from spleens
or lymph nodes following 6-hour restimulation. In (B), we plot how these abundances change
between stimulation conditions, comparing absolute differences between ISQ-stimulated and
unstimulated wells, as well as between PI-stimulated and ISQ-stimulated wells. In (C), we
depict these data with lines that connect points belonging to the same sample. Restimulation
with ISQ fails to elicit the same degree of TNF-α positivity in OT II cells recovered from
MFGE8-OVA-treated mice than in those from control mice.
(∗: p < 0.05)
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3.4 Discussion of Chapter 3

After assessing the biological functionality of GAS6-OVA and MFGE8-OVA in vitro in

Chapter 2, we sought to investigate the effects of delivery of GAS6-OVA or MFGE8-OVA

on the immune response of a living organism. As such, we designed experiments using the

OVA/OT transgenic model of antigen-specific immune responses in T cells. We found that

GAS6-OVA and MFGE8-OVA both demonstrated effects on the adaptive immune response

to OVA downstream of challenge in this model system. Each molecule differed in its ap-

parent mechanism. Below, I discuss how recovery and phenotype, extent of division, and

functional response to restimulation ex vivo were affected by administration of GAS6-OVA

and MFGE8-OVA.

3.4.1 Recovery and Phenotype

As hypothesized, we observed that GAS6-OVA seemed proficient in causing depletion of the

OT compartment. However, we did not observe deletion in MFGE8-OVA-treated mice to

the same extent as in GAS6-OVA-treated mice (Fig. 3.2).

Because we failed to recover many OT cells from mice treated with GAS6-OVA, we

hypothesized that GAS6-OVA might be preventing OT cells from proliferating. To test this

hypothesis, we analyzed the CTV staining observed in OT cells from different mice. If this

hypothesis were true, we would observe CTV-bright cells upon recovery, as they would not

have diluted the CTV. Interestingly, prophylactic administration in vivo of either GAS6-

OVA or MFGE8-OVA drove substantial proliferation of OT I (Fig. 3.3) and OT II cells

(Fig. 3.4). This led us to reject the hypothesis that GAS6-OVA was preventing OT cells

from proliferating.

Meanwhile, cells recovered from MFGE8-OVA-treated mice demonstrated signs of anergy,

or functional unresponsiveness, as well as a reduction in the expression of PD-1 on OT I cells

(Fig. 3.7). While the absolute abundance of anergic cells in the OT compartment is low
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(∼10% in the spleen), the difference between MFGE8-OVA and other treatment groups is

consistent and may correspond with meaningful anergy induction. This is further supported

by data from ex vivo restimulation experiments in this model, which will be discussed further

below.

We also examined how phenotypes of OT I and II cells changed over the course of

proliferation. We saw that PD-1 seems strongly upregulated by OT Is following initiation of

proliferation, and that any form of antigen experience (OVA, GAS6-OVA, or MFGE8-OVA)

was sufficient to delay the upregulation of PD-1 by a few generations (Fig. 3.8A). In the

case of OT II anergy, as assessed by expression of CD73 and FR4, OT II cells recovered from

spleens of MFGE8-OVA-treated mice demonstrated rapid induction of anergic fate, which

was maintained through full dilution of CTV (Fig. 3.8B). We also sought to assess how Treg

fate, and its induction over the course of proliferation, may be affected by these proteins.

However, because Tregs had largely diluted CTV by the time of recovery (Fig. 3.6), it

was difficult to assess how they may have been affected over the course of proliferation. It

therefore remains an open question if treatments change the course of Treg fate induction,

with potential effects including Tregs arising earlier or later in the process of proliferation,

and Tregs having a survival benefit following challenge with CFA+OVA.

3.4.2 Extent of Division

Both GAS6-OVA and MFGE8-OVA demonstrate enhancement of proliferation compared to

saline, when OVA fails to do so. However, neither GAS6-OVA nor MFGE8-OVA demon-

strated such enhancement compared to OVA in a statistically significant manner (Figs. 3.3,

3.4, and 3.6). This may occur for various reasons For both OT I (Fig. 3.3) and OT II

Tregs (Fig. 3.6), cells recovered from many mice had completely diluted CTV, resulting in

many measurements at the limit of detection and limiting our ability to compare treatment

groups. As such, we could consider repeating this experiment and performing sacrifice ear-
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lier. This would allow less time for division following CFA+OVA challenge, thereby reducing

the likelihood that T cells would have already fully diluted CTV by the time of recovery.

This may facilitate better discernment of how these treatments affect how OT I and OT

II Treg cells proliferate downstream of this challenge,3 and reveal if delivery of GAS6-OVA

or MFGE8-OVA enhances proliferation of antigen-specific T cells more than delivery of un-

modified antigen.

Alternatively, it remains possible that modification of OVA via recombinant fusion with

GAS6 or MFGE8 may not impact the amount of division that OT cells will undergo in this

model. Even in the event that these proteins act without affecting proliferation or survival

of antigen-specific T cells, we may find them to modulate antigen-specific immunological

tolerance in a meaningful way. It is therefore possible that MFGE8-OVA and GAS6-OVA

modulate other facets of the T cell activities, without necessarily inhibiting proliferation of

antigen-specific cells.

3.4.3 Restimulation Experiments

Ex vivo restimulation experiments provide pivotal data with which we may assess the func-

tional state of the recovered OT cells. In pursuing these data, we encountered some notable

findings. MFGE8-OVA treatment broadly impaired cytokine responses of both OT I and

OT II cells following restimulation with antigen (Fig. 3.10 through 3.13). Conversely,

we did not observe substantial inhibition of restimulation response in cells isolated from

GAS6-OVA-treated mice. Instead, there may be more to investigate in future experiments,

particularly probing how GAS6-OVA affects the antigen-specific IFN-γ response (Figs. 3.9

& 3.12). While we hypothesized that GAS6-OVA treatment would impair T cell responses

to antigen, these data suggest the mechanisms at play are more nuanced. We note that over-

all recovery of OT I and II cells was lower in GAS6-OVA-treated mice (Fig. 3.2). As such,

3. This is likely less relevant for conventional OT II cells, as their metrics are not approaching the limits
of the assay (Fig. 3.4).
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analyses of bulk cytokines in the supernatant could inform if this antigen-specific cytokine

response is actually enhanced, or just preserved in the relatively few cells that remain after

GAS6-OVA treatment.

3.4.4 Takeaways from Chapter 3

In this chapter, we found that both GAS6-OVA and MFGE8-OVA modulated the responses

of antigen-specific OT cells in this in vivo model of antigen-specific T cell responses.

For GAS6-OVA, this entailed very low recovery of OT I or II cells from lymphoid organs

(Fig. 3.2). One hypothesis is that OT I and II cells in mice treated with GAS6-OVA

underwent clonal deletion, reducing their abundance in the T cell compartment. Another

hypothesis could be that GAS6-OVA caused defects in OT cells such that they were unable

to proliferate adequately upon CFA+OVA challenge, leading to the notably reduced recovery

of OT I and II cells we observe in GAS6-OVA-treated mice. However, the evidence presented

here do not support this latter hypothesis, because both OT I (Fig. 3.3) and OT II cells

(Fig. 3.4) recovered from GAS6-OVA-treated mice had divided several times. In particular,

GAS6-OVA seems to induce enhanced division in OT I cells compared to saline (Fig. 3.3).

We took this as potential evidence of deletion of antigen-specific T cells by GAS6-OVA,

perhaps via abortive proliferation or related processes.

In contrast, from organs of MFGE8-OVA-treated mice, we saw similar recovery of OT

I and II cells to that from organs of saline-treated mice (Fig. 3.2). However, the cells we

recovered from these mice were less able to mount cytokine responses following restimulation

with antigen (Figs. 3.10 through 3.13). We take this as evidence that MFGE8-OVA

treatment may drive anergy in antigen-specific T cells, which is recognized as a canonical

mode of immunological tolerance.
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CHAPTER 4

INVESTIGATING GAS6-OVA IN A MURINE MODEL OF

ALLERGIC AIRWAY INFLAMMATION

4.1 Introduction

To pursue our exploration of efferocytic mediator fusions’ application in induction of antigen-

specific immunological tolerance, we examined tolerance induction in the context of a murine

model of allergic airway inflammation.

4.1.1 Phenotypes and Endotypes of Asthma

It has long been known that allergic asthma is a heterogeneous disease,[185] both in symp-

toms and in patient responses to various treatments. Historically, asthma was first under-

stood to differentiate in phenotype based on if symptoms appeared in response to extrinsic

factors (i.e. exposure to environmental allergen) or intrinsic factors (non-environmental fac-

tors). However, it was later discovered that relevant molecular and cellular mechanisms

demonstrate many conserved features, despite patients varying substantially in the role anti-

gen can play in their disease.[186] These molecular and cellular features are known as en-

dotypes, given their internal nature and inability to be observed without performing lab

testing.[139, 186]

Generally speaking, many cases of asthma share an endotype of Type 2 skewing of the

immune system. In this context, dysfunctional epithelial barrier is labile for cleavage by

allergen proteases, resulting in the release of alarmins.[187, 188] Sensation of alarmins by

ILC2s, among other cell types, rapidly drives the secretion of type 2 cytokines, leading

cells to activate various IL-4-dependent mechanisms including class switch recombination of

B cells toward IgE secretion. Upon encounter with allergen, allergen-specific IgE mediate

activation of mast cells and other cells.[139, 189] IgE can even act on airway smooth muscle
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cells, instigating airway remodeling and worsening patient conditions.[190] These molecular

mediators and others orchestrate the hallmarks of pathology of allergic asthma, which are

described below.

4.1.2 Hallmarks of Pathology of Allergic Asthma

Airway Inflammation

Defects in Efferocytosis At equilibrium in a healthy lung, there is relatively low turnover

of cells compared to the rest of the body. Furthermore, dying cells are rapidly cleared ef-

fectively by local efferocytes.[24] In the asthmatic lung, however, this process is severely

disrupted, initiating the vicious cycle between unresolved cell death and local tissue inflam-

mation. This cycle is driven both by release of inflammatory stimuli from secondary necrotic

cells and by worsening absence of the anti-inflammatory products of efferocytosis.[85, 191]

The broad importance of efferocytosis to immunological tolerance can be reviewed in Section

1.3.

Eosinophilia Mast cells and ILC2s are sentinels, constantly surveilling for signs of inflam-

mation and damage.[192] Upon detection of damage via alarmin signaling, mast cells and

ILC2s release copious amounts of Type 2 cytokines, including the alarmin IL-33, and related

mediators, driving the accumulation of other granulocytes into the lung.[193] Eosinophils are

known to follow chemotactic gradients of eotaxin and other such molecules to sites of inflam-

mation, where they can be activated by mast-cell-secreted IL-5 and contribute to disease

severity. This phenomenon is known as eosinophilia, which is a hallmark feature of Type 2

high allergic asthma.[18, 185, 194–196] In the healthy lung, eosinophils rapidly become apop-

totic, inviting clearance by efferocytosis.[85, 191, 194] However, as described above, many

asthmatics have defects in efferocytic functions in the lung, precluding this clearance and

allowing for rapid accumulation of inflammatory debris. This results in eosinophilia as a
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measure that can be observed via broncheoalveolar lavage.[197–200]

Neutrophilia Neutrophils are also noted to accumulate in the lungs of some asthmatics,

though these tend to emerge in the context of Type 1/17 asthma, which can be implicated in

more severe, fibrotic forms of asthma.[139, 185] Lung neutrophilia shares some characteristics

with eosinophilia, including the potential to be observed via broncheoalveolar lavage and its

causal dependence on the lack of appropriate clearance by defective efferocytes in asthmatic

lungs.[197–200]

Airway Remodeling

Epithelial Cells Epithelial cells, which form the cellular barrier between the air and the

pulmonary tissue, have long been implicated in the pathogenesis of asthma across endotypes.

Epithelial cells consistently express intracellular cytokines known as alarmins, including IL-

33, IL-25, and TSLP.[139, 188] While these molecules can execute nuanced intracellular

functions, they are canonically associated with pro-inflammatory functions downstream of

their release from cells, as this is a signal to other cells that tissue damage has occurred.[139]

Following their release into the extracellular space, alarmins activate ILC2s, mast cells, and

basophils, leading to prolific secretion of Type 2 cytokines,[201] which then modulate the

immune response, inducing the Type 2 high endotype associated with many cases of allergic

asthma.[139] Defective efferocytosis in the lung can further enhance the release of alarmins,

as proper efferocytosis typically prevents their release into the interstitium.[85, 194]

Goblet Cells Goblet cells constitute a specialized class of epithelial cells that performs

pivotal roles in the process of airway remodeling.[202] In health, goblet cells maintain epithe-

lial layer integrity via secretion of mucus, primarily comprising the glycosaminoglycan mucin.

This mucus performs various fundamental functions, including acting as a physical barrier

from pathogens and other irritants.[203, 204] However, in diseases such as allergic asthma,
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goblet cells can undergo hyperplasia or metaplasia, as well as begin to perform mucus hyper-

secretion. When this occurs, mucus is too abundant and may change viscosity, promoting

airway remodeling and limiting the flow of air through the airways.[204, 205] While many

elements of the type 2 immune program modulate goblet cells, IL-13 is recognized to be

particularly involved in this process of goblet cell modulation.[185, 206]

Airway Hyperresponsiveness

Airway hyperresponsiveness is the phenomenon of compromised respiratory function upon

stimuli that can be described as bronchoprovocation.[185, 207–209] Patients vary in stimuli

that cause such a response. Potential triggers include irritants, antigens, and mediators of

inflammation, including histamine. Clinically, this manifests as a decline in a patient’s ability

to exhale forcefully following irritated reaction to such provocation. Furthermore, patients

tend to respond less to both intrinsic and extrinsic bronchodilators.[185, 210] This results

in substantial loss of quality of life and represents an unmet need in the clinic. In terms of

cellular mechanism, airway hyperresponsiveness is believed to depend on activation and rapid

degranulation of mast cells upon bronchoprovocation, among other mechanisms.[196, 211]

4.1.3 Prevalence of Asthma

Asthma affects hundreds of millions of people globally, killing hundreds of thousands of

people annually.[212] Of asthma cases, the majority are of the allergic phenotype, in which

symptoms are triggered by contact with allergen. This is particularly true in children.[213–

215]
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4.2 Clinical Approaches to Treatment of Allergic Asthma

Medicine has made strides in addressing patient symptoms, with many patients achieving

control of asthma with available drugs.[216] Effective pharmacological interventions include

inhaled corticosteroids, long-acting bronchodilators, and, most recently, biologics which can

undercut the pathogenic mechanisms of asthma.[216–218] However, these approaches leave

substantial progress to be made. Not all patients respond, and none of these treatments

directly address antigen-specific reactivity of the immune system.[210, 216, 218, 219] As

such, we hold particular interest in the translation of antigen-specific immunological tolerance

induction avenues to clinically relevant asthma cases.

4.2.1 Standards of Care

Small Molecule Drugs Corticosteroids, which act on glucocorticoid receptors and have

broadly immunosuppressive effects,[220, 221] are often employed to reduce symptoms and

progression of disease in the case of atopic asthma, particularly when a type 2 high endo-

type has been observed in a patient. While these therapies have contributed significantly to

patients’ recovery, there is substantial unmet need. For example, many patients develop in-

sensitivity to these therapeutics through various mechanisms.[222] Patients tend to progress

to a combination of other drugs, which help some of those who fail to respond to corticos-

teroid therapy alone, but some patients remain unresponsive to therapy.[219] While these

mechanisms remain to be more fully elucidated, it is clear that patient care is left incomplete

if these drugs are the only available treatments.

Biologic Therapies Many proteins have been engineered as novel biologics for the treat-

ment of atopic asthma and related Type 2 high pathologies. Particularly since the discovery

of the type 2 high endotype of atopic asthma, biologics have been developed to inhibit vari-

ous components of the type 2 immune response cascade, including IgE,[86] type 2 cytokines,
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and alarmins.[218] Most notably, omalizumab demonstrates potential to ameliorate disease

for patients in a variety of contexts, particularly those in which patients were under-served

by small molecule drug treatments.[218, 223] This potential has been observed as a reduction

in observable pulmonary provocation and a dependence on corticosteroid drugs both in the

context of clinical trials and in other studies.[218, 224]

4.2.2 Costs Associated with Clinical Management of Allergic Asthma

While severe asthma only affects a small fraction of patients with asthma, it leads to the

majority of total costs associated with care.[218, 225] This is a result of the resistance to

treatment observed in patients with severe asthma, as well as the increasing cost of treatment

as patients progress through treatments.[225] As such, it is crucial that we continue investi-

gating various facets of allergic airway inflammation, including how to identify patients that

respond well to certain treatments, how to stave off pathogenesis rather than simply treating

symptoms, and how we may prevent the disease altogether in some groups of patients.
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4.3 Materials and Methods

4.3.1 Induction of Type 2 Immune Responses in the Lung

Sensitization Allergic airway inflammation is characterized by strong type 2 immune re-

sponses to allergens. In our study, we aimed to harness our existing GAS6-OVA construct

to prevent the induction of type 2 immunity against OVA. To achieve this, we conducted

immunizations using Grade V OVA (Sigma #A5503-1G) emulsified with alum, which is

known to promote type 2 immune responses. We administered two intraperitoneal injections,

one week apart, each with a total volume of 200 µL. These injections specifically primed the

immune system to OVA in a fashion that favored type 2 immune programs.

Challenge To replicate features of allergic airway inflammation, we performed intratra-

cheal instillations of 25 µg Grade V OVA in a 50 µL volume of PBS, provoking a pulmonary

recall of the immune response. This procedure required anesthesia of the mice. According to

the formulation approved by the University of Chicago Animal Resource Center, we prepared

a mixture of ketamine hydrochloride, 100mg/ml, C3N (ketamine; Butler Animal Health,

Covetrus North America #080524) and AnaSed (xylazine), 100mg/ml (xylazine; Butler

Animal Health, Covetrus North America #033198). Mice were anesthetized via intraperi-

toneal injection of this mixture. Once the mice were sedated, they were positioned supine

with a steep incline. We carefully positioned their tongue to prevent liquid from entering

the esophagus and kept their mouths open. Using a p200 pipet, we gently delivered the

instillation into the trachea. We monitored the mice to ensure they inhaled the full volume,

as typically exhibited by a brief period of hyperventilation and/or a large, deep breath, be-

fore releasing their tongue. This precaution prevented instillation into the esophagus, which

could have led to induction of oral tolerance and disrupted the airway inflammation model.

To elicit the allergic phenotype for assessment, we conducted these challenges in series over

several days as described below.
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Euthanasia Protocols For mice involved in experiments of allergic airway inflammation,

we were unable to use the CO2 inhalation and cervical dislocation methods, as these would

artefactually damage the lung architecture and prevent the acquisition of broncheoalveo-

lar lavage fluid samples. As such, we utilized pentobarbital sodium and phenytoin

sodium solution (Euthasol, Butler Animal Health, Covetrus North America #009444)

injection intraperitoneally as a primary method of euthanasia. Just prior to collection of

broncheoalveolar lavage fluid, the thoracic cavity was opened as a secondary method of

euthanasia.

90



4.3.2 Experiment Timelines

Dose Titration Prophylactic Experiments with Single Dose For experiments in

which we titrated dosage for a single administration of GAS6-OVA in this model, we per-

formed the experimental timeline as follows. Mice were subjected to sensitization injections

on day 0 and day 7 as described above. Protein therapies or appropriate controls were in-

jected intravenously on day 14 in a volume of 200 µL at the designated dosage. Challenges

were performed on days 28, 29, 30, and 31 as described above. Finally, mice were sacrificed

35 days after their first injection. Tissues were harvested and processed as described below.

This timeline is depicted in Fig. 4.1.

Figure 4.1: Timeline for single-dose prophylactic allergic airway inflammation experiments.
Mice were given a prophylactic dose via intravenous injection on week 0 (w0). On w2 and
w3, mice were sensitized via intraperitoneal injection of alum and Grade V OVA. Starting on
w4, mice were given one intratracheal challenge of Grade V OVA per day for four consecutive
days. Finally, mice were sacrificed and tissues were harvested for analysis on w5. X’s mark
which injections mice in different groups received.
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Dose Titration Prophylactic Experiment with Two Doses For experiments in which

we titrated dosage for two administrations of GAS6-OVA in this model, we performed the

experimental timeline as follows: Mice were subjected to sensitization injections on day 0

and day 7 as described above. Protein therapies or appropriate controls were injected intra-

venously on day 14 and day 21 in a volume of 200 µL at the designated dosage. Challenges

were performed on days 28, 29, 30, and 31 as described above. Finally, mice were sacrificed

35 days after their first injection. Tissues were harvested and processed as described below.

The timeline for this experiment is depicted in Fig. 4.2.

Figure 4.2: Timeline for double-dose prophylactic allergic airway inflammation
experiments. Mice were given a prophylactic dose via intravenous injection on week 0 and
week 1 (w0 and w1). On w2 and w3, mice were sensitized via intraperitoneal injection of
alum and Grade V OVA. Starting on w4, mice were given one intratracheal challenge of
Grade V OVA per day for four consecutive days. Finally, mice were sacrificed and tissues
were harvested for analysis on w5. X’s mark which injections mice received.
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4.3.3 Tissue Harvest

Lymph nodes, spleens, and blood Lymph nodes, spleens, and blood samples were

taken as described in Section 3.2.1.

Broncheoalveolar Lavage Fluid For studies in allergic inflammation models, we also

collected broncheoalveolar lavage (BAL) fluid samples. BAL has long been used in human

clinical analysis and can be utilized for reproducible mouse studies. Studies have demon-

strated that metrics of immune populations and soluble mediators recovered from BAL fluid

samples closely recapitulate the measurements that can be taken from open lung biopsies,

suggesting collection of BAL is a less invasive and laborious method of analysis.[197] More

recently, researchers have isolated cells from BAL fluid samples and analyzed them by flow

cytometry, developing significant insights into the endotypical mechanisms at play in clin-

ically relevant models of airway inflammation.[198, 199] We used methods not unlike the

variety published in the field since the inception of this method in murine studies.[197, 200]

Briefly, after euthanizing the mice, we removed the skin and membranous tissue anterior

to the mouse trachea, made a small incision in the trachea, inserted a 22-gauge catheter lead

into the trachea, and sutured around the trachea to affix the catheter. We then took serial

BAL samples by slowly injecting PBS through the catheter and withdrawing it from the

pulmonary tissue. The first sample comprised a 0.5 mL volume, which was kept separate

to prevent dilution of soluble inflammatory mediators. We then continued to take three 0.8

mL samples and pooled them. We centrifuged all samples. Supernatant from the 0.5 mL

sample was frozen at -80°C until further analysis, while supernatant from the three 0.8 mL

samples was discarded. Cell pellets from all four BAL samples were pooled and used for flow

cytometric analyses.
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4.3.4 Flow Cytometric Analyses

Snapshot flow cytometric stains were carried out to measure phenotype of cells at the time

of harvest, without further manipulation ex vivo. Tissues were isolated and prepared into

single cell suspensions as described above. Then, flow cytometry was performed as described

in Section 2.2.6.

Panel Design

We leveraged high-parameter flow cytometers to quantify abundance and phenotype of var-

ious immune cells. To do this, we designed several flow cytometry panels and stained single

cell suspensions according to standard protocols. These included T cell panels for the lung

and the mediastinal LN, as well as myeloid panels for the BAL fluid sample and the lung.

Broadly, our goal in developing these panels was to identify disease-relevant subsets of im-

munological cells. These subsets included cells which are associated with positive patient

outcomes in human disease, such as Tregs, as well as cells which can be associated with

progression of allergic airway inflammation, such as eosinophils, Tfh cells, and neutrophils.

We made several technical considerations while formulating these panels. We recognized

intracellular staining as technically infeasible in the context of myeloid compartments, as

many polymorphonuclear cells are poorly preserved in permeabilization kits. As such, stain-

ing for intracellular proteins, including transcription factors like FoxP3, was not performed

in the myeloid panels. In the myeloid panels, our primary goal was to identify eosinophils,

as eosinophilia is of great clinical significance in human allergic asthma. Antibodies used in

these panels are listed in Table B.3.

Myeloid panels In designing the myeloid panels, we sought to identify eosinophils, neu-

trophils, and macrophages, as well as characterizing their phenotype. To achieve this, we

stained cells for CD45; Ly6G, which identifies neutrophils; SiglecF, which is expressed on
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eosinophils and alveolar macrophages; and CD11c, which allows us to discern eosinophils

(CD11c−) from alveolar macrophages (CD11c+).[226] We incorporated markers for B and

T cells in these samples, including ST2, a canonical mediator of Type 2 immunity.[139, 187]

LN T cell panel In characterizing T cells from the mediastinal LN, we wanted to probe

potential differences in the follicular T helper cell compartment, as well as markers of T

cell antigen experience and tendency to home to lymphoid organs. To accomplish this, we

stained for positive and negative lineage markers to identify T cells, CD62L and CD44, as

well as Bcl-6 and PD-1, which distinguish Tfh in the CD4+ T cell compartment.[227] We

also included ST2 to probe Type 2 immunity in this context.[139, 187]

Lung T cell panel In characterizing the T cell compartment of the lung, we sought to

quantify the abundance of Tregs in the site of inflammation. Furthermore, we assessed the

phenotype of recovered cells. To accomplish this, we stained for positive and negative lineage

markers for T cells, as well as FoxP3 and CD25 to identify Tregs,[228] and ICOS to assess

activation status of T cells.[229]

Gating Strategy

Three panels were utilized in allergic airway inflammation experiments to probe different

immunological subsets in different tissues. To assess recovered BAL fluid cells, a panel was

used to identify eosinophils, neutrophils, DC subsets, and Th2 T cells. In the lung, panels

were used to identify DC subsets and T cell populations, including Tregs. A fourth panel was

used to analyze T cell populations in the mediastinal LN. Representative gating strategies

for these four panels are depicted in Figs. A.2, A.3, and A.4. They are reviewed below.

Myeloid panels Samples from the lung and the BAL fluid were stained with the myeloid

panel as described above. We analyzed these samples by gating CD45+ live single cells and
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gating out neutrophils via Ly6G staining. We identified eosinophils as CD11c−SiglecF+ and

alveolar macrophages as CD11c+SiglecF+. We included markers for B and T cells to also

quantify these cells’ abundance and phenotype in the BAL fluid and the lung. In particular,

we were interested in investigating the abundance of cells expressing ST2, as well as their

varying levels of ST2 expression. This gating is depicted in Fig. A.2.

LN T Cell Panel Samples from the mediastinal LN were stained with the LN T cell panel

as described above. After performing flow cytometry, we analyzed by gating SiglecF− live

single cells and gating B and T cells. We examined evidence of T cells’ antigen experience

and central lymphatic homing tendency. Furthermore, we identified Tfh cells as CD4+ T

cells that are Bcl-6+ and PD-1+. This gating is depicted in Fig. A.3.

Lung T Cell Panel Samples from the lung were stained with the lung T cell panel as

described above. After performing flow cytometry, we analyzed by gating CD45+SiglecF−

live single cells and gating B and T cells. We identified Tregs as CD4+ T cells that were

CD25+ and FoxP3+. We examined ICOS staining across T cell subsets. This gating is

depicted in Fig. A.4.

4.3.5 Histological Analyses

Sample Acquisition, Staining, and Imaging

Sample Acquisition For histological analysis, we took the caudal lobe of the lung and

performed fixation in 2% PFA (Thermo) overnight for two days. Tissues were washed twice

with PBS and stored in 70% ethanol until sectioning was performed. Tissue samples were

prepared in cassettes and taken to the University of Chicago Human Tissue Resource

Center for embedding and sectioning at a depth of 5 µm per section.
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Staining Periodic acid-Schiff (PAS) staining was performed on lung sections by the Uni-

versity of Chicago Human Tissue Resource Center.

Imaging Stained sections were taken to the University of Chicago Integrated Light

Microscopy Core for imaging on an Olympus microscope at 40x.

Quantification and Analysis of PAS Histology with QuPath

High-resolution images of the histological sections were imported into QuPath projects and

their names were masked to maintain researcher blindness to the treatment groups associated

with each sample. Then, regions of interest in each section were sampled and concatenated

into a reference image for manual annotation. A composite image was prepared and regions

were manually annotated as blood vessels, airway space, airway epithelia, dense clusters of

nuclei, and mucin. The composite image was used to train a separate deep learning classifier

for systematic quantification across the entire dataset.
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4.4 Results

4.4.1 Dose Titration

We sought to titrate the dose for GAS6-OVA in the single-dose prophylactic regimen of the

allergic airway inflammation model. We found that 0.28 µg GAS6-OVA (equivalent to 0.10

µg OVA) was optimal in terms of reducing the eosinophilia in both the BAL and the lungs

(Fig. 4.3).
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Figure 4.3: 0.28 µg was chosen as an appropriate dose for GAS6-OVA in the single-
dose allergic airway inflammation model. We saw a range of quantities of eosinophils
infiltrating the airway space in the dose titration experiment. Of all doses tested, 0.28 µg
GAS6-OVA was most promising in terms of reducing eosinophil count in the BAL. It is worth
noting that this experiment was performed at a relatively low n of 3, so statistics were not
performed.
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Figure 4.4: Immunological populations in BAL fluid and lungs are modulated
by prophylactic treatment with GAS6-OVA in an allergic airway inflammation
model. We examine the abundance of eosinophils in the BAL fluid (A) and the lungs (B).
The horizontal dotted line around 3 ∗ 105 eosinophils in (A) represents the 25th percentile
count of BAL eosinophils of the positive control group. This will be used to calculate
prevalence in Fig. 4.5.

4.4.2 Prophylactic Tolerance Induction in

Allergic Airway Inflammation Model

Flow Cytometric Quantification of Eosinophilia in BAL Fluid and Lungs

In measuring the eosinophilia of the BAL fluid and the lung, we observed that the degree

of eosinophilia in GAS6-OVA-treated mice seemed to follow a bimodal distribution (Fig.

4.4). Of interest to us, the GAS6-OVA mice had a lower probability of exhibiting severe

eosinophilia in the BAL fluid (Fig. 4.5), defined as the 25th percentile level of eosinophil

abundance in the BAL fluid of the positive control (sensitized and non-treated) group of

mice (depicted in Fig. 4.4A).

Flow Cytometric Quantification of Immune Populations in the BAL Fluid

We found that many of the measurements of immunological populations correlated with one

another in canonical ways for the allergic asthma context. Relative abundance of eosinophils
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Figure 4.6: Antigen experience seems to decrease abundance of ST2+ CD4+ T
cells in the BAL. In (A), we show the percentage of CD4+ T cells that express ST2.
Both OVA (yellow) and GAS6-OVA (blue) seem to reduce this abundance from that of the
positive control (black), but GAS6-OVA displays much more variation. In (B), we depict
the abundance of macrophages within the CD45+ compartment, which seems lower across
all sensitized mice relative to non-sensitized mice. We also calculated the log ratio between
eosinophils and macrophages, as depicted in (C), which depicts a similar pattern to that of
macrophage abundance.
(∗: p < 0.05; ∗ ∗ ∗: p < 0.001)

was inflated in all samples from sensitized mice, and this increase correlated with increases

in abundance of Th2 T cells in the CD4+ compartment (Fig. 4.7).

We recognized substantial variation in the response of GAS6-OVA-treated mice to allergic

sensitization and challenge, particularly with respect to the severity of eosinophil infiltra-

tion in the airways (Fig. 4.4). We wondered if the GAS6-OVA-treated mice that seemed

to respond poorly by one measure were performing poorly by all measures. As such, we

performed bivariate correlation analyses for variables of interest, including abundances of

eosinophils, macrophages, and Th2 CD4+ T cells. Indeed, this analysis revealed that these

measures significantly correlated within sensitized mice (Fig. 4.7). Broadly, we found that

increased relative abundance of Th2 cells within the CD4+ T cell compartment was associ-

ated both with fewer macrophages and with more eosinophils, which aligns with the current

understanding of allergic airway inflammation in the field. GAS6-OVA treatment did not
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seem to fundamentally alter these immunological relationships (Fig. 4.7D-F).

We also assessed abundance and phenotype of macrophages in the lung. Of all condi-

tions, only GAS6-OVA demonstrated a significant deviation (in this case, an increase) in

the abundance of efferocytic macrophages we recovered from BAL samples (Fig. 4.8). We

are curious how this may relate to other physiological and pathological changes that occur

in this model. In particular, we wonder if the efferocytic macrophages modulate how the

pulmonary immune microenvironment responses to sensitizations and challenges.

Histological Analyses of Lung

We performed histological analysis on sections of lung that were stained with PAS.

PAS Sections We assessed the PAS-stained lung sections for goblet cell metaplasia and

mucus hypersecretion. We observe that the non-sensitized mice do not induce goblet cell

metaplasia or mucus hypersecretion upon intratracheal challenge with Grade V OVA. We

also observe that prior sensitization with alum and Grade V OVA was sufficient to induce

allergic responses to intratracheal challenges (Fig. 4.9A, B, E). As such, we believe that the

model was successful in inducing sensitization-dependent Th2 immunity. Having established

that there is suitable dynamic range in the measure of mucin staining in the PAS-stained

lung sections, we wanted to determine if prophylactic treatment with GAS6-OVA would

reduce mucin staining in the lungs of treated mice. Indeed, we found that GAS6-OVA, but

not OVA, demonstrated a statistically significant reduction in mucin abundance in lungs of

treated mice compared to sensitized, untreated mice (Fig. 4.9B-E).
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Figure 4.7: Disease-related immune populations correlate in murine model of al-
lergic airway inflammation, regardless of prophylactic treatment. In (A, B, and
C), we examine how sensitization affects the relationships between population sizes of vari-
ous disease-related immune populations. In (A), we see that all sensitized mice have lower
relative abundances of macrophages in the CD45+ compartment, and that this seems to
decrease further as the relative abundance of ST2+ T cells in the CD4+ compartment in-
creases. In (B), we observe that unsensitized mice are low in abundance of eosinophils the
CD45+ compartment, and in the relative abundance of ST2+ T cells in the CD4+ compart-
ment. Both of these metrics correlate in sensitized mice. In (C), we see that all sensitized
mice have notably higher ratios of eosinophils to macrophages in the collected BAL samples,
which correlates with higher relative abundance of ST2+ T cells in the CD4+ compart-
ment. In (D, E, and F), we re-examine the same data, but highlight those associated with
GAS6-OVA-treated mice. All correlations were statistically significant (p < 0.05). Broadly,
the numerical sign of correlations was equivalent for mice that received or did not receive
GAS6-OVA treatment. Only the correlation between the ST2+ CD4+ T cell abundance and
the ratio of macrophages to eosinophils showed significant difference between GAS6-OVA-
treated mice and other mice. (F).
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cell metaplasia and mucus hypersecretion in sensitized, untreated mice (black). (C) and
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quantified in QuPath with our trained machine learning classifier. The results are displayed
in (E).
(∗: p < 0.05)
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4.5 Discussion of Chapter 4

4.5.1 Eosinophilia

We used BAL eosinophilia to determine an appropriate dose of GAS6-OVA to use in studies

with this model. While it is worth taking into account that the titration experiment was

underpowered, we were encouraged by the data associated with mice that received the 0.28

µg dose (Fig. 4.3), so we proceeded with this dose for further experiments. Proceeding to

examine the severity of BAL eosinophilia with another experiment, we found that GAS6-

OVA-treated mice demonstrated a bimodal distribution; many mice seemed to have lower

values, but those of a couple of the mice exceeded the highest value from the positive control

group (depicted in Fig. 4.4A). The bimodal nature of this metric in the GAS6-OVA group

makes statistical testing of average change difficult to meaningfully interpret. However, we

are encouraged by the reduction in the probability of exhibiting severe eosinophilia observed

in GAS6-OVA-treated mice (Fig. 4.5). Because it is known that human patients with

asthma can be grouped into responders or non-responders,[230] the apparent bimodality of

this distribution led us to question whether there are two distinct populations of responders

and non-responders in this model. If so, we wonder if the responders could have been

predicted. This could correspond to useful insights for biomarkers and diagnostics in the

context of clinical allergic asthma. If not, we question which factors determine which mice

will benefit from GAS6-OVA treatment and which mice will have persistent pathology. We

believe a further repeat of this study may help further clarify the significance of these results

and the physiological effect of prophylactic GAS6-OVA treatment.

4.5.2 Mucus Hypersecretion

We saw that, when examining levels of mucus hypersecretion in the lung, only lungs from

GAS6-OVA-treated mice had significantly lower levels than the positive control group (Fig.
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4.9). Mucus hypersecretion causes a number of serious symptoms in allergic asthmatics,

including difficulty breathing and remodeling of the airway.[204, 231] We found this rather

encouraging. In future studies, one could consider using specialized equipment to perform

studies of the effect of treatment on airway hyperresponsiveness, which is related to mu-

cus hypersecretion in allergic asthmatics.[212] We hypothesize this may be modulated by

efferocytic macrophages, which we return to below.

4.5.3 Monovariate and Correlative Analyses of BAL Lymphocytes

We quantified the abundance of various immunological subsets in the BAL via flow cytome-

try. We focused on eosinophils, which are associated with pathological eosinophilia,[185, 194–

196] efferocytic macrophages, which we believe to be a target of GAS6-OVA,[24] and Th2

CD4+ T cells, which are recognized for orchestrating much of allergic asthma.[218]

In seeking to understand if and how treatment with GAS6-OVA might modulate the Th2

compartment, we saw GAS6-OVA and OVA groups showed similar mean abundances of Th2

cells, but with apparently larger spread in the GAS6-OVA group (Fig. 4.6A). In quantifying

the populations of macrophages, as well as ratio of macrophages to eosinophils, we saw that

model induction was the driving factor in observed differences. (Fig. 4.6B and C). Given

the variance observed in eosinophilia, we became intrigued with how these metrics might

relate. When investigating relationships between measures of airway inflammation in this

dataset, we saw that the mice with high levels of BAL eosinophilia in the GAS6-OVA-treated

group had correspondingly high levels across other metrics (Fig. 4.7). This simultaneously

assured us of proper model induction and piqued our interest in what might be driving such

spread in physiological outcomes following treatment.
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4.5.4 Efferocytic Macrophages

It is notable that the level of efferocytic macrophages in the lung was similarly increased

across all GAS6-OVA-treated mice (Fig. 4.8),1 despite substantial variation in pathological

readouts (Fig. 4.3). Because this increase in macrophages does not correspond strongly to

differences in pathology, we can conclude that modulation of the abundance of efferocytic

macrophages in the lung is not sufficient for amelioration of allergic airway inflammation.

Noting the abundance of literature recognizing defective efferocytosis as causally associated

with severe allergic asthma in humans,[24, 85, 191] we believe this to be non-trivial.2 It

remains an open question if this modulation in the macrophage compartment of the lung

would synergize well with existing therapies. One could hypothesize that an increase in

the population of efferocytic alveolar macrophages could reduce the inflammatory burden

imposed by inhaled allergen, perhaps bolstering efficacy of corticosteroids or other asthma

medications.

It could also be worthwhile to investigate if this increase in size of the pulmonary

macrophage compartment is necessary for changes in levels of BAL eosinophilia (Fig. 4.4)

or mucus hypersecretion by goblet cells (Fig. 4.9). The answer to this question could be

elucidated with a variety of experimental designs. One could consider performing similar

experiments in mice which lack MerTK on macrophages, or mice that have been treated

with clodronate liposomes, which ablate the macrophage compartment.[232–235] Ablation

of therapeutic benefit (as assessed by reduction in BAL eosinophilia or mucus hypersecretion,

for example) would support the hypothesis that macrophages were critical for the effect of

GAS6-OVA.

1. None of the other groups show differences in this regard (Fig. 4.8).

2. See Section 4.1.2 for more information regarding the relationship between efferocytosis and allergic
airway inflammation.
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4.5.5 Takeaways from Chapter 4

After the work performed in the OT adoptive transfer model in Chapter 3, we sought to

understand how fusion proteins combining efferocytic mediators with antigen could influence

immunity in the context of a murine model of allergic airway inflammation. In contrast to

the previous model, the allergic airway inflammation model uses naive mice without adoptive

transfer. As such, this model allowed us to more rigorously probe how GAS6-OVA treatment

affects the responses of the endogenous repertoire of T cells. Furthermore, because the

allergic airway inflammation model corresponds more directly to pathological phenomena

than the OVA/OT model, we found the benefits observed in this model to be more clearly

relevant to making advances in the clinical standard of care for allergic asthmatics. In

this context, we observed that administration of an efferocytic mediator fused with antigen

ameliorated some forms of the antigen-specific immune response that led to pathology in

untreated mice. While this investigation probed the results of delivery of antigen fused with

GAS6, we aspire to repeat this series of studies with MFGE8-fused antigen. Given the

encouraging results from previous chapters, as well as the promise demonstrated by GAS6-

OVA in this model, we are encouraged that MFGE8-OVA may be a promising tolerogen in

this context.

Moreover, while these studies investigated tolerance induction downstream of prophylactic

induction of tolerance in naive mice, we remain curious about the potential of this platform to

facilitate antigen-specific immunological tolerance in the face of an ongoing immune response.

In particular, if administration of an efferocytic mediator fused with antigen could relieve

inflammation even after the onset of airway remodeling and hyperresponsiveness in this

model, that would be a boon for treatment-resistant patients and clinicians alike.

109



CHAPTER 5

OVERALL DISCUSSIONS

We demonstrated that we can modulate antigen-specific immunological responses with re-

combinant protein biologics. This holds promise as a potential avenue to eventual develop-

ment of an off-the-shelf medication available to patients suffering from various autoimmune

diseases and allergies. We saw evidence of immunomodulatory antigen-presentation follow-

ing design and delivery of these proteins, and we anticipate mechanistic insights yet to be

revealed. This work demonstrates exciting potential for protein biologics to play a role

in modulation of antigen-specific immune responses. Clinically, autoimmune diseases and

allergies propagate harmful immune reactions via self-inflicted damage, requiring broad im-

munosuppression to stave off pathogenesis. This work contributes to the growing body of

work that will hopefully advance medicine beyond this stage, and into one where clinicians

have better, more precise tools for healing their patients’ immune systems.

5.1 Comparison to Other Approaches

GAS6-OVA and MFGE8-OVA, each targeting defined sets of receptors with characterized

signaling, demonstrate a highly specific putative mechanism of action. GAS6-OVA and

MFGE8-OVA are designed to target specific and characterized receptors. Accordingly, More-

over, we anticipate that clinicians who increasingly perform genetic testing,[236] will be bet-

ter prepared to identify and predict potential genetic bases of heterogeneity in treatment

response. This may prove critical, as defects in efferocytosis are abundant in cases of au-

toimmune diseases and allergies.[85, 191] It remains to be investigated if delivery of GAS6-

or MFGE8-fused antigen can prevent or ameliorate disease when defects in efferocytosis are

present, whether through progression of pathology or through genetic manipulation or an-

other form of inhibition. On one hand, active signaling driven by delivery of these efferocytic
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mediators may compensate for these deficiencies in efferocytosis, helping the system to re-

store homeostasis and relieving the disease state. On the other hand, if the deficiencies are

severe enough, it is possible the efferocytic mediators will have no effect. At best, this would

have a similar effect to delivery of unmodified antigen. At worst, this could lead to further

activation of inflammatory responses of the antigen if it associated with late apoptotic or

secondary necrotic cells. Moreover, GAS6-OVA and MFGE8-OVA also can be isolated as a

pure monomer population, facilitating control of this method. Furthermore, because they are

protein therapeutics, they avoid the necessity for autologous sourcing or other such concerns

that limit cell-based therapeutics.

Nanoparticle Delivery

Whether through delivery of liposomes or apoptotic cells, many groups have demonstrated

success in applying nanoparticle technologies to induction of immunological tolerance. [143,

237, 238] These strategies are exciting because they demonstrate promise for a future without

critical, constant immunosuppression for various patients plagued with inflammatory disor-

ders. Nanoparticles allow for relatively well-controlled formulation of deliverable material for

modulation of the immune response. Because polymer chemistry is so well-developed, there

are also countless ways to modify the design of a polymer nanoparticle to tune it for the task

at hand. That being said, these strategies have limitations as well. Nanoparticles are liable

to develop humoral responses over time.[239] In these cases, or in cases where the materials

degrade before arriving at their destination, these strategies may facilitate, rather than sup-

press, inflammation. Furthermore, as was observed in the COVID-19 pandemic, liposomes

often have stringent storage requirements, making their widespread access non-trivial.
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mRNA Delivery

Since early after the emergence of COVID-19, there has been a surge in applications of

delivering mRNA to drive various processes in vivo. While mRNA technology today is hailed

as a groundbreaking vaccine technology, there is growing evidence that delivery of mRNA can

be leveraged for purposes of tolerance induction.[240] For example, in 2021, researchers from

BioNTech saw strong induction of immunological tolerance after delivering mRNA encoding

disease-relevant antigens. Specifically, the group found that delivery of the genetic material

led to tolerogenic antigen presentation in the spleen.[241] It would be quite exciting to deliver

antigens modified with efferocytic mediators with mRNA technology for multiple reasons. It

is well-recognized, for example, that γ-carboxylated proteins are more efficiently produced

and modified in vivo.[179] Furthermore, this technology largely circumvents the difficulties

in producing protein variants for every target antigen, as designing mRNA is more facile.

That being said, there are concerns that verification of appropriate γ-carboxylation in vivo

would be rather difficult in vivo. Someone with a Vitamin K deficiency would be likely to

suffer this problem, for example. There are many considerations that will need to be made

in further integrating these technologies.

5.2 Future Directions

5.2.1 Investigation of MFGE8-OVA in More Models

Logistical constraints led us to prioritize study of prophylactic GAS6-OVA treatment in the

allergic airway inflammation model. However, there remains substantial interest in inves-

tigating how prophylactic administration of MFGE8-OVA in the model of allergic airway

inflammation may alter or prevent pathogenesis. Similarly, we hope to pursue investigation

of whether MFGE8-OVA drives antigen presentation and downstream T cell proliferation,

like we saw with GAS6-OVA. Given the in vivo results, we expect we would observe antigen
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presentation.

5.2.2 Validation that Other Immune Functions Remain Unperturbed

A core motivation of this work was to pioneer novel methods for inducing antigen-specific

immunological tolerance without broadly undercutting immune function. In this work, we

demonstrated that MFGE8-OVA and GAS6-OVA change the T cell response both in vitro

(Figs. 2.11 and 2.12) and in vivo1 (Fig. 3.2 and 3.10), likely by interacting with

antigen-presenting cells (Fig. 2.9). However, there remains the risk that functionality of

the immune system in the face of infection or other threats may be compromised. As such, it

would be prudent to investigate how GAS6-OVA or MFGE8-OVA treatment affect responses

to infection. If, after treatment, we observed maintenance of the ability to resist and clear

pathogens like PR8 influenza or listeria monocytogenes, which lack OVA, we would be en-

couraged that antigen-fused derivatives of GAS6 and MFGE8 can modulate antigen-specific

immunity without disturbing the whole immune system, perhaps serving as an avenue to

induction of antigen-specific immunological tolerance. Alternatively, an impairment in these

abilities would negate this hypothesis, instead suggesting that treatment with efferocytic

mediators may have caused broad immunosuppression.

It could also prove fascinating to perform "reverse tolerance" experiments, in which mice

are tolerized to antigen and challenged with pathogen bearing the tolerized antigen. In

these models, if we had induced antigen-specific immunological tolerance, we would expect

impairment of adaptive immunity against the pathogen. We might consider that responses

could be mounted to other antigens in the pathogen. In the context of dominant tolerance,

induction of Tregs and other mechanisms may drive linked tolerance, preventing immune

responses to other antigens on pathogens.[242] To resolve this ambiguity, we can consider

performing experiments in nude mice that have received adoptive transfer of antigen-specific

1. In vivo, when we examine the endogenous (non-OT) repertoire of T cells in lymphoid organs, we fail to
observe comparable effects to those seen in the adoptively transferred antigen-specific (OT) compartment.
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lymphocytes. For example, one could adoptively transfer nude mice with OT I and II cells

and then administer a dose of tolerizing therapy, similarly to our experiments in Chapter 3.

Shortly thereafter, mice could be challenged with OVA-bearing pathogen or control pathogen

to assess their ability to mount protect immune responses. In the case of successful induction

of antigen-specific immunological tolerance, we would anticipate GAS6-OVA-treated mice to

have impairment clearing the OVA-bearing pathogen, but not the control pathogen.

5.2.3 Probing Mechanisms of Tolerance Induction

In this work, we have designed, produced, purified, and performed exploratory validation on

a new class of recombinant biologics that can modulate future immune responses to antigen.

Significant work remains to elucidate the mechanism of this process. In particular, we may

investigate which cell types and signaling pathways play important roles in the development

of the observed effects. This may help us to better understand potential areas of application

for therapies inspired by these strategies.

Depletion of Specific Cell Populations

This work has demonstrated that delivery of antigen recombinantly fused to efferocytic me-

diators can modulate the antigen-specific immune response. Naturally, one wonders what

mechanistic components of the immune response are pivotal for this effect to be observed. In

future work, it could prove worthwhile to investigate immunomodulatory effects’ dependence

on various cell types, affected either directly or indirectly by construct delivery. For exam-

ple, it remains unclear if immunomodulatory antigen presentation is dominated by dendritic

cells, which are recognized as professional antigen-presenting cells that specialize in licensing

adaptive immune responses, or macrophages, which are more commonly recognized as pro-

fessional efferocytes. Perhaps both are essential for efferocytic mediator-antigen fusions to

modulate adaptive immunity. We can probe this question by using depletion antibodies or
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genetic knockout mice which lack such cells, and see when tolerance induction is abrogated.

As another example, it remains unclear if observed CD8+ T cell tolerance is mediated by

(and thereby dependent on) affected CD4+ T cells. Depleting CD4+ cells from a mouse,

performing an experiment in this model, and investigating if we continued to see effects on

the OT I (CD8+) compartment could disambiguate this.

Pharmaceutical Inhibitors In Vitro and In Vivo

Along the same lines as determining key cellular players in the mechanism underlying ob-

served tolerogenic effects, it may prove worthwhile to utilize pharmaceutical inhibitors of

different mechanistic components. Such inhibitors are commercially available for kinases, re-

ceptors, and other proteins involved in efferocytic processes. We are interested in if blockade

of the TAM receptor tyrosine kinases would abrogate observed effects, for example. If this

were the case, the next question to address would be if this is particularly dependent on one

of the receptors, as has been observed in related contexts. The relevance of TAM blockade is

likely more apparent in the context of GAS6-antigen fusion protein delivery. However, effe-

rocytic pathways are known to induce and to modulate one another,[84] so it is of interest if

this blockade would change responsiveness to MFGE8-based therapeutic approaches as well.

5.2.4 Optimization of Production

The production and purification of efferocytic mediators proved difficult throughout various

stages of this work. We posit that this arises from many factors, including that effero-

cytic mediators bind dead cells, which are filtered out before processing supernatants from

transfection. Furthermore, optimization remains to be carried out more systematically for

GAS6-OVA production, which depends on the efficient γ-carboxylation of the Gla domain.

This post-translational modification is difficult to achieve efficiently in in vitro production

systems. We have demonstrated necessity for Gla functionalization to observe these phe-
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nomena with GAS6 derivatives (Fig. 2.10), so optimizing this production could be pivotal

in translating this technology more readily.

5.2.5 Routes and Modalities

There remain multiple considerations to make regarding the modality and route of adminis-

tration of these potential therapeutics.

Routes of Administration We recognize that past work in the lab has demonstrated

substantial effects of immunological significance stemming from differences in route of

administration.[154] In this work, we only investigated the delivery of MFGE8-OVA and

GAS6-OVA by intravenous injection, leaving the question open if we would observe different

outcomes if we were to inject subcutaneously, for example.

Modalities Furthermore, we are interested in applying these biological insights regarding

GAS6- and MFGE8-modified antigens to other modalities. It proved rather difficult to

isolate the MFGE8-OVA and GAS6-OVA proteins from the HEK transfection. While we

were able to successfully produce and isolate these materials for study, we acknowledge that

application of these materials in other contexts would require plasmid redesigns and new

runs of production and purification to incorporate the new antigen. This led us to consider

if we may produce materials with similar immunomodulatory properties by methods other

than recombinant fusion of antigen to efferocytic mediator. For instance, we have considered

if one could express a recombinant fusion protein comprising GAS6 and a liposome-binding

moiety, such as a protein anchor.[243] In this case, one could then isolate a single formulation

of GAS6 derivative and use it to decorate liposomes loaded with cargo, antigenic or otherwise

without having to produce new proteins for every context.

Continuing to conceptualize how we might apply this biology to liposome design, one

could consider seeing if just the receptor-binding domain of GAS6 would be sufficient to
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incorporate. It is recognized that physiologically, GAS6 activity depends on a successfully

γ-carboxylated Gla domain to conduct signaling through the TAM receptors. However, we

believe this may result from steric requirements for productive signaling; it may be that

colocalization of multiple molecules of GAS6 on an apoptotic cell, via PS binding through

the Gla domain, is necessary for effective crosslinking of receptor. This is supported by the

absence of activity we saw when investigating non-γ-carboxylated GAS6-OVA (Fig. 2.10).

If this is indeed the case, then it remains possible that decoration of the GAS6 receptor-

binding domain on the surface of a liposome would satisfy similar geometric requirements

and facilitate receptor crosslinking and signaling.

5.3 Final Takeaway

In this work, we designed, produced, purified, and validated two new molecules, GAS6-

OVA and MFGE8-OVA, as pilot molecules a novel platform for active induction of antigen-

specific immunological tolerance. We believe this work yields evidence that biologics can

be designed as precise, unidisperse immunomodulators that change immune responses to

antigen without inhibiting immunity altogether. While other groups have demonstrated

success with polymer-, nanoparticle-, or cell-based methods in this domain, this work is

demonstrative of a new class of tolerance induction material, compatible for adaptation with

widely protein engineering methods. We are excited to continue investigating how targeting

efferocytosis can drive immunological tolerance, particularly beyond OVA models. Perhaps

someday, materials of this class will support clinicians in caring for patients.
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GATING STRATEGIES FOR FLOW CYTOMETRY
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A.1 Gating Strategies for Chapter 3

Lymphocytes
80.9

0 300K 600K 900K 1.2M

FSC-A

100

101

102

103

104

105

106

SS
C

-A

Live
97.7

0-104 104 105

Comp-LIVE DEAD Blue-A

0

200K

400K

600K

800K

FS
C

-H
CD11c-

93.8

0-104 104 105 106

Comp-eFluor 506-A :: CD11c

0

-104

104

105

C
om

p-
BU

V3
95

-A
 ::

 C
D

19

CD3+CD19-
34.3

CD19+CD3-
59.0

Q2
0.98

Q4
5.84

0-104 104 105

Comp-BUV563-A :: CD3

0

-104

104

105

C
om

p-
BU

V3
95

-A
 ::

 C
D

19

OT Is
1.82

0-104 104 105

Fl0w@alltheT!me

Comp-Alexa Fluor 647-A :: CD45.1

0

300K

600K

900K

1.2M

FS
C

-A
CD4 T cells

48.2

CD8 T cells
43.3

0 105 106

Comp-BUV496-A :: CD4

0

-104

104

105

106

C
om

p-
BU

V8
05

-A
 ::

 C
D

8

OT IIs
2.02

0-104 104 105

Comp-Alexa Fluor 647-A :: CD45.1

0

300K

600K

900K

1.2M

FS
C

-A

Tregs

CD25
FMO

FoxP3
FMO

8.39

0-104 104 105 106

Comp-APC-Fire 810-A :: CD25

0

-103

103

104

C
om

p-
Al

ex
a 

Fl
uo

r 7
00

-A
 ::

 F
ox

P3
CD73hiFR4hi (anergic)

15.1

0 104

Comp-BV605-A :: CD73

0

-104

104

105

106

C
om

p-
PE

-C
y7

-A
 ::

 F
R

4

CTV+
23.8

0-104 104 105 106

Comp-CellTrace Violet CTV-A

0

300K

600K

900K

1.2M

FS
C

-A

CD73
FMO

FR4
FMO

Comp-BV480-A :: TIM3

C
om

p-
PE

-F
ire

81
0-

A 
:: 

PD
-1

0-104 104 105

0

-104

104

105

106 58.8 36.8

1.542.88

PD-1+TIM3-

PD-1-TIM3-

PD-1+TIM3+

PD-1-TIM3+

Figure A.1: Representative gating for flow cytometric analysis of experiments
involving prophylactic induction of immunological tolerance following in vivo OT
adoptive transfer. First, lymphocytes are gated by forward and side scatter parameters.
Then, live cells are identified by lack of staining for viability dye. CD11c− cells are gated
and further subdivided into T cells (CD3+CD19−) and B cells (CD3−CD19+).
(continued on next page)
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Figure A.1: (continued) T cells are further gated into single-positive CD4+ and CD8+ T
cells. OT Is are identified as single-positive CD8+ T cells that are CD45.1+, and OT IIs are
identified as single-positive CD4+ T cells that are CD45.1+. CD8+ T cells (including OT Is)
are assessed by their staining for PD-1 (FMO in blue) and TIM3 (FMO in orange). CD4+
T cells (including OT IIs) are assessed by their staining for CD73 (FMO in orange) and FR4
(FMO in blue). CD4+ T cells (including OT IIs) are gated as Tregs if they demonstrate
substantial staining for both CD25 (FMO in orange) and FoxP3 (FMO in blue). All OT cells
are assessed for CellTrace Violet dilution, with gating for cells that have not fully diluted
CellTrace Violet marked as CTV+.

A.2 Gating Strategies for Chapter 4
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Figure A.3: Representative gating for flow cytometric analysis of LN Tfh panel
in allergic asthma experiments. First, singlet lymphocytes are gated by forward and
side scatter parameters. Then, live cells are identified by lack of staining for viability dye.
SiglecF+ cells are gated out and then B and T cells are identified by combinations of CD3
and CD19 staining. T cells (CD3+CD19−) are assessed for combinations of CD62L and
CD44 staining, examining antigen experience and central lymphatic homing tendency. T
cells are also gated into populations of single-positive CD4+ and CD8+ T cells. CD4+ cells
that stain for both Bcl-6 and PD-1 are gated as Tfh populations of interest.
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Figure A.2: Representative gating for flow cytometric analysis of BAL fluid airway
DC panel in allergic asthma experiments. First, singlet lymphocytes are gated by
forward and side scatter parameters. Then, live cells are identified by lack of staining for
viability dye. Gating proceeds to isolate CD45+ cells and remove neutrophils, which are
identified by staining for Ly6G. Eosinophils are identified as CD11c−SiglecF+ and alveolar
macrophages are identified as CD11c+SiglecF+. Cells that lack staining for either of these
markers are further subdivided into cells that stain for CD19, presumed to be B cells, other
myeloid subsets which can be identified by combinations of CD11c and CD11b staining, and
T cells that can be further subdivided into single-positive CD4+ and CD8+ T cells. B cells
and CD4+ T cells are assessed for ST2 staining.
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Figure A.4: Representative gating for flow cytometric analysis of Lung Treg panel
in allergic asthma experiments. Single cells are gated by forward and side scatter
measurements. CD45+SiglecF− cells are gated and then B and T cells are identified by
combinations of CD3 and CD19 staining. T cells (CD3+CD19−) are gated into populations
of single-positive CD4+ and CD8+ T cells. Tregs are identified as CD4+ T cells that are
CD25+FoxP3+. ICOS staining is assessed across T cell subsets.
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APPENDIX B

ANTIBODIES USED IN EXPERIMENTS

B.1 Antibodies Utilized in Chapter 2

Table B.1: Antibodies, Vendors, Localization, and Dilutions for Chapter 2.

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

CD25 APC-Fire810 Surface 1:200

Annexin V PE Abcam ab14155 Surface

B220

(CD45R)
BV 711 BD 563892 Surface 1:200

B220

(CD45R)
PE-594 BD 562290 Surface 1:200

B220

(CD45R)
PerCP-Cy5.5 BioLegend 103235 Surface 1:200

CD103
AlexaFluor

488
BioLegend 121408 Surface 1:200

CD103 FITC BioLegend 121419 Surface 1:200

CD11b BV 785 BioLegend 101243 Surface 1:200

CD11c BV 421 BD 565451 Surface 1:200

CD127 (IL-

7Rα)
APC-Cy7 BioLegend 135039 Surface 1:200

CD19 APC BioLegend 152410 Surface 1:200

CD25 PE-Cy7 BioLegend 101915 Surface 1:200

CD3 BUV 395 BD 563565 Intracellular 1:200
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Continuation of Table B.1

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

CD3 BV 421 BioLegend 100335 Intracellular 1:200

CD3 PacBlue BioLegend 100333 Intracellular 1:200

CD3 BV 605 BioLegend 100351 Intracellular 1:200

CD3 BV 711 BioLegend 100349 Intracellular 1:200

CD3 PE-Cy5 BioLegend 100309 Intracellular 1:200

CD3
AlexaFluor

647
BioLegend 100209 Intracellular 1:200

CD4 BUV 395 BD 563790 Surface 1:200

CD4 BV 711 BioLegend 100550 Surface 1:200

CD4 BV 785 BioLegend 100552 Surface 1:200

CD4 PE-Cy7 BioLegend 100528 Surface 1:200

CD4 FITC Invitrogen 11-0042-85 Surface 1:200

CD44 BV 605 BioLegend 563058 Surface 1:200

CD44 BV 711 BioLegend 103057 Surface 1:200

CD44 FITC BioLegend 103005 Surface 1:200

CD45 BV 786 BioLegend 564225 Surface 1:200

CD45.1 PE BD 561872 Surface 1:200

CD45.1 PE-Cy7 BD 560578 Surface 1:200

CD45.1 BV 605 BioLegend 110737 Surface 1:200

CD45.1 PE BioLegend 110707 Surface 1:200

CD45.1
AlexaFluor

647
BioLegend 110720 Surface 1:200
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Continuation of Table B.1

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

CD45.1
AlexaFluor

647

Southern

Biotech
1795-31 Surface 1:200

CD62L BV 711 BioLegend 104445 Surface 1:200

CD62L FITC BioLegend 104406 Surface 1:200

CD69 BV 605 BioLegend 104529 Surface 1:200

CD73 BV 605 BioLegend 127215 Surface 1:200

CD73 BV 605 BioLegend 127215 Surface 1:200

CD73 PE BioLegend 127206 Surface 1:200

CD8α BUV 737 BD 612759 Surface 1:200

CD8α PE-Cy7 BioLegend 100722 Surface 1:200

CD8α
AlexaFluor

700
BioLegend 100729 Surface 1:200

CTLA4 BV 421 BioLegend 106312 Intracellular 1:200

CTLA4 PE BioLegend 106305 Intracellular 1:200

CTLA4 APC BioLegend 106309 Intracellular 1:200

FcBlock - BioLegend 93 Surface 1:200

FcϵRIα APC BioLegend 134316 Surface 1:200

FoxP3 BV 421 BioLegend 126419 Nuclear 1:200

FR4 PE-Cy7 BioLegend 125012 Surface 1:200

Gata3 BV 421 BD 563349 Nuclear 1:200

Gata3
AlexaFluor

647
BD 560068 Nuclear 1:200
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Continuation of Table B.1

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

Granzyme

B
PE Invitrogen 12-8898-80 Intracellular 1:200

H2Kb-SIIN APC Invitrogen 17-5743-80 Surface 1:200

ICOS PE-Cy7 BioLegend 313519 Surface 1:200

IFN-γ BV 421 BioLegend 505829 Intracellular 1:200

IFN-γ APC BioLegend 505810 Intracellular 1:200

IgM BV 786 BD 564028 Surface 1:200

IgM BV 786 BioLegend 564028 Surface 1:200

IL-2 FITC BioLegend 503806 Intracellular 1:200

IL-4 BV 711 BD 564005 Intracellular 1:200

IL-10 BV 711 BD 564081 Intracellular 1:200

IL-10 PE-Cy7 BioLegend 505026 Intracellular 1:200

IL-12 PE-Cy7 BioLegend 505210 Intracellular 1:200

IL-13 PE-Cy7 Invitrogen 25-7133-80 Intracellular 1:200

IL-17A BV 711 BioLegend 506941 Intracellular 1:200

IL-17A PE BioLegend 506904 Intracellular 1:200

IL-22 APC Invitrogen 17-7222-80 Intracellular 1:200

Lag3 PerCP-Cy5.5 BD 564673 Surface 1:200

Ly6G BV 421 BioLegend 127627 Surface 1:200

PD-1 APC BD 562671 Surface 1:200

PD-1 BV 711 BioLegend 135231 Surface 1:200

PD-1 PE-Cy7 BioLegend 135215 Surface 1:200

149



Continuation of Table B.1

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

PD-L1
PerCP-

eFluor710
Invitrogen 44-5982-80 Surface 1:200

Perforin PE BioLegend 154306 Intracellular 1:200

Rorγt PerCP-Cy5.5 BD 562683 Nuclear 1:200

TCF1/TCF7 PE BD 564217 Nuclear 1:200

TCR Vα2 ApcE780 Invitrogen 47-5812-80 Intracellular 1:200

TCR Vβ5 PE BD 562086 Intracellular 1:200

TIGIT BV 786 BD 744215 Surface 1:200

TIM3 BV 785 BioLegend 119725 Surface 1:200

TNF-α FITC BioLegend 506304 Intracellular 1:200

TOX PE Invitrogen 12-6502-80 Nuclear 1:200

Viability
LiveDead

Blue
Invitrogen L34966 A Viability 1:500

Viability
LiveDead

Aqua
Invitrogen L23105 Viability 1:500

End of Table
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B.2 Antibodies Utilized in Chapter 3

Table B.2: Antibodies, Vendors, Localization, and Dilutions for Chapter 3.

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

Annexin V PE Abcam ab14155 Surface

B220

(CD45R)
BV 711 BD 563892 Surface 1:200

B220

(CD45R)
PE-594 BD 562290 Surface 1:200

B220

(CD45R)
PerCP-Cy5.5 BioLegend 103235 Surface 1:200

CD103 AF488 BioLegend 121408 Surface 1:200

CD103 FITC BioLegend 121419 Surface 1:200

CD11b BV 785 BioLegend 101243 Surface 1:200

CD11c BV 421 BD 565451 Surface 1:200

CD127 (IL-

7Ra)
APC-Cy7 BioLegend 135039 Surface 1:200

CD19 APC BioLegend 152410 Surface 1:200

CD25 PE-Cy7 BioLegend 101915 Surface 1:200

CD3 BUV 395 BD 563565 Intracellular 1:200

CD3 BV 421 BioLegend 100335 Intracellular 1:200

CD3 PacBlue BioLegend 100333 Intracellular 1:200

CD3 BV 605 BioLegend 100351 Intracellular 1:200

CD3 BV 711 BioLegend 100349 Intracellular 1:200

CD3 PE-Cy5 BioLegend 100309 Intracellular 1:200
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Continuation of Table B.2

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

CD3 AF647 BioLegend 100209 Intracellular 1:200

CD4 BUV 395 BD 563790 Surface 1:200

CD4 BV 711 BioLegend 100550 Surface 1:200

CD4 BV 785 BioLegend 100552 Surface 1:200

CD4 PE-Cy7 BioLegend 100528 Surface 1:200

CD4 FITC Invitrogen 11-0042-85 Surface 1:200

CD44 BV 605 BioLegend 563058 Surface 1:200

CD44 BV 711 BioLegend 103057 Surface 1:200

CD44 FITC BioLegend 103005 Surface 1:200

CD45 BV 786 BioLegend 564225 Surface 1:200

CD45.1 PE BD 561872 Surface 1:200

CD45.1 PE-Cy7 BD 560578 Surface 1:200

CD45.1 BV 605 BioLegend 110737 Surface 1:200

CD45.1 PE BioLegend 110707 Surface 1:200

CD45.1 AF 647 BioLegend 110720 Surface 1:200

CD45.1 AF 647
Southern

Biotech
1795-31 Surface 1:200

CD62L BV 711 BioLegend 104445 Surface 1:200

CD62L FITC BioLegend 104406 Surface 1:200

CD69 BV 605 BioLegend 104529 Surface 1:200

CD73 BV 605 BioLegend 127215 Surface 1:200

CD73 BV 605 BioLegend 127215 Surface 1:200

CD73 PE BioLegend 127206 Surface 1:200
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Continuation of Table B.2

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

CD8a BUV 737 BD 612759 Surface 1:200

CD8a PE-Cy7 BioLegend 100722 Surface 1:200

CD8a
AlexaFluor

700
BioLegend 100729 Surface 1:200

CTLA4 BV 421 BioLegend 106312 Intracellular 1:200

CTLA4 PE BioLegend 106305 Intracellular 1:200

CTLA4 APC BioLegend 106309 Intracellular 1:200

FcBlock - BioLegend 93 Surface 1:200

FceRIa APC BioLegend 134316 Surface 1:200

FoxP3 BV 421 BioLegend 126419 Nuclear 1:200

FR4 PE-Cy7 BioLegend 125012 Surface 1:200

Gata3 BV 421 BD 563349 Nuclear 1:200

Gata3 AF 647 BD 560068 Nuclear 1:200

Granzyme

B
PE Invitrogen 12-8898-80 Intracellular 1:200

H2Kb-SIIN APC Invitrogen 17-5743-80 Surface 1:200

ICOS PE-Cy7 BioLegend 313519 Surface 1:200

IFNg BV421 BioLegend 505829 Intracellular 1:200

IFNg APC BioLegend 505810 Intracellular 1:200

IgM BV 786 BD 564028 Surface 1:200

IgM BV 786 BioLegend 564028 Surface 1:200

IL-10 BV 711 BD 564081 Intracellular 1:200

IL-10 PE-Cy7 BioLegend 505026 Intracellular 1:200
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Continuation of Table B.2

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

IL-12 PE-Cy7 BioLegend 505210 Intracellular 1:200

IL-13 PE-Cy7 Invitrogen 25-7133-80 Intracellular 1:200

IL-17A BV 711 BioLegend 506941 Intracellular 1:200

IL-17A PE BioLegend 506904 Intracellular 1:200

IL-2 FITC BioLegend 503806 Intracellular 1:200

IL-22 APC Invitrogen 17-7222-80 Intracellular 1:200

IL-4 BV 711 BD 564005 Intracellular 1:200

Lag3 PerCP-Cy5.5 BD 564673 Surface 1:200

Ly6G BV421 BioLegend 127627 Surface 1:200

PD-1 APC BD 562671 Surface 1:200

PD-1 BV 711 BioLegend 135231 Surface 1:200

PD-1 PE-Cy7 BioLegend 135215 Surface 1:200

PD-L1
PerCP-

eFluor710
Invitrogen 44-5982-80 Surface 1:200

Perforin PE BioLegend 154306 Intracellular 1:200

Rorgt PerCP-Cy5.5 BD 562683 Nuclear 1:200

TCF1/TCF7 PE BD 564217 Nuclear 1:200

TCR Va2 ApcE 780 Invitrogen 47-5812-80 Intracellular 1:200

TCR Vb5 PE BD 562086 Intracellular 1:200

TIGIT BV 786 BD 744215 Surface 1:200

TIM3 BV 785 BioLegend 119725 Surface 1:200

TNFa FITC BioLegend 506304 Intracellular 1:200

TOX PE Invitrogen 12-6502-80 Nuclear 1:200

154



Continuation of Table B.2

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

Viability
LiveDead

Blue
Invitrogen L34966 A Viability 1:500

Viability
LiveDead

Aqua
Invitrogen L23105 Viability 1:500

End of Table
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B.3 Antibodies Utilized in Chapter 4

Table B.3: Antibodies, Vendors, Localization, and Dilutions for Chapter 4.

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

B220 APC-Cy7 BioLegend 103224 Surface 1:200

B220 BV 605 BioLegend 103243 Surface 1:200

Bcl6 PE-Cy7 BioLegend 358512 Nuclear 1:200

CD103 APC BioLegend 121414 Surface 1:200

CD11b BV 605 BioLegend 101257 Surface 1:200

CD11b
AlexaFluor

488
BioLegend 101217 Surface 1:200

CD11b
AlexaFluor

700
BioLegend 101222 Surface 1:200

CD11c BV 650 BioLegend 117339 Surface 1:200

CD11c
AlexaFluor

700
BioLegend 117320 Surface 1:200

CD19 BV 785 BioLegend 115543 Surface 1:200

CD19
AlexaFluor

594
BioLegend 115552 Surface 1:200

CD19 BV 711 BioLegend 115555 Surface 1:200

CD24 BUV 737 BD 612832 Surface 1:200

CD25 BV 421 BioLegend 102033 Surface 1:200

CD25 APC-Cy7 BioLegend 102026 Surface 1:200

CD3 BUV 395 BD 563565 Intracellular 1:200
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Continuation of Table B.3

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

CD3
PE-

Dazzle594
BioLegend 100348 Intracellular 1:200

CD3 BV 785 BioLegend 100355 Intracellular 1:200

CD3 PE-Cy7 BioLegend 100320 Intracellular 1:200

CD3 APC BioLegend 100312 Intracellular 1:200

CD4 BUV 496 BD 612952 Surface 1:200

CD40L PE BioLegend 106506 Surface 1:200

CD44 PerCP-Cy5.5 BioLegend 103032 Surface 1:200

CD44 PerCP-Cy5.5 Invitrogen 45-0441-82 Surface 1:200

CD44 BV 421 BioLegend 103040 Surface 1:200

CD45 APC-Cy7 BioLegend 103116 Surface 1:200

CD45
AlexaFluor

700
BioLegend 103128 Surface 1:200

CD62L BUV 737 BD 612833 Surface 1:200

CD62L BUV 737 Invitrogen
367-0621-

82
Surface 1:200

CD62L APC-R700 BD 565159 Surface 1:200

CD69 PE-Cy7 BioLegend 104512 Surface 1:200

CD88 PE-Cy7 BioLegend 135809 Surface 1:200

CD8a BUV 805 BioLegend 612898 Surface 1:200

CTLA4 PE-Cy7 BioLegend 106313 Intracellular 1:200

CTLA4 PE-Cy7 Invitrogen 25-1522-80 Intracellular 1:200

CTLA4 PerCP-Cy5.5 BioLegend 106315 Intracellular 1:200
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Continuation of Table B.3

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

F4/80 BUV 395 BD 565614 Surface 1:200

F4/80 BV 711 BioLegend 123417 Surface 1:200

FoxP3
AlexaFluor

488
BD 560403 Nuclear 1:200

Gata3 PE-594 BD 563510 Nuclear 1:200

ICOS BV 650 BioLegend 313550 Surface 1:200

IgD
AlexaFluor

700
BioLegend 405730 Surface 1:200

Ly6G PacBlue BioLegend 127612 Surface 1:200

MerTK FITC BioLegend 151503 Surface 1:200

MHC II PerCP-Cy5.5 BioLegend 107626 Surface 1:200

PD-1 BV 605 BioLegend 135220 Surface 1:200

PD-1 APC BioLegend 135209 Surface 1:200

PD-1 APC-Cy7 BioLegend 135223 Surface 1:200

Rorgt
AlexaFluor

647
BD 562682 Nuclear 1:200

Siglec-F BV 605 BD 740388 Surface 1:200

Siglec-F PE BioLegend 552126 Surface 1:200

ST2 PE Invitrogen 12-9333-82 Surface 1:200

Tbet BV 786 BD 564141 Nuclear 1:200

Viability
LiveDead

Blue
Invitrogen L34966 A Viability 1:500
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Continuation of Table B.3

Antigen Fluorophore Vendor Catalog Localization
Staining

Dilution

Viability
LiveDead

Aqua
Invitrogen L23105 Viability 1:500

End of Table
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