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ABSTRACT

The overall goal of my thesis is to develop molecules to induce antigen-specific tolerance by

co-opting endogenous tolerance mechanisms. To do this I developed antibody fragments that

target the apoptotic pathway or the liver, and characterized the ensuing immune responses.

In Chapter 1, I introduce the field of immune tolerance. I discuss the mechanisms that the

immune system employs to maintain tolerance to self, and avoid autoimmunity. I discuss the

current standards of care in immunosuppression used to treat autoimmunity, allergy, trans-

plantation, and prevention of anti-drug antibodies. Finally, I introduce emerging strategies

that are in development to achieve antigen-specific tolerance.

In Chapter 2, I expand upon a previously developed technique in the laboratory to target

apoptotic erythrocytes for immune tolerance. I conduct phage display on mouse erythrocytes

using a human antibody fragment phage library, and characterize the resulting erythrocyte-

binding antibody fragments. I target antigen to erythrocytes and determine that delivery

to this pathways yields profound and lasting T cell dysfunction, both in transgenic and

endogenous T cells. I further characterize the mechanism of tolerance induction as occurring

in the spleen, and for CD8 T cells by Batf3+ dendritic cells.

In Chapter 3, I develop a method of targeting liver sinusoidal endothelial cells for their

inherent tolerogenic properties. I conduct phage display on liver sinusoidal endothelial cell

C-type lectin (LSECtin), for its specificity to LSECs in the liver. I characterize the Fabs

from phage display, and determine that they are rapidly and specifically internalized by

LSECs. I target antigen to LSECtin, and determine that this pathway reduces presentation

to T cells. I use protein engineering strategies to enhance antigen presentation by developing

cathepsin-cleavable linkers and endosomal escape peptides. Finally, I encapsulate antigen in

polymerosomes decorated with anti-LSECtin Fab, and enhance presentation by LSECs.

In Chapter 4, I discuss the conclusions and future directions of this work. Furthermore, I

discuss the limitations to the field of antigen-specific tolerance, and offer potential strategies

to overcome these limitations.
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CHAPTER 1

INTRODUCTION

Autoimmune disease, allergy, transplant rejection, and development of anti-drug antibodies

(ADA) represent major causes of morbidity and mortality, and are caused by an unwanted

immune response. In autoimmune disease, self-reactive lymphocytes that have escaped neg-

ative selection become activated in the periphery, and initiate immune-mediated organ de-

struction. In allergy, development of ADAs, and transplant rejection, the immune system

recognizes innocuous foreign antigen as harmful, and mounts a subsequent attack on the

antigen. Current treatments for these conditions are largely global immunosuppression,

which not only leave individuals susceptible to infection, but unwanted side effects are also

implicated in cancer, diabetes, and cardiovascular issues. There is therefore great interest in

suppressing the immune response solely to the antigen(s) that is the subject of the immune

attack, while leaving the rest of the immune system capable of mounting a productive im-

mune response. Here we review endogenous mechanisms of T cell tolerance, the current state

of immunosuppression, and emerging technologies for induction of antigen-specific tolerance.

1.1 Endogenous Mechanisms of Immune Tolerance

In order to develop therapeutics for tolerance induction, it is important to understand the

different forms tolerance can take and the longevity of this tolerance.

1.1.1 Central Tolerance

The immune system is designed to be tolerant to self, while maintaining responsiveness to

all other foreign antigens that it might encounter in order to protect the host. T and B

cells have a first checkpoint in primary lymphoid organs during their development, where

they are subject to central tolerance in the thymus and bone marrow, respectively. While

in these organs, immature T and B cells encounter self-antigen, and T cells are additionally
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exposed to peripheral tissue antigens through an Aire-dependent mechanism [1]. If their

T cell receptors (TCR) or B cell receptors (BCR) signal strongly, they will undergo clonal

deletion, thereby largely ridding the repertoire of potentially autoreactive lymphocytes that

may cause autoimmunity. However, lymphocytes with a low avidity to self-antigen will escape

into the periphery, which may then have the potential to elicit disease if under the right

circumstances. Although potentially dangerous for the host, purging all lowly autoreactive

cells in the primary lymphoid organs would leave gaps in the repertoire of pathogen-specific

response that would be even more costly to the host.

A safeguard to these low avidity autoreactive T cells are regulatory cells. Most promi-

nently studied are FoxP3+ CD25+ CD4+ regulatory T cells (Tregs). Thymic-derived Tregs

(tTregs) are developed in the thymus, and about 80% of total Tregs are thought to be tTregs

[2]. tTregs depend on the transcription factor FoxP3, and mice and humans that lack or

have mutations in FoxP3 develop severe autoimmunity [3, 4] .

Tregs are thought to suppress immune responses by a number of mechanisms. Tregs

secrete immunosuppressive molecules such as TGF-β and IL-10, which can act directly to

curb activated T cell responses [5, 6]. Tregs express the high affinity IL-2Rα, CD25, and

although there are conflicting reports, may sequester IL-2 such that it is not available for

conventional T cells to promote activation [7]. They may also directly kill conventional T

cells, through perforin and granzymes [8]. Tregs may act in a contact-dependent manner

by taking molecules needed for näıve T cell activation from the membrane of the APC,

a phenomenon known as trogocytosis. CTLA-4, which is highly expressed on Tregs, may

trogocytose CD80 and CD86 on activated APCs such that it is not available to bind CD28

on conventional T cells [9]. A recent report has demonstrated that Tregs may act in antigen-

specific mechanisms by trogocytosing peptide-MHCII complexes from an activated APC,

such that the molecules are not available to activate näıve T cells [10].

tTregs have classically been thought to have a high degree of stability, which is essential

to prevent autoimmunity. Most reports maintain that only a very small fraction of Tregs
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lose expression of FoxP3 and may convert to pathogenic phenotype, whereas the large ma-

jority maintain suppressive capacity once created [11, 12]. This is not only dependent on

FoxP3 expression, but also on a pattern of CpG hypomethylation that is required for sup-

pressive capacity of Tregs and their long-term stability [13]. Although conflicting studies

have demonstrated that Tregs may exhibit plasticity in their ability to lose suppressive and

acquire effector functions, it is thought that a small proportion of contaminating conven-

tional T cells, as well as T cells that only transiently expressed FoxP3, likely explain these

contradictory findings [14–16]. It is now believed that the FoxP3+ CD25+ cells are a stable

and committed lineage, whereas FoxP3+ CD25- cells are uncommitted and thereby may

exhibit plasticity and conversion to effector cells [17].

1.1.2 Peripheral Tolerance

Because not all self-reactive T cells are deleted in the thymus, and there are innocuous anti-

gens such as food antigens present in the periphery that would not be present in the thymus,

peripheral tolerance mechanisms exist that are important to prevent unwanted immune re-

sponses [18]. These include deletion, anergy, exhaustion, and induction of peripheral Tregs

(pTregs) and other regulatory cells.

When T cells see their cognate antigen in the periphery, they rely on cues from the

environment to determine whether they will undergo activation or tolerance. If näıve cells

encounter antigen presented by APCs with the costimulatory molecules CD80 and CD86,

the outcome of these response will likely be differentiation into effector T cells. There are

further stimuli, such as the cytokine milieu, that will further determine the fate of the cells;

for example IL-6 and TGF-β along with the proper costimulatory molecules will produce

Th17 cells.
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1.1.3 Deletion

In the absence of costimulatory molecules, näıve T cells that encounter antigen are likely

to undergo deletion or anergy [19]. Initial exposure to antigen without costimulation will

drive T cells to undergo Fas- and Bim-mediated deletion [20]. This plays a substantial

role in peripheral tolerance, as mice and humans that lack or have mutations in apoptotic

pathways develop autoimmune lymphoproliferative syndromes [21, 22]. This strategy has

been employed extensively for potential treatments in autoimmune disease.

1.1.4 Anergy

Cells that are spared from deletion may become anergic, a state of hyporesonsiveness char-

acterized by the inability to produce IL-2 [23, 24]. TCR stimulation in the absence of

costimulation leads to NFAT1 expression without formation of the AP-1 complex [25]. After

repeated stimulation, this leads to NFAT1-driven expression of the E3 ubiquitin ligases such

as Cbl-b, GRAIL, and Itch that impair TCR signaling [26]. Furthermore, NFAT1 without

AP-1 induces the expression of transcription factors Egr2, Egr3, Ikaros, and CREM, which

repress the Il2 gene.

There is debate about the fate of anergic cells. In vitro, addition of IL-2 to anergic

cells allows them to regain effector function, whereas this is insufficient in vivo [27]. Early

studies suggested that removal of antigen could reverse the anergic state in T cells [28].

However, newer studies suggest that the initial program of the tolerant, anergic state is

permanent, and transfer of anergic cells into a new lymphopenic host may temporarily lead to

acquisition of effector functions, but the cells are eventually restored to tolerance even in the

absence of antigen [29]. Similarly, co-stimulation blockade during allogeneic transplantation

provides TCR stimulation without co-stimulation, yielding dysfunctional T cells that do not

reject the organ. Upon exposure to an inflammatory context, such as infection with Listeria

monocytogenes, T cells are rendered temporarily capable of acquiring effector functions and

rejecting the organ, but the dysfunctional state is eventually recovered [30]. Because of this
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longevity of a dysfunctional program, anergy induction by tolerogenic APCs in vitro and in

vivo has been explored as a therapeutic approach to treat a variety of autoimmune disease

such as type 1 diabetes (T1D), rheumatoid arthritis (RA), and multiple sclerosis (MS) [31].

1.1.5 Peripheral Tregs and Other Peripherally Induced Regulatory Cells

In an alternative to deletion or anergy, T cells that encounter antigen in the periphery may

also become Tregs (pTreg). pTregs perform a nonredundant role to tTregs in suppression of

autoimmunity and inflammation, particularly at mucosal tissue sites [32, 33]. This conversion

to a Treg as opposed to the other fates is largely dependent on the environment. For example,

a large proportion of pTregs are found in the gut, where TGF-β, retinoid acid, and short

chain fatty acids, all molecules that may contribute to Treg induction, are found in abundance

[34, 35]. These pTregs recognize dietary antigens and likely recognize commensal microbes,

and are thought to control pathogenic inflammation to these foreign antigens [36, 37]. pTregs

are also found abundantly in the placenta, where decidual macrophages play a role in their

induction, and contribute to maternal-fetal tolerance [38, 39]. Interestingly, tumors also

harbor immunosuppressive microenvironments, including the production of TGF-β, which

may contribute to the induction of pTregs specific for tumor antigens capable of suppressing

tumor immunity [33, 40].

Other peripherally-induced regulatory cells include T regulatory type 1 cells (Tr1), CD8

Tregs, and regulatory B cells (Breg). Although they do not constitutively express FoxP3,

Tr1 cells produce high levels of IL-10 and TGF-β, have suppressive capacity, and upregulate

a number of inhibitory molecules including LAG-3, PD-1, and CTLA-4 [41]. Tr1 induction

is antigen-specific, and likely a result of priming by DCs that highly express IL-10 [42].

Tr1 cells may, like Tregs, exert their suppressive functions via antigen-specific and antigen-

nonspecific mechanisms, and are associated with improved outcomes in autoimmunity and

transplantation, and worse outcomes in cancer [43, 44]. Tr1 are not as well-defined as Tregs,

but recent studies suggest that Tr1 cells maintain a stable suppressive identity over time,
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and cells do not become effector cells when faced with a viral challenge [45, 46].

A role for B cells in restraining autoimmunity was first suggested when mice deficient in B

cells had impaired recovery in experimental autoimmune encephalomyelitis (EAE), a mouse

model of multiple sclerosis [47]. This was confirmed with studies demonstrating that mice

with IL-10-deficient B cells develop non-remitting EAE [48]. Bregs in mice and humans are

thought to contribute to downregulation of Th1 and Th17 responses in autoimmunity and

other inflammatory contexts. [49–52]. Although potentially powerful suppressors, a number

of factors preclude their immediate therapeutic development. The predominant issue is that

there lacks a standardized method of identifying Bregs aside from IL-10 production [53].

Furthermore, there is little known about Breg induction, specificity, and stability, which are

essential to understand in order to develop a viable therapy.

Similarly, CD8 Tregs, otherwise known as suppressor CD8 T cells, represent a similarly

heterogenous population that may be important in suppressing aberrant immune responses.

CD8+CD25+FoxP3+ Tregs are found in the steady state in the mouse and human, and

have an in vitro suppressive capacity equal to or greater than CD4 Tregs [54]. Another class

of CD8 Tregs are Qa1-restricted, an HLA class 1b MHC molecule, and are FoxP3-. These

CD8 Tregs primarily act on CD4 T cells, suppressing Tfh cells from promoting lupus-like

disease, and suppressing CD4 T cells in EAE from promoting pathogenesis [55–57]. Although

promising, more studies need to be conducted on these cells before they are used in the clinic.

1.1.6 Exhaustion

Exhaustion was first described as a T cell fate resulting from chronic infection [58, 59].

Following chronic activation, T cells had a reduced capacity to produce effector cytokines

and control the viral infection. Since these seminal studies were performed over 20 years ago,

the program of T cell exhaustion has also been well characterized in many viral infections

and cancer, and there is an emerging role for exhausted cells and in autoimmunity and

transplantation [60–63]. Exhausted cells are characterized by reduced ability to proliferate
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produce cytokines such as interleukin 2 (IL-2), tumor necrosis factor alpha (TNFα), and

interferon gamma (IFNγ), and degranulate [60]. Exhausted T cells are also characterized

by the upregulation of co-inhibitory molecules, such as PD-1, CTLA-4, LAG-3, TIM-3, and

TIGIT, as well as transcription factors such as TOX [64].

Blocking these inhibitory molecules, known as checkpoint blockade, can reinvigorate ex-

hausted T cells to become effector cells. Checkpoint blockade therapies, in particular those

targeting PD-1/PD-L1 and CD28/CTLA-4 interactions, have been revolutionary in treating

many forms of cancer [65, 66]. However, not all patients are responsive to checkpoint block-

ade, despite having exhausted tumor-specific T cells [66, 67]. One such reason is that only a

subset of exhausted T cells, likely those expressing TCF-1, may be responsive to checkpoint

blockade and mediate tumor killing [68–70]. Furthermore, this responsiveness may only

be temporary, as epigenetic programming may establish a permanent exhausted program

and cells may revert to dysfunction after blockade [71]. Although detrimental for cancer

and chronic infection, this stability of T cell exhaustion may prove a potential therapeutic

avenue for treatment of autoimmunity and prevention of transplant rejection.

1.2 Current Standard of Care in Autoimmune Disease, Allergic

Disease, Transplantation, and Anti-Drug Antibodies

1.2.1 Autoimmune Disease

There are over 80 autoimmune diseases recognized by the NIH, that are characterized by

a breakdown of immune tolerance to one’s own tissues [72]. In autoimmunity, the weakly

autoreactive cells that escape central tolerance become activated and attack self-tissue. The

trigger for this breakdown of immune tolerance and subsequent development of autoimmunity

is largely unknown, but is thought to involve a complex interaction between genetics and

the environment. Studies in monozygotic twins often demonstrate a significant link between

genetics and development of disease; however, in many autoimmune diseases there is only

7



up to a 30% penetrance between monozygotic twins, indicating a substantial contribution

of the environment [73]. Echoing this, the prevalence of autoimmune disease has increased

substantially over the past 30 years, with 11.5% between 1988-1991 and 15.9% between

2011-2012 of the US population testing positive for antinuclear antibodies, the most common

biomarker of autoimmunity [74]. Because genetics are unlikely to change substantially over

the course of 30 years, it is likely a number of environmental factors have contributed to

this uptake in disease. Prior infection, changes in microbiota, and toxin exposure such as

tobacco and heavy metals are thought to contribute to development of disease.

There are currently no drugs available to treat the underlying cause of autoimmunity and

reverse the course of disease. Instead, treatments to suppress an ongoing immune response

must often be taken over a lifetime. A typical first line of therapy is corticosteroids for their

rapid efficacy, which, among other things, act on glucocorticoid receptors to interfere with

transcriptional activation of NF-κB and AP-1, transcription factors involved in initiating

an inflammatory response [75]. Methotrexate, originally used to treat cancer by inhibiting

folate’s role in purine synthesis, has also been very effective in treating rheumatic diseases,

albeit likely by a distinct mechanism [76]. Hydroxychloroquine, an anti-malarial drug, is

another anti-rheumatic drug commonly used to treat systemic lupus erythematosus (SLE)

and RA, in part by increasing the lysosomal pH and reducing antigen presentation in antigen

presenting cells (APC) [77].

Although these common small molecule drugs are inexpensive and easy to use, they

often act on ubiquitous cellular pathways, and long-term use is associated with a number

of systemic adverse side effects. Such side effects include hypertension, bone fracture, de

novo diabetes, gastrointestinal issues, hepatotoxicity, myopathy, and retinopathy [75, 77,

78]. Relatively newer biotherapeutics, or biologics, aim to suppress the immune system

more specifically, thereby limiting some of these side effects. The most common of these

neutralize the effect of inflammatory cytokines such as TNFα, a cytokine that is important

in the immune response to pathogens, but is also dysregulated in many autoimmune diseases
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and central to pathogenesis [79]. Some biologics reduce inflammation by reducing T cell

trafficking to sites of disease, such as the gut and spinal cord, by blocking the interaction

of T cell integrins α4β7 and α4β1 integrins with vascular adhesion molecules [80, 81]. In

more severe cases that are refractory to other treatments, lymphodepleting biologics are

utilized. For example, anti-CD20 antibody that depletes B cells is used to treat moderate to

severe RA and SLE [82, 83]. Paradoxically, one of the most common biologics to treat MS

is interferon beta (IFNβ), a molecule involved in both dampening and eliciting an immune

response to pathogens [84].

Even though they are more specific than small molecule drugs, these biologics still have

substantial effects on the immune system, which may leave patients severely immunocom-

promised. A desirable alternative would be to shut down the aberrant immune response to

a specific autoantigen, while sparing the rest of the immune system, an outcome known as

antigen-specific tolerance. A significant challenge in this approach is identifying the rele-

vant autoantigens in these diseases. There are known autoantigens for only 45 autoimmune

diseases [72]. Of these, some have singular autoantigens, such as acetylcholine receptor in

myasthenia gravis, desmogleins 1 and 3 in pemphigus vulgaris, and aquaporin 4 in neu-

romyelitis optica [85–87]. In other autoimmune diseases, such as T1D, MS, and SLE, a

variety of autoantigens are associated with pathogenesis [88–90]. The relative contribution

of each of the antigens, and how many autoantigens are needed to induce tolerance to in

order to reverse disease, is not known. Furthermore, in diseases such as type 1 diabetes, once

patients present with poor glycemic control much of the autoimmune-mediated destruction

has already been complete, necessitating early biomarkers of disease. Finally, in autoimmune

diseases the autoreactive lymphocytes are already effector cells, and therefore a successful

therapy would be required to induce deletion in these cells or render them dysfunctional and

incapable of effector functions.
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1.2.2 Allergic Disease

Allergic diseases, including food allergy, atopic dermatitis, allergic rhinitis, sinusitis, asthma,

urticaria (hives), and venom hypersensitivity, are the 6th leading cause of chronic illness in

the United States, affecting 10-30% of the population [91]. The allergic response is charac-

terized by crosslinking of the FcεRI on mast cells and basophils by IgE-antigen complexes.

This leads to subsequent mast cell and basophil degranulation, including release of histamines

and lipids, and later release of cytokines and inflammatory mediators which recruit other

inflammatory cells and propagate the response [92, 93]. In severe cases, this may lead to

anaphylaxis, and at least 5% of adults in the US have suffered an anaphylactic reaction [94].

The cause of allergy is largely unknown. The past 100 years have seen a substantial rise

in cases of allergy, associated with westernization [95]. There have been various theories

to explain this rise in allergy, such as an altered microbiota because of antibiotics and a

westernized diet, exposure to environmental toxins, sedentary lifestyle, and lack of exposure

to vitamin D during immune development. Despite this rise in allergy, treatment remains

limited.

Antihistamines are common and inexpensive treatments that have been used for over

50 years to control the allergic response, particularly in allergic rhinitis and urticaria [96].

Corticosteroids are another class of common drugs used for a variety of allergic diseases, most

commonly including asthma and atopic dermatitis [97]. Severe anaphylactic reactions to

allergens are treated with epinephrine. Other common treatments, depending on the allergic

disease being treated, include β2-adrenoceptor agonists and phosphodiesterase inhibitors

[98].

More recently, biologics have been developed for chronic allergies that are refractory to

other treatments. Omalizumab, which binds soluble IgE and inhibits its interaction with

FcεRI as well as clears it from circulation, is clinically approved for the treatment of asthma

and urticaria [99]. Other antibody drugs that are either approved or in late stage clinical

trials block the action of mediators of the T helper 2 (Th2) allergic response, including
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interleukin-4 (IL-4) and interleukin-5 (IL-5) [100]. Although effective, their very high cost

in comparison to other approved drugs has limited their use to primarily severe cases.

Although the aforementioned treatments are effective in reducing the symptoms associ-

ated with allergic disease, they do not affect the underlying cause of the disease, an aberrant

T and B cell response to an innocuous antigen. Allergy immunotherapy (AIT), a form

of antigen-specific tolerance similar to that previously described for delivery of unmodified

antigen in autoimmunity, is the only disease-modifying treatment proven effective to treat

some allergic diseases [100]. Treatment typically involves either subcutaneous (SCIT) or

sublingual (SLIT), administration of an escalating dose of allergen followed by a mainte-

nance dose, as frequently as weekly for SCIT and daily for SLIT over the course of 3-5 years

[101]. AIT is thought to function by desensitizing T cells over time to their cognate antigen

and reducing the number of Th2 cells, while inducing conventional Tregs, Tr1, and IgG4

antigen-specific antibodies, an isotype of IgG associated with favorable outcomes [102]. This

strategy is relatively inexpensive and has proven safe for the treatment of asthma, allergic

rhinitis, and venom allergy; however, particularly in the attempt to expand treatment to

oral immunotherapy for treatment of food allergy, systemic adverse reactions and anaphy-

laxis are often reported [103–105]. Another limitation of AIT is compliance. In SCIT the

3-year compliance rate has been shown to be 57%, whereas for the safer but more frequent

strategy, SLIT, the compliance is closer to 10% [106]. Although already quite effective, a

strategy is needed for allergy treatment that achieves the same safety and efficacy as the

current AIT, but with fewer doses to achieve greater compliance.

1.2.3 Transplantation

Transplantation has become a major treatment for end-organ failure, with over 30,000 solid

organ transplants done annually [107]. The major hurdle in transplantation is recognition of

the donor graft as foreign by the recipient’s immune system, and subsequent rejection of the

graft. The donor graft contains human leukocyte antigens (HLA), responsible for presenting
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foreign antigen to T cells. HLA is the most polymorphic human locus, with over 25,000 alleles

[108, 109]. Each individual has 6 class I HLA molecules and 6 class II HLA molecules. In the

1970s, it was found that matching the transplant HLA to the recipient HLA increased graft

survival [110]. However, unless the organ is donated from a close relative, the probability of

an exact match of HLA is very low. When the HLA are not a perfect match, the recipient’s

T and B cells can recognize the HLA molecules as foreign, either by direct recognition on

the organ or by indirect recognition of donor HLA peptides presented on recipient HLA, and

attack the organ. B cells may mount a subsequent donor specific antibody (DSA) response,

the presence of which is highly correlated with graft rejection [111]. Thus, in most cases,

lifelong immunosuppression is necessary to prevent the recipient from rejecting the organ.

Over the past 40 years, immunosuppressive regimens have largely been able to prevent

acute rejection, and over 90% of many solid organ transplants have at least a 1-year survival

[112]. These new regimens typically involve induction and maintenance phases. The induc-

tion phase occurs during the perioperative period, and has historically involved high doses of

the same drugs used in the maintenance phase. In the last 10 years, however, it has become

common practice to use antibody therapy in the induction phase to prevent acute rejection,

such as targeting CD52 or CD3 to deplete lymphocytes or T cells, respectively, or IL-2R on

activated T cells to prevent IL-2 ligation and subsequent proliferation [113–115]. This induc-

tion phase is followed by a maintenance phase that includes a triple therapy of a calcineurin

inhibitors, anti-proliferative agents, and corticosteroids [112]. Calcineurin inhibitors, such

as tacrolimus, and corticosteroids are the most widely used drugs for immunosuppression in

transplantation, and transplants recipients will generally take these drugs throughout their

lifetime [116]. However, these are associated with a number of adverse side effects, including

nephrotoxicity, increase in cardiovascular episodes, hypertension, diabetes, hyperlipidemia,

and obesity [117]. To overcome these significant side effects, new therapies are emerging

in clinical trials [117]. CTLA-4-Ig has been used during induction therapy, and allows for

decrease in use of calcineurin inhibitors without compromising graft survival, but does not
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show equivalent prevention of acute graft rejection as a monotherapy compared to current

regimens. Making use of a similar pathway of blocking T cell co-stimulation, a non-depleting,

blocking antibody to CD40 has shown safety and early signs of efficacy in kidney transplant

[118, 119]. Other attempts at prolonging graft survival have included therapies that aim

to minimize DSAs, such as intravenous immunoglobulin therapy or B cell and plasma cell

depletion using an anti-CD20 antibody or proteasome inhibitor, respectively [120]. Treg

therapy has also been shown to be effective in preventing or alleviating graft versus host

disease, and has shown some promise in solid organ transplantation [121, 122].

Although new therapies utilizing biologics have shown promise and have better safety

profiles than long term use of currently used immunosuppressants, their long-term efficacy

remains to be seen. As with autoimmunity and allergy, the holy grail of transplant tolerance

would be to have antigen-specific tolerance to the organ as opposed to global immunosup-

pression. However, there is an added layer of complexity in transplantation compared to

autoimmunity because instead of tolerizing to a limited number of antigens, lymphocytes

would need to be tolerized to all combinations of donor HLA with the peptides they are

presenting.

1.2.4 Anti-Drug Antibodies

Biotherapeutics, also known as biologics, are a class of drugs made of proteins that have

revolutionized patient treatment across many sectors of medicine. Originating with the

production of recombinant insulin in 1982, the global biopharmaceutical market for antibody

therapies is valued at $125 billion [123]. A large part of their success compared to small

molecule drugs is their specificity and therefore lack of off-target effects. However, this comes

at the cost of these molecules containing T and B cell epitopes that may be perceived as

foreign by the host’s immune system, triggering the formation of anti-drug antibodies (ADA)

[124]. In fact, many biologics trigger ADAs in 1-5% of patients, some can lead to ADAs in

up to 40% of patients [125]. Immunogenicity of these molecules is of significant interest
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to the biopharmaceutical industry, as ADAs may neutralize the activity of the biologics,

reducing or eliminating their biological activity [126]. In more severe cases, ADAs may cause

hypersensitivity reactions, or responses to endogenous proteins because of cross-reactivity

[126].

Most strategies to reduce the immunogenicity of the biologics have focused on altering

the molecule itself. The first strategy is to “humanize” the antibody, by mutating the

foreign epitopes derived from the original host, typically mouse, to reflect a native human

sequence [127]. New strategies involve in silico modeling to determine which sequences on

the biologic could fit into the most common human HLA, and introduce point mutations

that would abrogate binding to HLA while maintaining proper structure and function [124].

In the newest efforts to increase tolerance to biologics, groups have sought to introduce

predicted Treg epitopes (Tregitopes) in the hopes of getting bystander Treg suppression to

other foreign epitopes on the molecule [128]. Biologics are an ideal candidate for induction

of antigen-specific tolerance, because unlike in autoimmunity and allergy, before patients

receive the drug they have no prior immunity to it, offering a blank slate for the induction

of tolerance before receiving the drug.

1.3 Emerging Technologies for the Induction of Antigen-Specific

Tolerance

1.3.1 Therapeutic Immunization with Autoantigens

Glatiramer acetate, which has been used for nearly 30 years to reduce the number of relapses

in MS, is the first approved drug that achieves a form of antigen-specific tolerance [129]. It is

a combination of peptides of varying lengths whose sequences resemble that of myelin basic

protein (MBP), an autoantigen in MS, and is thought to act both as a decoy and an altered

peptide ligand that can fit into the major histocompatibility complex (MHC) groove and

divert MBP-reactive T cells to an anti-inflammatory phenotype.

14



Similar strategies to deliver auto-antigens in the absence of inflammatory signals to induce

tolerance have been employed across many autoimmune diseases, but have largely not met

therapeutic outcomes in clinical trials [130]. In MS, clinical trials have attempted subcuta-

neous delivery of MBP-derived peptides, skin patches with peptides from three different MS

autoantigens, and intradermal delivery of four MBP peptides, demonstrating fewer lesions

but no therapeutic benefit. In T1D, there have been attempts to deliver oral, intranasal,

or subcutaneous insulin, which failed clinical trials, and glutamic acid decarboxylase (GAD)

with the adjuvant alum, which demonstrated preservation of insulin secretion [131]. For

Celiac disease, an intradermally administered cocktail of disease-relevant gliadin peptides

that bind the MHC molecule most prevalent amongst Celiac patients failed to show efficacy

in clinical trials [132]. For RA, oral administration of a peptide from the dnaJP1 heat shock

protein showed promising results in phase II clinical trials, but was not pursued further

[133]. The most encouraging results have been in SLE, where phase III clinical trials with

subcutaneous administration of a peptide derived from small nuclear ribonuclear protein

showed amelioration of disease, although not statistically different from current standard of

care [134].

DNA vaccines utilize a similar premise to therapeutic peptide immunization, whereby

peripheral cells can present antigen to circulating T cells in the absence of co-stimulation.

With therapeutic DNA vaccines in development, plasmid encoding an autoantigen is de-

livered intramuscularly, and the cells that phagocytose the DNA plasmid can immediately

express the protein to be processed and presented on MHC in the absence of inflammatory

signals. A DNA vaccine encoding myelin basic protein was tested in Phase I/II clinical tri-

als, and demonstrated not only safety, but also a reduction in gadolinium-enhancing lesions,

IFNγ-producing antigen-specific CD4 T cells, and anti-myelin antibody titers [135, 136]. In

another trial, a DNA vaccine encoding a non-secreted version of proinsulin was used to treat

patients with recent onset of T1D. This plasmid was engineered such that the potentially

TLR9-stimulatory CpG motifs were mutated and replaced with non-stimulatory and com-
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peting GpG motifs [137]. This trial demonstrated higher levels of C-peptide compared to

placebo, as well as a reduction in islet-specific CD8 T cells [138]. This DNA vaccine is still

undergoing clinical trials in a diverse set of patient groups.

1.3.2 In Vitro-Generated Tolerogenic Dendritic Cells

Efforts to deliver unmodified antigen continue despite the modest efficacy, but newer strate-

gies have utilized actively immunosuppressive pathways to enhance tolerance. One such

strategy has been to use immature or tolerogenic dendritic cells (tolDCs), for their antigen-

presenting capacity, lack of costimulatory molecules, and potential to secrete an anti-inflammatory

milieu [139]. In one approach, autologous monocytes were derived from patient periph-

eral blood and differentiated into monocyte-derived tolDCs using granulocyte-macrophage

colony-stimulating factor (GM-CSF), IL-4, and dexamethasone [140]. They were then pulsed

with a cocktail of cytokines and either myelin peptides or the myelin peptides in addition to

an aquaporin 4 peptide, and injected i.v. to treat MS and neuromyelitis optica, respectively.

This approach was well tolerated and led to antigen-specific IL-10 production by peripheral

blood mononuclear cells (PBMC) as well as induction of Tr1 cells. In a separate phase I

trial, tolDCs were similarly manufactured from autologous monocytes, with the addition of

calcitriol, the bioactive form of vitamin D3. TolDCs were then pulsed with a TLR4 ligand

and autologous synovial fluid and administered arthroscopically to inflamed knee to treat RA

[141]. This approach was well-tolerated, but there was a small reduction in disease activity

only in the highest dose of tolDCs, and there were no detectable systemic immunomodulatory

outcomes. A more successful attempt to treat RA developed tolDCs by inhibiting NF-κB

in monocyte-derived DCs, and pulsed them with a variety of citrullinated disease relevant

peptides [142]. This led to a reduction in disease activity score, higher Treg: effector T

cell ratio, reduction in inflammatory cytokines in the serum, and reduced antigen-specific

effector responses.
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1.3.3 Targeting Tolerogenic Antigen Presenting Cells In Vivo

An indirect cell-based approach seeks to target tolerogenic APCs in vivo. A strategy to

achieve this is to target the apoptotic pathway, which has tolerogenic properties. In one

approach, six myelin peptides were coupled to autologous PBMCs and injected into patients

with MS [143]. This strategy demonstrated a good safety profile and cellular profile with

reduced responsiveness to the myelin antigens, but has not yet been followed up in subsequent

trials.

In transplantation a similar approach is employed in donor specific transfusions, whereby

the recipient receives donor bone marrow at the same time or shortly before as the solid

organ [144]. Because of the potential for development of graft versus host disease whereby

the donor’s lymphocytes attack the host’s tissues, this is typically done in cancer patients

requiring bone marrow transplant. However, clinical trials have been conducted on patients

without malignancies and have demonstrated acceptance of renal transplants after weaning

off of immunosuppression [145].

In an alternative approach of targeting tolerogenic APCs in vivo by targeting the apop-

totic pathway, our lab and others have utilized erythrocytes as an endogenous source of

apoptotic cells. These strategies have included targeting autoantigen to the erythrocytes in

vivo with an erythrocyte-binding molecule, ex vivo loading erythrocytes with antigen, or ge-

netically engineering erythrocyte precursors to express autoantigens. These strategies have

been tested in preclinical trials for avoidance of anti-drug antibodies in enzyme replacement

therapy, and in T1D, EAE, and Celiac disease [146–148].

An early approach in nonspecifically targeting APCs was the development of nanopar-

ticles with antigen conjugated to the surface that would be taken up by the spleen and in

the absence of inflammation, induce tolerance [149]. These nanoparticles have progressed to

phase II clinical trials in the treatment of Celiac disease, and have demonstrated a reduction

in antigen-specific IFNγ production upon gluten challenge and small intestine pathology

[150]. Newer versions of nanoparticles contain other bioactive molecules to further enhance

17



tolerogenic antigen presentation. Liposomes have been developed that contain calcitriol,

that produce tolDCs in the draining lymph nodes. These have been encapsulated with

collagen II peptides in phase I clinical trials to treat RA, and have demonstrated a PD-

L1-dependent expansion of pTregs [151]. PLA-PEG nanoparticles have been developed to

encapsulate rapamycin, which also induce tolDCs. These nanoparticles co-administered with

a tolerogen are being explored to induce tolerance for avoidance of an antibody response to

adeno-associated viruses, and are currently in phase II clinical trials with coadministration

of a PEGylated uricase to avoid anti-uricase antibodies in gout treatment [152].

Other groups have developed nanoparticles that are not formulated with autoantigen,

but act to broadly expand Tregs with the aim of a portion of these being antigen spe-

cific or act by bystander suppression. One strategy involves nanoparticles carrying alpha-

galactosylceramide, which is taken up by APCs and presented on CD1d to invariant Natural

Killer T cells (iNKT) to activate them. This iNKT activation promotes expansion of tTregs

and responders (patients that saw increase in Tregs) saw reduction in graft versus host

disease (GvHD) [153]. Another strategy, that is still in preclinical development, utilizes

nanoparticles encapsulating a molecule that activates aryl hydrocarbon receptor in APCs to

promote Treg-mediated suppression [154, 155].

Aside from targeting classical APCs such as DCs and macrophages, there have been

efforts to target nonclassical APCs in the liver, to exploit its natural tolerogenic environment.

One strategy to target the liver employed polymers of glycans conjugated to autoantigens.

This capitalized on the natural scavenger function of the liver, with many cells containing

lectins that recognize glycans and are able to present antigen in the anti-inflammatory liver

milieu. These conjugates are in phase I clinical trials for Celiac disease [156]. In a separate

liver-targeting approach, nanoparticles coated with autoantigen were targeted nonspecifically

to liver sinusoidal endothelial cells by virtue of their size, are in clinical trials to treat

pemphigus vulgaris [157].
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1.3.4 Ex Vivo-Modified T Cell Therapy

Although seemingly contradictory, a strategy for treatment of MS was to deliver patient-

expanded antigen-specific T cells [158]. Before reintroduced into the patient, these T cells

were irradiated, such that they could not exacerbate autoimmunity. This approach was

tested in phase IIb clinical trials but did not meet endpoints potentially because of trial

design, and has subsequently not been followed.

Another cell-based strategy is Treg therapy, which has ongoing clinical trials in T1D, SLE,

pemphigus vulgaris, Crohn’s disease, autoimmune hepatitis, and transplantation [159, 160].

Most trials involve sorting CD4+CD25+CD127low cells, which are primarily Tregs, and ex-

panding them using high dose IL-2, CD3/CD28 ligation, and often rapamycin. Notably,

these are a polyclonal repertoire likely containing a very small number of antigen-specific

cells, suggesting the mechanism is likely a mix of antigen-specific and non-specific suppres-

sion. These trials are in their early stages but have demonstrated safety, efficacy, and stability

and long-term persistence of the Tregs.

Induced Tregs (iTreg), or Tregs generated in vitro, hold promise in preventing unwanted

immune responses. However, the method of induction determines their stability. Although

Tregs induced by TGF-β demonstrate high levels of FoxP3, they have incomplete demethy-

lation, and can acquire effector functions upon TCR stimulation without TGF-β [161]. How-

ever, addition of IL-2 and blockade of CD28 ligation produces the appropriate hypomethy-

lation, which is stable in vivo [161]. These have not yet been attempted as a strategy in

the clinic, but offer a promising avenue due to the ability to generate large number of cells,

compared to the relatively small frequency of tTregs in vivo.

Given the limitation of the polyclonality of isolating total Tregs, a new strategy has

emerged to develop Tregs with chimeric antigen receptors (CAR-Treg) recognizing transplant

or autoantigens. In these strategies, polyclonal Tregs are sorted and expanded using IL-2,

anti-CD3/CD28, and rapamycin, and transduced with CARs. Upon CAR recognition of

antigen, they secrete anti-inflammatory molecules. For treatment of transplantation, human
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polyclonal Tregs were transduced with a CAR specific for a human MHC-I molecule, which

showed promise in human skin xenograft mouse model [162]. This approach has also been

attempted in preclinical models of GvHD, colitis, and EAE [163]. Long term stability of the

Treg phenotype and suppressive capacity needs to be demonstrated before progressing into

human trials.

1.3.5 In Vivo T Cell Targeting

Strategies have also been developed to target antigen-specific T cells in vivo to trigger their

deletion, induction of anergy, or conversion to pTregs. The first strategy to do so was to

use covalently linked peptide-MHC complexes. A peptide from human cartilage glycoprotein

39 was covalently linked to a human MHC-II molecule and delivered i.v. to patients with

RA. Patients demonstrated a modest reduction in clinical score with the therapy, particu-

larly in the short term. A limitation to this technology is the low affinity of pMHC-TCR

interaction, and subsequent short-lived efficacy of a single treatment. To overcome this lim-

itation, nanoparticles have been developed that contain many peptide-MHC on the surface,

and are able to have stable interactions with T cells [164, 165]. In preclinical trials, they

have demonstrated remarkable efficacy in preclinical models of T1D and EAE, and in PBMC

responses of humanized mice. Mechanistically, this is due to induction and proliferation of

autoregulatory CD8 T cells, Tr1 cells, and Bregs, and lower production of inflammatory

cytokines in antigen-specific T cells.
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CHAPTER 2

PERSISTENT ANTIGEN EXPOSURE VIA THE ERYPTOPTIC

PATHWAY LEADS TO TERMINAL T CELL DYSFUNCTION

2.1 Abstract

Although most current treatments of autoimmunity involve broad immunosuppression, re-

cent efforts have attempted to regulate T cells in an antigen-specific manner. One such

effort is through targeting antigen to the apoptotic pathway. Erythrocytes are an attractive

candidate to target because of their high rate of eryptosis. Here we develop an approach that

binds antigens to erythrocytes and achieves profound T cell dysfunction. Transcriptomic and

phenotypic analyses revealed signatures of self-tolerance and dysfunction, including upregu-

lation of PD-1, CTLA4, LAG-3, 4-1BB and TOX, and downregulation of effector molecules.

T cells were incapable of responding to an adjuvanted antigenic challenge even months after

antigen clearance. This strategy was able to induce tolerance in a polyclonal endogenous

repertoire and was antigen-specific, as mice were fully capable of responding to an irrele-

vant antigen. Furthermore, with this strategy we reversed pathology in an adoptive transfer

model of murine experimental autoimmune encephalomyelitis. CD8 and CD4 T cell educa-

tion occurred in the spleen, and for CD8 T cells was dependent on cross-presenting Batf3+

dendritic cells. Macrophages were also important for CD8 T cell dysfunction, but dispensable

for CD4 T cell dysfunction. Despite upregulation of perforin by CD8 T cells, CD8-derived

perforin was not necessary for tolerance. Thus, we demonstrate that antigens associated

with eryptotic erythrocytes induce lasting T cell dysfunction that could be protective in

downregulating pathogenic T cells.
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2.2 Introduction

Clearance of apoptotic cells plays an essential role in the resolution of inflammation, by

limiting necrosis and consequent release of danger-associated molecular patterns, as well

as by acting directly on phagocytes to promote the release of anti-inflammatory mediators

[166]. The importance of apoptotic cell clearance is clearly demonstrated in an inflammatory

response. During a typical inflammatory response, there is a high degree of granulocytic

infiltration, in particular by neutrophils. During the resolution phase, these neutrophils and

other infiltrating peripheral blood mononuclear cells (PBMC) are no longer required, and

undergo apoptosis. Macrophage clearance of these apoptotic neutrophils is necessary for the

resolution of inflammation [167, 168]. In the lungs, the absence of macrophage clearance of

apoptotic neutrophils leads to a chronic inflammatory response, which has been associated

with chronic obstructive pulmonary disorder and pulmonary fibrosis [169, 170].

The role of apoptotic cell clearance is also evident in the steady state. It is estimated

that billions of cells undergo apoptosis daily in the human, yet there are few detectable

non-engulfed apoptotic cells, suggesting rapid clearance from the body [171]. Mice deficient

in receptors that recognize apoptotic cells, such as MERTK, SCARF-1, AXL, and TYRO3,

develop systemic autoimmunity characterized by widespread inflammation and development

of antinuclear antibodies [171–173]. This is also evident in humans, where it has been

shown that in systemic lupus erythematosus (SLE), an autoimmune disorder characterized

by the development of anti-nuclear antibodies, there is a high level of circulating apoptotic

peripheral blood mononuclear cells, suggesting a defect in clearance of apoptotic debris [174].

GWAS studies have demonstrated a link between polymorphisms in MERTK and multiple

sclerosis, and mice deficient in AXL experience worse pathology in experimental autoimmune

encephalomyelitis (EAE) than wild type controls [175, 176].

Mechanistically, apoptotic cells seem to act on phagocytes via phosphatidylserine and

other conserved motifs to induce a pro-tolerogenic phenotype in these APCs. The earliest

mechanistic experiments demonstrated that macrophages treated with apoptotic neutrophils
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decrease secretion of proinflammatory cytokines such as IL-1β, TNFα, and GM-CSF [177].

Not only does apoptotic cell engagement suppress APC activation, but it also triggers the

release of TGF-β1 from macrophages, which is dependent on phosphatidylserine ligation

[178]. A potential mediator of this phenomenon was proposed when it was discovered that

stimulation of dendritic cells with Gas6, a molecule that serves as a bridge between phos-

phatidylserine and the receptor MERTK on many APCs, can reverse TLR9-induced activa-

tion [179].

The anti-inflammatory properties of targeting the apoptotic pathway can be recapitulated

by intravenous injection of apoptotic cells. Antigen coupled to these apoptotic cells have led

to antigen-specific tolerance in a number of mouse models, including contact hypersensitivity,

EAE, and islet transplantation [180–182]. Cells accumulated in the splenic marginal zone,

and triggered IL-10 production and regulatory T cell induction [183]. Additionally, apoptotic

cells also triggered secretion of indoleamine 2,3-dioxygenase (IDO) in the spleen, and chronic

exposure of IDO-deficient mice to apoptotic cells leads to lupus-like pathology [184]. This

strategy of antigen-coupled cells moved forward to phase I clinical trials for multiple sclerosis,

demonstrating safety and a reduction in antigen-specific T cells [143].

The previous source of apoptotic cells was exogenous, which requires ex vivo manipulation

of cells. In an attempt to avoid the need for ex vivo manipulation, our lab developed a

method of targeting a large population of apoptotic cells in vivo [147]. Erythrocytes undergo

apoptosis, or erytptosis, at a rate of nearly 1% per day in humans and are immediately

cleared from circulation. Kontos et al. developed a method of targeting erythrocytes in

vivo by a peptide that binds glycophorin A. Antigen conjugated to this peptide and injected

intravenously led to rapid proliferation and antigen-specific CD8 T deletion. Furthermore,

recombinant expression of a single chain antibody fragment that recognized erythrocytes

with a peptide specific to pancreas islets led to prevention of disease in a TCR transgenic

model of diabetes. Further studies demonstrated that this strategy could lead to prevention

of a humoral response to E. coli asparaginase, a typically immunogenic therapeutic protein
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used to treat cancer, and that mechanistically this pathway was synergistically dependent

on PD-1 and CTLA-4 ligation during priming [146, 185]. The purpose of this study was

to conduct an in-depth analysis of the molecular characteristics of both CD4 and CD8 T

cells upon encounter of self-associated antigen bound to erythrocytes, induce tolerance in an

endogenous repertoire of T cells, and to understand the mechanisms involved in uptake and

presentation of erythrocyte-associated antigen.

Using phage display of a human antibody fragment (Fab) library, we discovered a novel

Fab, A8B1, that binds to mouse erythrocytes with high affinity and specificity, and we

fused recombinant antigen to this Fab to develop a tolerogen. We conducted RNA-seq on

antigen-specific CD8 and CD4 T cells that had recently experienced erythrocyte-associated

antigen, and we found that a single exposure to antigen led to transcriptional signatures

of anergy and early exhaustion, but not of effector functions. We conducted an in-depth

phenotypic and functional analysis of the antigen-specific T cells, which in both the CD8

and CD4 compartments revealed signatures of terminal exhaustion, even after challenge

with adjuvanted antigen. T cells remained in circulation and dysfunctional for months after

initial antigen priming, despite only short-term initial exposure to erythrocyte-associated

antigen. We demonstrated that this was true not only for TCR-transgenic T cells, but also

for an endogenous repertoire, and that this dysfunction was antigen-specific. Furthermore,

endogenous myelin oligodendrocyte glycoprotein (MOG)-activated T cells were rendered

incapable of driving pathology in experimental autoimmune encephalomyelitis (EAE) after

treatment with A8B1-MOG. Finally, we found that antigen presentation occurred in the

spleen, and, in the MHC-I:CD8 T cell context, Batf3-dependent cross-presenting dendritic

cells were necessary to render cells dysfunctional. This study has implications not only for

the field of developing therapeutics for antigen-specific tolerance, but also reveals insights

into the fate of T cells experiencing antigen derived from apoptotic cells in the periphery.
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2.3 Results

2.3.1 Development of an Anti-Erythrocyte Antibody Fragment

Previous studies in our laboratory identified a peptide that binds erythrocytes, or utilized

a single chain variable fragment (scFv) Ter119 that binds erythrocytes. However, a single

copy of the peptide has low affinity, requiring chemical conjugation of multiple copies to an

antigen, thereby limiting its versatility compared to recombinant expression. Ter119 has poor

biophysical characteristics and was prone to aggregation. To overcome these limitations, and

to improve the translational potential, we sought to find a new binder to mouse erythrocytes.

We utilized a M13 phage display antibody fragment library based on the 4D5 trastuzumab

human antibody [186]. This library has no diversity in the complementarity determining

regions (CDR) light chain (L) 1 and L2, minimal diversity in L3, heavy chain (H)1, and H2,

and a high degree of diversity in H3. The observed diversity of the library is 3 X 1010.

We conducted phage display whole mouse erythrocytes, while negatively selecting on

mouse peripheral blood mononuclear cells (PBMCs) to ensure binding specificity to ery-

throcytes (Figure 2.1a). After each round of display, the phage library was tested by flow

cytometry for binding to erythrocytes, demonstrating enrichment of the library for binding

(Figure 2.1b). After four rounds of selection, single colonies were grown up, and 96 individ-

ual phage clones were tested for binding to erythrocytes via flow cytometry, demonstrating

strongly, weakly, and non-binding clones (Figure 2.1c).

The clones that bound most strongly to erythrocytes were sequenced, and three of the

most frequent sequences were cloned into protein expression vectors, expressed in HEK293T

cells, and purified with a Protein A column by fast protein liquid chromatography (Figure

2.2a). To choose between the three, we conducted half-life, humoral immunogenicity, and

pull-down assays. To assess half-life, 10 µg of Fabs were injected once intravenously (i.v.),

and mice were bled at various time points. Erythrocytes were stained with a fluorescently

conjugated anti-Fab secondary antibody and fluorescence was measured by flow cytometry,
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Figure 2.1: Phage display on mouse erythrocytes with human Fab phage library. a) Strategy
for phage display. i) M13 phage library was incubated with mouse PBMCs, and bound phage
was discarded. ii) Unbound phage was incubated with mouse erythrocytes. Phage that did
not bind erythrocytes was washed off, and iii) bound phage was eluted off of erythrocytes
and propagated overnight in E. coli with helper phage. After overnight incubation, phage
was precipitated from E. coli supernatant. This panning was repeated 4 times, and single
colonies were sent for sequencing after the fourth round of display. b) Binding by flow
cytometry of bulk library to mouse erythrocytes after each day of display. c) After the
fourth round of display, 96 single clones were tested for binding to erythrocytes via flow
cytometry. Representative non-binding, weakly binding, or strongly binding phage clones to
mouse erythrocytes.

indicating that A8B1 had the longest half-life of 72 hours (Figure 2.2b). To assess immuno-

genicity, 10 µg of Fabs were injected i.v. every week and mice were bled three days after

injection to measure anti-Fab IgG antibody titers (Figure 2.2c). As the Fab is a human pro-

tein, repeated injection should lead to development of antibodies against the foreign protein.

E2A3 demonstrated development of high titers of antibodies in 4/5 mice tested, whereas only
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one mouse that received A8B1 or F3F1 developed a titer. In A8B1, there was no detectable

titer in the last two weeks tested. To determine what the Fabs bound to, Fabs were incubated

with mouse erythrocyte ghost, solubilized with detergent, and complexes were pulled down

with magnetic protein A beads (Figure 2.2d). Although there was no single band pulled

down, likely because of strong interactions between the proteins, the bands pulled down cor-

responded to those on the Band3 complex of proteins, which includes Band3, glycophorins

A and B, Protein 4.2, CD47, ankyrin, and spectrin. Given these data, the clone A8B1 was

chosen for future studies.

To determine the affinity of A8B1 for mouse erythrocytes, a binding assay was conducted

on PBMC-depleted mouse blood (Figure 2.3a). Erythrocytes were incubated with fluores-

cently labeled A8B1 at various concentrations, Fab was washed off, and mean fluorescence

intensity (MFI) determined by flow cytometry. The calculated affinity of the interaction

was 320 pM. To determine the specificity of the Fabs, fluorescent A8B1 was incubated with

mouse erythrocytes (CD45-) or PBMCs (CD45+) in the blood, and binding was assessed by

flow cytometry. A8B1 demonstrated strong binding to CD45- cells, and lacked binding to

CD45+ cells (Figure 2.3b). To determine if binding would affect hematological parameters,

1 µg was injected three times, and various hematological parameters were assessed. There

was no measurable effect on red blood cell count, hemoglobin, hematocrit, mean cell volume,

mean cell hemoglobin, or platelet count (Figure 2.3c).

2.3.2 Erythrocyte-Targeted Antigen Reveals Transcriptional Signatures of

Anergy in Antigen-Specific T cells

The immunogenicity data in Figure 2.2c suggested that conjugating antigen to A8B1 would

lead to tolerance. To test its effect on T cells, A8B1 was recombinantly expressed as a fusion

with the model antigen ovalbumin (OVA) on the C-terminus of the heavy chain to yield

A8B1-OVA. TCR transgenic OT-I and OT-II cells, which recognize the immunodominant

CD8 and CD4 epitopes of OVA in C57BL/6 mice, respectively, were labeled with carboxyflu-
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Figure 2.2: Characterization of Fab hits from phage display. a) Complementarity determin-
ing regions of three clones selected from phage sequences based on convergence. b) In vivo
half-life of selected Fabs, as measured by mean fluorescence intensity binding to erythrocytes
at different time points. c) 10 µg Fabs were injected weekly, and mice were bled weekly for
development of anti-Fab IgG antibody titer. d) SDS-PAGE gel of a pulldown of Fabs on
erythrocyte membranes.
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Figure 2.3: Properties of selected Fab A8B1. a) A8B1 was fluorescently labeled and added
in increasing concentrations to mouse erythrocytes in vitro. Mean fluorescence intensity of
Fab was measured by flow cytometry, and affinity was determined using a one-site specific
binding nonlinear curve fit. b) Binding of A8B1 to CD45+ or CD45- (erythrocytes) cells in
mouse blood. c) 1 µg A8B1, irrelevant Fab, or saline were injected i.v. every third day for
a total of three injections. 24 hr after the final injection, mice were bled and red blood cell
count, hemoglobin, hematocrit, mean cell volume, mean cell hemoglobin, and platelet count
of whole blood was measured.

orescein succinimidyl ester (CFSE) to track rounds of proliferation, and were adoptively

transferred into wild type C57BL/6 mice. 1 µg A8B1-OVA, an equimolar dose of OVA

(OVAlow), or tenfold higher dose of OVA (OVAhigh) was injected intravenously, and mice

were sacrificed 4 d later. A8B1-OVA demonstrated almost complete CFSE dilution in OT-I

cells (Figure 2.4a). Almost no proliferation could be seen in the equimolar OVAlow dose,

and the ten-fold higher OVAhigh dose had almost equivalent levels of proliferation to that

of A8B1-OVA, suggesting that the erythrocyte-associated pathway of antigen presentation

on both class I (MHC-I) and class II (MHC-II) major histocompatibility complex was more
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efficient than soluble antigen alone.

To determine the transcriptional signature of targeting this self-associated pathway, OT-I

and OT-II cells were adoptively transferred into näıve mice, and 24 hr later mice received

either A8B1-OVA, OVAlow, OVAhigh, or saline (Figure 2.4b). Four days later mice were

sacrificed, and OT-I and OT-II cells were sorted and processed for RNA-seq; we utilized

this time point to capture the initial T cell program, and analyze cells while still in the

expansion phase prior to their undergoing contraction by deletion. Unsupervised clustering

demonstrated that OVAlow clustered with näıve samples, and upon comparison of näıve to

OVAlow in both the OT-I and OT-II cell compartments, there were no significantly upreg-

ulated genes (Figure 2.4c-d). This, coupled with the lack of proliferation noted in Figure

2.4a, indicated a lack of antigen experience. Thus, for all statistical evaluations, groups were

compared to OVAhigh to account for similar levels of antigen experience.

OT-I and OT-II upregulated genes associated with anergy and exhaustion, while down-

regulating genes involved in effector functions (Figure 2.5a). Gene signatures revealed a

variety of similarly regulated pathways in OT-I and OT-II, with 159 of the same differen-

tially expressed genes in A8B1-OVA compared to the OVAhigh dose (Figure 2.5b). Both

OT-I and OT-II showed upregulation of Egr2 and Egr3, transcription factors that are neces-

sary for induction of anergy, inhibit T-bet-mediated cytokine production in effector T cells,

and are expressed in dysfunctional tumor-infiltrating T cells, compared to free OVA [187–

191]. OT-I and OT-II cells also upregulated Rgs16, which is highly upregulated in T cells

that have been pre-determined upon initial antigen encounter to re-establish tolerance, even

after antigenic challenge in a lymphopenic host [29]. Both OT-I and OT-II cells upregu-

lated many molecules and receptors frequently involved in T cell exhaustion. OT-I cells

significantly upregulated Pdcd1 (PD-1), Lag3, Cd200, and Tox, while OT-II cells upregu-

lated Pdcd1, Cd160, Ikzf2 (Helios), and Cd200 (Figure 2.5c) [192–194]. OT-I and OT-II cells

upregulated Tnfrsf9 (4-1BB), a target of Egr2, which although classically thought of as a

costimulatory molecule, has been shown to be upregulated in dysfunctional cells [195]. OT-I
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Figure 2.4: Targeting antigen to erythrocytes leads to robust antigen-specific T cell prolifer-
ation. a) Näıve mice were adoptively transferred with 500,000 OT-I and OT-II. 24 hr later, 1
g A8B1-OVA, an equimolar dose of OVA (OVAlow), 10-fold greater dose of OVA (OVAhigh),
or saline were administered i.v. Four days later, mice were sacrificed and OT-I and OT-II
and assessed for proliferation. b) Strategy for RNA-seq. Mice were adoptively transferred
with OT-I and OT-II and treated as in a). Four days later, mice were sacrificed and OT-I
and OT-II sorted and cells processed for RNA-seq. For all groups n= 3, except for OT-II
OVAhigh, n=2. Each replicate is pooled from 3 mice. c) Multidimensional scaling plot of
näıve and OVAlow. d) Mean difference plots of OVAlow vs näıve in OT-I and OT-II.

cells downregulated effector molecules such as Gzmb and Gzmm, as well as Klrg1, Prdm1

(Blimp-1), integrins Itgax and Itga4, and chemokine receptors Ccr2 and Ccr5, indicating

that cell-associated antigen led to reduced effector functions than free antigen alone (Figure

2.5c). Interestingly, both OT-I and OT-II cells upregulated Xcl1, suggesting a means for
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recruiting XCR1+ cross-presenting DCs to enhance priming [196]. Together this suggests

induction of a program of self-tolerance and movement away from effector functions with a

single dose of erythrocyte-targeted antigen.

To probe similarity to T cell signatures in similar contexts of antigen experience, upregu-

lated and downregulated genes were compared to genes in published gene sets using gene set

enrichment analysis (GSEA) (Figure 2.6). For these analyses, there was no consistent control

similar to free antigen; thus, DEGs of A8B1 vs. Näıve and OVA vs. Näıve were utilized.

A self-tolerant set was derived from a study conducted in a TCR transgenic mouse whose

CD8 T cells were specific for an autoantigen, escaped negative selection, and were tolerized

in the periphery [29]. To establish a comparison of T cells activated in a similar time frame,

genes were compared CD8 or CD4 T cells from day 6 of LCMV infection [197, 198]. To

compare to chronic exhaustion in a self context, we compared to tumor-infiltrating CD8 T

cells [199]. To determine if there are similar signatures seen in pathogens that target ery-

throcytes, transgenic CD4 T cells from a blood-stage malaria infection were compared [200].

Finally, we compared this signature to that of CD8 T cells undergoing deletional tolerance

[201]. Of the data sets tested, both OT-I and OT-II cells were most similar to self-tolerant

T cells. The OT-I compartment also matched closely to tumor-infiltrating CD8 T cells in a

human melanoma, suggesting a similar state of T cell exhaustion as commonly attributed to

melanoma [202]. Interestingly, OT-II cells also matched closely to a gene set derived from

effector CD4 TCR transgenic T cells recognizing a parasitic antigen in a mouse model of

blood-stage malaria infection [200].

2.3.3 Brief Exposure to Antigen Begins to Drive Dysfunctional T Cell

Phenotype

Because the transcriptional signature suggested an inhibitory state of the antigen-specific

T cells, we sought to confirm this phenotype and probe other molecules involved in these

pathways. Mice were adoptively transferred with OT-I and OT-II cells and received one dose
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Figure 2.5: Initial T cell exposure to erythrocyte-associated antigen drives molecular signa-
tures of anergy and early exhaustion. a) Volcano plots of A8B1-OVA vs OVAhigh in OT-I
and OT-II. In purple, genes p < 0.05. b) The number of differentially expressed genes of
A8B1-OVA compared to OVAhigh in OT-I and OT-II. c) Heat map of unbiased clustering of
top 50 differentially expressed genes (DEG).
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Figure 2.6: Gene set enrichment analysis demonstrates similarities to self-tolerant T cells.
Bar code plots of top differentially expressed genes in A8B1 vs Näıve compared to top
differentially expressed genes from published gene sets.
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of A8B1-OVA, OVA, or saline. Four days later, splenocytes were analyzed by flow cytometry

(Figure 2.7a). Confirming the RNA-seq data, both OT-I and OT-II highly upregulated

Egr2 compared to free OVA, suggesting early induction to a program of anergy (Figure

2.7b). Also consistent with the transcriptomic data, OT-I and OT-II upregulated inhibitory

receptors, such as PD-1, CTLA-4, and LAG-3, to a higher level than free antigen (Figure

2.7c). Likewise, there was a strong induction of TOX on OT-I, a transcription factor thought

to drive T cell exhaustion in the context of chronic antigen stimulation, which was to a high

degree co-expressed with PD-1 (Figure 2.7d) [64]. Additionally, there was a higher proportion

of TCF-1+ PD-1+ Eomeslo cells, considered a population that is fated to become terminally

exhausted (Figure 2.7e) [70]. Although these data suggest that the cells may be going down

a pathway fated for exhaustion, 4 d after initial dose could also reflect robust activation.

Thus, studies were conducted at later time points.

Figure 2.7: Exposure to erythrocyte-associated antigen leads to early phenotypic indication
of anergy and exhaustion. a) 500,000 OT-I and OT-II were adoptively transferred into
C57BL/6 mice. Mice received an intravenous injection of 1 µg of A8B1-OVA or 10-fold
higher molar equivalent OVA, and sacrificed 4 d later. b) Percentages of Egr2+ OT-I and
OT-II in the spleen. c) Expression of PD-1, CTLA-4, and LAG-3 on OT-I and OT-II. d)
Percentage of TOX+ PD-1+ cells of OT-I. * vs Näıve, vs OVA. e) Percentage of exhausted
precursor (EomesloPD-1+TCF-1+) cells of OT-I. Statistical analyses were performed using
one-way ANOVA with Tukey’s test. *P < 0.05 and **P < 0.01.
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In order to control for molecular size of A8B1-OVA compared to free OVA alone, an

irrelevant Fab control was synthesized to contain an identical backbone to A8B1, but with

complementarity determining regions that bind to the xenoantigen outer surface protein

A from Borrelia burgdorferi, thus lack binding to erythrocytes (Figure 2.8a) [203]. It was

recombinantly expressed with OVA on the C-terminus of the heavy chain, yielding Irrelevant-

OVA. Because erythrocyte-bound OVA is more efficient at antigen presentation than free

OVA, we chose to inject three times to ensure that all T cells receiving Irrelevant-OVA

would have experienced antigen, as measured by CD44 induction (Figure 2.8b).

The inhibitory molecules upregulated could be a result of recent antigen experience as

opposed to a lasting dysfunctional program. To test this, OT-I and OT-II cells were adop-

tively transferred, and mice received 3, 1 µg doses of A8B1-OVA or Irrelevant-OVA (Figure

2.8c). Mice were sacrificed 15 d after the first exposure to Fab-OVA, as opposed to 4 d, and

lymph nodes (LN) and spleen were analyzed for cell function. In the LN, there appeared to

be fewer OT-I and OT-II in mice receiving A8B1-OVA than control, whereas in the spleen

there appeared equal numbers of cells (Figure 2.8d). In the OT-I compartment, both cells in

the LN and spleen drastically downregulated T cell receptor compared to control, suggesting

overstimulation and a mechanism of self-inhibition (Figure 2.8e) [204]. Consistent with this

inhibition, CD8 T cells in the LN and spleen, and CD4 T cells in the spleen, highly up-

regulated the inhibitory molecule PD-1 as well as TOX (Figure 2.8f-g). Interestingly, CD8

T cells downregulated CXCR3, which could restrict homing to sites of infection or inflam-

mation (Figure 2.8h) [205]. To assess functional capacity, splenocytes were restimulated ex

vivo with OVA257-264 (SIINFEKL) or OVA323-339 (ISQAVHAAHAEINEAGR, abbreviated

as ISQ) for OT-I and OT-II cells, respectively. OT-I and OT-II cells both greatly reduced

their capacity to produce TNFα, but OT-I maintained some ability to produce IFNγ, which

has been described for both T cell exhaustion and anergy (Figure 2.8i-j) [64, 206].
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Figure 2.8: Prolonged exposure to erythrocyte-associated antigen leads to further T cell
dysfunction. (Continued on next page)

2.3.4 Exhausted T Cell Phenotype and Dysfunction is Maintained After

Antigenic Challenge.

Because the ex vivo restimulation indicated reduced functionality of antigen-specific T cells

in vitro (Figure 2.8), we next tested if OT-I and OT-II cells in mice receiving A8B1-OVA

would be less capable of responding to an adjuvanted antigenic challenge in vivo. Mice were
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Figure 2.8, continued: Prolonged exposure to erythrocyte-associated antigen leads to further
T cell dysfunction.a) Irrelevant-Fab-OVA was synthesized to control for size and expression
vector of antigen. Irrelevant Fab or A8B1 were incubated with erythrocytes and assessed for
binding by flow cytometry to erythrocytes. b) Mice were adoptively transferred with OT-I
and OT-II and received 3, 1 µg doses of Fab-OVA, and CD44 expression was analyzed 9 d
after the final dose. c) Mice were adoptively transferred with OT-I and OT-II and dosed
every 3 d with 1 µg A8B1-OVA or Irrelevant Fab-OVA, and sacrificed 9 d after final dose.
d) Percentage of OT-I and OT-II in LN (axillary, brachial, inguinal, popliteal) and spleen.
e) Mean fluorescence intensity (MFI) of H2-Kb-SIINFEKL pentamer on OT-I (left) or Vα2
on OT-II (right). f) Percentage of PD-1+ OT-I and OT-II cells. g) Percentage TOX+ cells
of OT-I and OT-II. h) Percentage CXCR3+ cells of OT-I and OT-II. Lymphocytes from
the draining lymph nodes were restimulated for 6 hr with i) SIINFEKL peptide or j) ISQ
peptide and stained for intracellular cytokine production. Data are shown as mean SEM.
This experiment was performed twice. Statistical analyses were performed using one-way
ANOVA with Tukey’s test. *P < 0.05 and **P < 0.01.

treated as in Figure 2.8, and 9 d after the final dose, when A8B1-OVA had largely been

cleared from circulation, mice were challenged s.c. with OVA and lipopolysaccharide (LPS)

(Figure 2.9a). Both the OT-I and OT-II cells that had experienced erythrocyte-associated

antigen had severely reduced ability to proliferate in response to challenge compared to

Irrelevant-OVA, and both OT-I and OT-II reached similar levels to näıve control (Figure

2.9b). OT-I maintained high levels of PD-1+ TOX+ cells, whereas controls upregulated

TOX but had low levels of double positive cells (Figure 2.9c). Despite a challenge, OT-I and

OT-II cells maintained a downregulated T cell receptors (TCR), (Figure 2.9d). Inhibitory

receptors CTLA-4, 4-1BB, and LAG-3 remained high compared to Irrelevant-OVA (Figure

2.9e). OT-I had low levels of TCF-1 and T-bet compared to controls, suggesting the cells

are no longer in an activated state due to recent exposure of antigen, but rather a terminal

program of dysfunction (Figure 2.9e-f). In support of this, OT-I cells had a higher proportion

of Eomeshi PD-1+ TCF-1-T-bet- cells, a population thought to be in a terminally exhausted

state (Figure 2.9h). (43) On OT-II cells, there was a weak induction of regulatory T cells,

suggesting they may play a minor role in the inability to respond to challenge (Figure 2.9i).

To confirm that these were not memory and effector cells, and that they maintained

dysfunction in response to antigen, cells from dLN were restimulated ex vivo with cognate
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peptides. As before challenge with LPS, OT-I and OT-II cells had a greatly reduced capacity

to produce TNFα but maintained capacity to produce IFNγ (Figure 2.9j). Unlike what has

been demonstrated for anergic cells, addition of IL-2 to the restimulation media did not

restore the capacity to produce cytokines in OT-I or OT-II from mice receiving A8B1-OVA

(Figure 2.9k). Interestingly, addition of IL-2 did enhance capacity of OT-II cells to produce

cytokines in mice receiving Irrelevant-OVA.

2.3.5 CD8 T Cell Dysfunction is Lasting

The observed T cell dysfunction in response to erythrocyte-associated antigen was not due

to recent overexposure to antigen, nor was it temporary. OT-I cells from mice that received

A8B1-OVA and were challenged 3 months after dosing accumulated in far fewer numbers

than in control mice both in the LN and spleen (Figure 2.10a-b). This could be reflective of

a smaller pool of cells in the mice receiving A8B1-OVA as opposed to a lack of proliferation.

However, the cells still phenotypically and functionally appeared dysfunctional. Remarkably,

TCR remained significantly downregulated in the OT-I cells (Figure 2.10c). OT-I retained

high expression of PD-1, and in the spleen had higher levels of TOX expression (Figure

2.10d-e). Functionally, the remaining OT-I were crippled in their capacity to produce cy-

tokines (Figure 2.10f). This suggests that although OT-I cells remained in circulation, they

maintained their dysfunctional program. Interestingly, OT-II cells did not demonstrate the

same reduction in effector functions as did OT-I cells, and largely recovered to the effector

functions of controls (Figure 2.10g).

2.3.6 Dysfunction is Antigen-Specific and Can Be Induced in an

Endogenous Repertoire

The previous studies were conducted using model systems in which the antigen-specific TCRs

are identical and of high affinity, which is unlike a physiological response where there is a
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Figure 2.9: Exhausted T cell phenotype and dysfunction is maintained after antigenic chal-
lenge. (Continued on the following page.)

40



Figure 2.9, continued: Exhausted T cell phenotype and dysfunction is maintained after
antigenic challenge. a) 500,000 OT-I and OT-II were adoptively transferred into C57BL/6
mice. Mice received an intravenous injection every 3 d of 1 µg of A8B1-OVA or Irrelevant-
OVA, challenged with 20 µg OVA and 50 ng LPS 9 d subcutaneously after the final injection,
and sacrificed for cellular analysis of draining LN (axillary, popliteal, inguinal, and brachial)
and spleen 5 d after challenge. For challenge, Irrelevant-Fab, and A8B1 n=8; for näıve
n=6. b) Percentages of OT-I and OT-II in the draining lymph nodes (dLN) and spleen.
c) Percentage of TOX+ PD-1+ OT-I in the dLN. vs Challenge, * vs Irrelevant-OVA. d)
MFI of T cell receptor on OT-I and OT-II in the dLN. e) Expression of CTLA-4, 4-1BB,
and LAG-3 on OT-I and OT-II in the spleen. f) Percentage of TCF-1+ OT-I in the dLN.
g) Percentage of T-bet+ OT-I in the dLN. h) Percentage of terminally exhausted cells of
OT-I in the dLN. i) Percentage of regulatory T cells of OT-II in the dLN. j) TNFα and
IFNγ production in OT-I and OT-II after 6 hour ex-vivo restimulation of lymphocytes from
dLN with SIINFEKL peptide or ISQ peptide. k) Cytokine expression in OT-I and OT-II
after ex-vivo restimulation of splenocytes with SIINFEKL and ISQ peptides as in d) with
or without exogenous mouse IL-2. Data are shown as mean SEM. Data is representative
of 3 repeat experiments. Statistical analyses were performed using one-way ANOVA with
Tukey’s test. *P < 0.05 and **P < 0.01.

diverse endogenous repertoire of TCRs of varying affinities. To test this in an endogenous

repertoire, 1 µg A8B1-OVA or Irrelevant-OVA were administered every three days for 5

doses in WT C57BL/6 mice. Mice were challenged with OVA and CpG, and 7 d after the

final dose, organs were analyzed for T cell responses. Analysis of dLN and spleen revealed

deletion of OVA-specific CD8 T cells, as measured by H2-Kb-SIINFEKL pentamer staining

(Figure 2.11a). There is no reliable tetramer to identify OVA-specific CD4 T cells. Analysis

of antigen-specific CD8 cells revealed upregulation of molecules similar to those seen in the

OT-I cells, including CTLA-4, LAG-3, and 4-1BB (Figure 2.11b). Interestingly, there was

not a high induction of PD-1, as demonstrated in OT-I. Naive mice were excluded from this

phenotypic analysis because of a lack of antigen-specific cells.

It is important to demonstrate that this strategy is antigen-specific, and does not affect

the ability of the immune system to mount responses to other antigens, such as would be

necessary in the course of an infection. Thus, mice were challenged with a separate antigen,

NP, at the time of challenge to OVA. To avoid any potential for bystander suppression of

OVA-specific cells onto NP-specific cells in the dLN of the challenge, mice were challenged
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Figure 2.10: Erythrocyte-antigen induces durable CD8 T cell dysfunction. a) Experiment
was conducted as in Figure 9, with mice being challenged three months after injection with
Fab-OVA. b) Percentages of OT-I and OT-II in the dLN and spleen. c) MFI of H2-Kb-
SIINFEKL pentamer on OT-I and Vα2 on OT-II. d) MFI of PD-1 on OT-I and OT-II. e)
Percentage of TOX+ OT-I. Lymphocytes from dLN were restimulated for 6 hours ex vivo
with f) SIINFEKL or g) ISQ peptide. Data are shown as mean SEM. This experiment was
performed once. Statistical analyses were performed using one-way ANOVA with Tukey’s
test. *P < 0.05 and **P < 0.01.

with the two antigens on separate sides. NP-specific CD4 and CD8 T cells were identified

with I-Ab-NP311-325 and H2-Db-NP366-374 tetramers, respectively. There was no defect

in the ability of NP-specific T cells to respond to NP challenge in mice that had received

A8B1-OVA (Figure 2.11c). Furthermore, splenocytes were restimulated with SIINFEKL and

ISQ or NP311-325 and NP366-374. Mice that received A8B1-OVA had a reduced ability to
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secrete inflammatory cytokines upon restimulation with OVA peptides, but were capable

of responding to restimulation with NP peptides (Figure 2.11d-e). Together these data

indicate that erythrocyte-targeting is able to induce dysfunctional T cells in an endogenous

repertoire of T cells, and that this dysfunction is specific to the antigen that was directed to

erythrocytes.

2.3.7 Erythrocyte-Associated MOG Protects Mice from EAE

The adoptive transfer model of EAE was utilized to assess anergy and inhibition mechanisms

in a setting of autoimmune pathology in an endogenous repertoire. B6.SJL mice were vacci-

nated with a peptide from myelin oligodendrocyte glycoprotein (MOG35-55), and splenocytes

were restimulated with MOG35-55 to generate highly encephalitogenic T cells that were then

injected into näıve mice. Mice received various treatment schedules of A8B1 recombinantly

expressed with the MOG35-55 peptide (A8B1-MOG). As a positive control for remission of

EAE, the clinically relevant anti-VLA-4 antibody, which blocks lymphocyte infiltration into

the spinal cord, was used [207]. Mice that received PBS succumbed to severe EAE after

10 d, and mice treated with anti-VLA-4 had a delayed progression of disease but eventually

all developed EAE (Figure 2.12a-b). Conversely, animals treated with either a low dose or

a high dose of A8B1-MOG at days 0, 7, and 17 initially began to develop disease, but it

did not continue to progress after day 10, likely due to the second dose of A8B1-MOG at

day 7 (Figure 2.12a). Remarkably, at the lower dose, dosing at days 0, 3, and 6 prevented

the development of pathology, and even after the cessation of dosing mice did not develop

disease, suggesting a lasting program (Figure 2.12b). Together these data demonstrated that

targeting cell-associated antigen not only induced a dysfunctional state that left T cells less

capable of responding to an antigenic challenge, but it was also able to prevent activated T

cells from causing disease.
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Figure 2.11: Erythrocyte-associated antigen induces endogenous and antigen-specific dys-
function. a-e) 1 µg A8B1-OVA or Irrelevant-OVA were administered to näıve mice every
three days for a total of 5 doses, and mice were challenged with 10 µg influenza nucleopro-
tein (NP) and 10 µg OVA with 20 µg CpG 8 d after the final dose. Mice were sacrificed 7
days later. a) Percentage of H2-Kb-SIINFEKL endogenous cells of total CD8. b) Phenotype
of H2-Kb-SIINFEKL CD8 T cells. c) Percentage of NP-specific CD4 (above) or CD8 (below)
in the dLN. d-e) Splenocytes were restimulated with d) OVA peptides or e) NP peptides and
intracellular cytokine secretion was quantified. Data are shown as mean SEM. The experi-
ment was performed once. Statistical analyses were performed using one-way ANOVA with
Tukey’s test. *P < 0.05 and **P < 0.01
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Figure 2.12: Erythrocyte-associated MOG protects mice from EAE. B6.SJL mice were vac-
cinated with MOG35-55, and eleven days later spleens were harvested and encephalitogenic
T cells were restimulated with MOG35-55 peptide in the presence of IL-12 and anti-IFNγ.
Cells were then injected intraperitoneally into näıve C57BL/6 mice. a) Mice were treated
with 50 pmol/g or 250 pmol/g of A8B1-MOG at days 0, 7, or 17 after transfer of encephali-
togenic T cells, or anti-VLA-4 antibody every other day (n=10). b) Mice were treated with
50 pmol/g A8B1-MOG at various dosing schedules (n=10). Data are shown as mean SD.
Each experiment was performed once. Statistical analyses were performed at the final time
point using one-way ANOVA with Tukey’s test. *P < **P < 0.01.

2.3.8 The Spleen is Necessary for Induction of CD8 and CD4 T Cell

Dysfunction

After demonstrating that exposure to erythrocyte-associated antigen left T cells not only in-

capable of responding to a future challenge but also induced dysfunction in already activated

cells, there was interest in determining the route of antigen presentation of erythrocyte-

associated antigen and if the robust T cell stimulation observed was due solely to its pro-
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longed circulation time.

Dying and damaged erythrocytes are cleared by phagocytes in both the liver and spleen

[208]. Because antigen presentation of apoptotic debris is often associated with the spleen,

we hypothesized that presentation of erythrocyte-associated antigen primarily occurs in the

spleen [209]. To test this, we first adoptively transferred CFSE-labeled OT-I and OT-II cells

into splenectomized mice or mice that received a sham surgery, treated once with A8B1-

OVA, and assessed proliferation in the LN 4 d later. Proliferation index revealed that the

spleen was necessary for robust OT-I proliferation (Figure 2.13a). It is possible that it is

necessary for OT-II proliferation, however, the small sample size precludes that conclusion.

To determine if the spleen was necessary for tolerance, mice were adoptively transferred

with OT-I and OT-II, received A8B1-OVA or Irrelevant-OVA, and were challenged with

OVA and LPS 9 d after the final dose. Results indicated that the spleen was necessary for

T cell dysfunction in both the OT-I and OT-II compartments in mice receiving A8B1-OVA,

whereas it was completely dispensable in mice receiving Irrelevant-OVA (Figure 2.13b). In

splenectomized mice receiving A8B1-OVA, there was no longer deletion of OT-II cells, and

a similar trend could be seen for OT-I (Figure 2.13b). High levels of PD-1 were reversed

in OT-I and OT-II upon splenectomy, back to control levels (Figure 2.13c). Likewise, TCR

downregulation and TOX upregulation were largely reversed (Figure 2.13d-e). Interestingly,

in OT-I cells, TCR downregulation and TOX upregulation did not quite return to control

levels. This could be indicative of non-splenic cells presenting some erythrocyte-associated

antigen that would lead to persistent TCR signaling but would not involve the same tolero-

genic milieu as the eryptotic pathway in the spleen. Splenectomy inhibited induction of Tregs

of OT-II (Figure 2.13f). Finally, OT-I and OT-II from splenectomized mice had restored

ability to produce inflammatory cytokines upon antigen restimulation (Figure 2.13g-i).
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Figure 2.13: The spleen is necessary for induction of CD8 and CD4 T cell dysfunction.
a-e) Mice followed dosing regimen as in Figure 2.9a), either in splenectomized or sham
splenectomized mice (n=5). a) Percentages of OT-I and OT-II in the dLN. b) MFI of PD-
1 on OT-I and OT-II cells. c) MFI of H2-Kb-SIINFEKL pentamer on OT-I and Vα2 on
OT-II. d) Percentage of TOX+ OT-I cells. e) Percentage of FoxP3+ CD25+ regulatory T
cells OT-II cells. f) Cytokine production in OT-I cells after 6 hr ex vivo restimulation of
lymphocytes from dLN with SIINFEKL peptide. Cytokine levels in supernatant after 3 d
restimulation of lymphocytes from dLN with g) ISQ peptide or h-i) full OVA protein. Data
are shown as mean SEM. The experiment was performed once. Statistical analyses were
performed using one-way ANOVA with Tukey’s test. *P < 0.05 and **P < 0.01
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2.3.9 Fab Persists on Erythrocytes and is Capable of Stimulating T Cells

for Days After Initial Dose

The spleen contains interendothelial slits that are highly sensitive to changes in erythrocyte

deformability, and are responsible for clearing altered erythrocytes from circulation [210]. It

is possible that an initial bolus injection of antigen led to erythrocytes with altered deforma-

bility, that were rapidly cleared from circulation. If this were the case, the antigen presen-

tation observed would be an artifact of this mechanism of clearance as opposed to uptake

and presentation of self-apoptotic antigen. Thus, we wanted to test if removal of the spleen

drastically changed altered antigen clearance, favoring prolonged circulation as opposed to a

bulk clearance of antigen. We conducted a half-life study in splenectomized or sham splenec-

tomized mice. Fluorescently labeled A8B1 or Irrelevant Fab was injected, mice were bled at

various times, and erythrocytes were assessed by flow cytometry for erythrocyte-associated

fluorescent Fab (Figure 2.14a). The initial clearance of A8B1 was indistinguishable between

splenectomized and sham splenectomized mice. However, beginning 72 hr after injection,

a small but statistically lower amount of A8B1 was exhibited in circulation of mice with

a spleen compared to mice without a spleen. This demonstrates that there are alternative

pathways of erythrocyte clearance, and that the spleen slowly clears a small number of ery-

throcytes and their bound antigenic payload. Presumably, the cleared erythrocytes are those

undergoing apoptosis as part of their normal life cycle, and this slow turnover is what leads

to T cell dysfunction.

To determine how long antigen circulating on erythrocytes could be presented to T cells,

mice received 1 µg A8B1-OVA 1 d, 4 d, 9 d, or 45 d before adoptive transfer of CFSE-

labeled OT-I and OT-II. 4 d later, mice were sacrificed and spleens analyzed for T cell

proliferation. The 45 d time point was chosen because that is the lifespan of an erythrocyte

in mice [211]. At 9 d, sufficient antigen remained on erythrocytes to trigger a small amount

of proliferation in OT-I (Figure 2.14b-c). Interestingly, the same was not true for OT-II.

With antigen delivered 4 d before adoptive transfer, there was almost undetectable levels of
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OT-II proliferation. It is possible that antigen is being cross-presented more efficiently on

MHC-I than presented on MHC-II. Because T cells require a high threshold for activation

in the absence of co-stimulation, about 8000 TCRs, it is likely that the OT-II cells are not

encountering sufficient pMHC to trigger proliferation [212]

To further confirm the hypothesis that tolerance was not due to bulk clearance of antigen,

we injected A8B1-OVA 24 hr before adoptive transfer of OT-I and OT-II cells, during which

time any bulk clearance of antigen would have been completed. In the OT-I compartment,

injection 24 hr before adoptive transfer drove the same level of deletion and exhaustion as

injection 24 hr after adoptive transfer (Figure 2.15a-d). This confirms that a bolus immediate

clearance of antigen does not drive overstimulation and exhaustion.

2.3.10 CD8 Dysfunction is Lost in the Absence of Batf3+

Cross-Presenting Dendritic Cells

With the knowledge that the spleen was necessary for antigen presentation, we further in-

vestigated the APC populations that could contribute to presentation. We investigated the

necessity of cross-presenting DCs (cDC1), as they have been shown to take up blood-borne

apoptotic cells in the marginal zone, and cross-present the antigen to CD8 T cells in the T

cell zone [213]. The Batf3-deficient mouse, which lacks cDC1s, was utilized [214]. We con-

firmed the lack of XCR1+ CD8+ cross-presenting dendritic cells in the spleen of a Batf3-/-

mouse (Figure 2.16a). CFSE-labeled OT-I and OT-II were adoptively transferred into WT

or Batf3-/- mice and dosed with A8B1-OVA. Proliferation of OT-I was abrogated in the

Batf3-/- mouse, whereas proliferation of OT-II was not affected (Figure 2.16b). When chal-

lenged with OVA, OT-I deletion was also abrogated in the Batf3-/- mouse, and there was

little to no effect on OT-II deletion (Figure 2.16c). As might be expected, the OT-I response

to OVA and LPS challenge was blunted in the absence of cDC1s, offering a narrow dynamic

range to observe OT-I deletion in A8B1-OVA treated mice compared to control. However,

the contribution of cDC1s to T cell dysfunction could still readily be observed, as OT-I cells
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Figure 2.14: Fab persists on erythrocytes and is capable of stimulating T cells for days
after initial dose. Fluorescently labeled A8B1 was injected into splenectomized or sham
splenectomized mice, and mice were bled at various time points (n=4) to measure Fab
bound to erythrocytes. Fluorescent Irrelevant Fab was injected in sham splenectomized mice
as control. Data is represented as mean fluorescence of Fab measured by flow cytometry and
data is analyzed at each time point via t-test. b-c) 1 µg A8B1-OVA 1 d, 4 d, 9 d, or 45
d before adoptive transfer of CFSE-labeled OT-I and OT-II. 4 d later, mice were sacrificed
and spleens analyzed for T cell proliferation. Representative histograms of CFSE dilution
in T cells at different time points. c) Proliferation index quantifying extent of proliferation
(n=3).
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Figure 2.15: T cell dysfunction is not due to bolus of antigen presentation immediately after
injection. a) Mice received a single dose of A8B1-OVA either 24 hr before (Pre) or 24 hr after
(Post) adoptive transfer of OT-I and OT-II, challenged with OVA and LPS, and sacrificed
5 d later. For Pre and Post groups, n=4, for challenge control n=2. b) Percentages of OT-I
and OT-II in the LN and spleen at sacrifice. c) MFI of PD-1 on OT-I and OT-II. d) TOX
expression in OT-I and OT-II. Data are shown as mean SEM and analyzed by one-way
ANOVA. *P < 0.05 and **P < 0.01.

in Batf3-/- mouse did not upregulate PD-1, and were rescued in their ability to produce

TNFα (Figure 2.16d-e). Conversely, cDC1s had no effect on PD-1 upregulation on OT-II or

their blunted capacity to produce cytokines (Figure 2.16f-g).
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Figure 2.16: CD8 T cell dysfunction is lost in mice lacking Batf3+ cross-presenting DCs. a)

Percentage of cross-presenting dendritic cells in the spleen of a Batf3-/- or WT mouse. b)
Proliferation index of CFSE-labeled OT-I and OT-II in the spleen of mice that received 1
µg A8B1-OVA and were analyzed 4 d later. c-g) Mice followed dosing regimen as in Figure

9a, either in WT or Batf3-/- mice (n=4 for all groups except Irrelevant Fab Batf3-/-, n=3).
c) Percentage of OT-I and OT-II in the dLN and spleen. d) Percentage of PD-1+ cells
in the dLN (above) or spleen (below). Lymphocytes from the dLN were restimulated with
e) SIINFEKL or f-g) ISQ peptide and intracellular cytokines measured by flow cytometry.
These experiments were performed once. Experiments a-b were analyzed via t-test, and all
others were analyzed using a one-way ANOVA with Tukey’s test. *P < 0.05 and **P < 0.01.

2.3.11 Macrophage Depletion Reverses CD8 Dysfunction

Splenic macrophages are also a likely candidate, as they have been extensively described

to engulf apoptotic cells. Red pulp macrophages (RPM) are typically associated with up-

take of senescent erythrocytes, but the contribution of RPM to presentation of apoptotic

debris is unknown [215–217]. CD169+ marginal metallophillic and MARCO+ marginal zone
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macrophages have been described to take up apoptotic debris for presentation to T cells, the

consequence of which, when in the absence of danger signals, is associated with tolerance

[218, 219].

To investigate the role of macrophages in presentation of erythrocyte-associated antigen,

we first attempted to deplete macrophages with an anti-CSF1R antibody, however it was

insufficient to deplete RPM (Figure 2.17a). In an alternative approach, we utilized clo-

dronate liposomes, which have been described extensively to deplete splenic macrophages

[220]. Indeed, one intravenous injection was sufficient to deplete all splenic macrophages,

while sparing splenic DCs (Figure 2.17b). Dosing with clodronate liposomes every 3 to 4 d

throughout dosing with Fab-OVA, it was determined that macrophages were necessary for

OT-I deletion, but dispensable for OT-II deletion (Figure 2.17c). Dosing with clodronate

also reversed PD-1 upregulation, TCR downregulation, and TOX induction (Figure 2.17d-f).

Dosing with clodronate liposomes reversed PD-1 in OT-II (Figure 2.17d). However, there

was little effect on TCR downregulation or Treg induction in OT-II (Figure 2.17e,g). Thus,

it appears that macrophages are important for induction of CD8 T cell dysfunction, but it

is unclear if they are important for CD4 T cell dysfunction.

Although this indicated that cDC1s and macrophages are necessary for OT-I dysfunc-

tion, these results do not enable us to distinguish between cDC1s directly phagocytosing

erythrocytes and presenting A8B1-OVA, or if macrophages, such as RPM or marginal zone

macrophages, engulf the cells and transfer antigen to cDC1s for presentation [221–224]. Ad-

ditionally, although one dose of clodronate liposomes spared cDC1s, it is possible that such

frequent dosing may kill cDC1s, and further experiments need to confirm that they are

spared after repeated dosing.
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Figure 2.17: Macrophages are important for induction of CD8 T cell dysfunction. a) Per-
centage of red pulp macrophages of lineage- cells in the spleen after administration of two
i.p. 400 µg doses of anti-CSF1R antibody. b) Percentage of APC subsets in the spleen 24 hr
after one i.v. dose of clodronate or PBS-loaded liposomes. c) Percentage of OT-I and OT-II
in the dLN. d) Mean fluorescence intensity of PD-1 on OT-I and OT-II. e) Mean fluorescence
intensity of TCR on OT-I and OT-II. f) Percentage TOX+ cells of OT-I. G) Percentage of
FoxP3+ CD25+ cells of OT-II.

2.3.12 Tolerance to CD8 Epitopes May Lead to Cross-Tolerance of CD4

Epitopes

Previously in the laboratory it was demonstrated that mice adoptively transferred with

OT-I only, dosed with a peptide that binds erythrocytes conjugated to OVA, and received

a subsequent adoptive transfer of OT-I and OT-II had a blunted OT-II response to OVA

challenge [185]. This demonstrated that there may have been a dominant tolerant effect
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of the OT-I on the OT-II in suppression of expansion. However, one cannot exclude the

possibility that ISQ-specific endogenous T cells suppressed the subsequent transfer of OT-II.

To overcome this potential confounding factor of endogenous antigen-specific CD4 T

cells, we recombinantly expressed A8B1 or Irrelevant Fab with SIINFEKL or ISQ on the

heavy chain. We adoptively transferred OT-I or OT-II and followed the same 21 d dosing

strategy as previously. However, the dose of Fab-SIINFEKL or Fab-ISQ was dosed to be the

same molar equivalent of Fab-OVA, about 0.5 µg. Mice received Fab-SIIN, Fab-ISQ, or both

Fab-SIIN and Fab-ISQ. Mice that received A8B1-ISQ only before challenge demonstrated no

ability to suppress proliferation of OT-I, suggesting a lack of CD4 OT-II dominant tolerance

(Figure 2.18a). Unexpectedly, in mice receiving A8B1-SIIN only, there was not the typical

suppression of OT-I responses typically observed with erythrocyte targeting. This is likely

due to a lack of CD4 T cell help. This is suggested by the fact that dosing with A8B1-ISQ

at the same time as A8B1-SIIN, which would provide CD4 T cell help, led to deletion closer

to the typical deletion observed. However, the deletion was still not to the same level as

expected, which could be because the SIIN and ISQ were not on the same antigen, would

could lead to different cells presenting the antigen to OT-I and OT-II at different times.

A lack of CD4 help was also reflected by the lack of typical PD-1 upregulation and TCR

downregulation on OT-I cells (Figure 2.18b-c).

Unlike with the OT-I cells, 0.5 µg of A8B1-ISQ was very effective at inducing deletion

of OT-II, with or without co-administration of A8B1-SIIN (Figure 2.18d). Dosing with

A8B1-SIIN only had little to no effect on the ability of OT-II to respond to challenge. This

discrepancy between the OT-I dominant tolerance observed by Grimm et al. and this study

could be a result of the lack of CD4 help in this system, whereas with ERY1-OVA mice

received a much greater dose of 10 µg. Interestingly, although there was no ability of the

OT-II T cells to suppress OT-I, Tregs composed a large percentage of the remaining OT-II

cells (Figure 2.18e).

Because 0.5 µg of A8B1-SIIN was insufficient to trigger the typical OT-I dysfunction
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observed, it was not possible to conclude that there was no dominant tolerance of OT-I

cells acting on OT-II cells. A 10-fold higher dose of A8B1-SIIN was instead used, which

would provide sufficient antigen to trigger a CD8 response even in the absence of robust

CD4 help. Consistent with this, dosing with this higher dose of A8B1-SIIN triggered the

usual OT-I deletion observed with erythrocyte targeting (Figure 2.18f). Dysfunction was

confirmed by the inability of OT-I to produce cytokines upon SIINFEKL restimulation ex

vivo (Figure 2.18g). In order to have both CD4 and CD8 epitopes on the same antigen, Fab

was recombinantly expressed with both ISQ and SIINFEKL epitopes and a natural cleavage

site between the peptides, to yield Fab-SIIN-ISQ. Interestingly, when both CD4 and CD8

epitopes were on the same antigen, this seemed to lead to overstimulation of the OT-I, and a

loss of tolerance, compared to having the epitopes on separate proteins, or having A8B1-SIIN

alone (Figure 2.18a).

When 5 µg of A8B1-ISQ was injected, this seemed to have an opposite effect on OT-II

compared to 0.5 µg A8B1-ISQ, appearing to cause expansion instead of deletion (Figure

2.18h). When A8B1-SIIN was co-administered with A8B1-ISQ, some deletion of OT-II was

observed. When A8B1-SIIN-ISQ was administered, there was even greater deletion of OT-

II, suggesting cross-talk with OT-I, and a potential for dominant tolerance. Dosing with

A8B1-SIIN alone, there were trends towards deletion of OT-II compared to Irrelevant Fab

control (Figure 2.18h). The OT-I tolerance seemed to occur through deletion only, because

there was little difference in ability of OT-II to produce cytokines (Figure 2.18i). These data

indicate that a lower dose of CD4 epitope is superior to a higher dose, and a higher dose of

CD8 epitope superior to a low dose, with erythrocyte targeting. Additionally, this suggests

that there may be dominant tolerance of OT-I, likely acting by deletion.

2.3.13 CD8-Derived Perforin is Dispensible for Tolerance

Others have demonstrated that suppressor CD8 T cells act in a perforin-dependent mech-

anism to delete CD4 T cells. Interestingly, we observed upregulation of perforin in OT-I
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Figure 2.18: Tolerance to CD8 epitopes may lead to cross-tolerance of CD4 epitopes. a-d)
Mice were dosed as in Figure 9a, but instead of Fab-OVA, mice received 0.5 µg of Fab-
SIINFEKL, Fab-ISQ, or both. a) Percentage of OT-I in the dLN and spleen. b) MFI of
PD-1 on OT-I. c) MFI of TCR on OT-I. d) Percentage of OT-II in the dLN and spleen.
e) Percentage FoxP3+CD25+ Tregs on OT-II. f-j) Mice were dosed as in a) but instead
with 5 µg Fab-SIIN, Fab-SIIN-ISQ, Fab-ISQ, or Fab-SIIN + Fab-ISQ. f) Percentage of OT-
I in the dLN and spleen. g) Intracellular cytokine expression in OT-I after restimulation
of cells from the dLN with SIINFEKL. h) Percentage of OT-II in the dLN and spleen. i)
Intracellular cytokine expression in OT-II after restimulation of cells from the dLN with ISQ.
Data are shown as mean SEM. The experiment was performed once. Statistical analyses
were performed using one-way ANOVA with Tukey’s test. *P < 0.05 and **P < 0.01

T cells after treatment with A8B1-OVA (Figure 2.19a). Upon restimulation with cognate

peptide, OT-I had reduced perforin, likely indicating release of perforin granules upon seeing

antigen. Perforin upregulation was reversed in the absence of a spleen, and in Batf3-/- mice

(Figure 2.19b-c). The perforin+ OT-I cells were not secreting other cytokines. Upon ex vivo

restimulation with SIINFEKL after dosing with A8B1-OVA, OT-I were positive for either
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perforin or TNFα (Figure 2.19c). Similarly, there were almost no OT-I cells that secreted

both perforin and IL-2 (Figure 2.19d). This suggests that the OT-I cells containing perforin

granules were not inflammatory.

To test the necessity of perforin for induction of T cell dysfunction, OT-I were crossed to

perforin Prf1-/- deficient mice, yielding OT-I Prf1-/-. OT-I Prf1-/- or littermate controls were

CFSE labeled along with WT OT-II and adoptively transferred into mice. Mice received

a single dose of A8B1-OVA and were sacrificed 4 d later. There were no differences in the

number of OT-I or OT-II in the lymph nodes or spleen of mice receiving WT or Prf1-/-

OT-I (Figure 2.19e). There were likewise no differences in the extent of proliferation, or

upregulation of TOX and PD-1 (2.19f-g).

It is possible that the effect of perforin in OT-I would not be apparent until cells were

faced with an adjuvanted challenge. Thus, the 21 d challenge experiment was conducted

as previously with either WT or Prf1-/- OT-I and WT OT-II. Unexpectedly, Prf1-/- were

less capable of responding to OVA and LPS challenge, both in mice that received Irrelevant-

OVA and A8B1-OVA (Figure 2.19h). Despite impaired ability of OT-I Prf1-/- to respond

to challenge, there was still greater deletion in mice that received A8B1-OVA compared to

Irrelevant-OVA. Even more strikingly, in mice that received Prf1-/- OT-I, OT-II cells were

incapable of responding to challenge, both in mice that received A8B1-OVA and Irrelevant-

OVA (Figure 2.19i). Also interesting is the observation that PD-1 upregulation was greater

in perforin deficient than WT mice (Figure 2.19j). These data indicate that perforin in CD8

T cells may actually enhance an immunogenic response in both CD8 and CD4 T cells, and

is likely dispensable for erythrocyte-mediated tolerance induction.

2.4 Discussion

Induction of tolerance for therapeutic purposes will require a detailed mechanistic approach

to be successful in the clinic. This study demonstrated that targeting antigen to erythrocytes

in vivo leads to efficient presentation of antigen to T cells, the result of which drives antigen-
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Figure 2.19: CD8 Perforin is dispensable for tolerance. Mice were dosed as in Figure 9a
for a-j). a) 5 days after challenge, mice were sacrificed and restimulated with SIINFEKL
or ISQ peptide, or left unstimulated. Perforin+ of OT-I. b) Perforin+ cells of OT-I in b)

splenectomized or c) Batf3-/- mice. Cells from the LN were restimulated with SIINFEKL
peptide and stained for intracellular cytokines. Percentage of OT-I that are positive for
perforin and c) TNFα or d) IL-2. CFSE labeled WT or Perforin-/- OT-I were injected with
OT-II into WT mice, and mice received 1 dose of 1 µg A8B1-OVA and spleens and LN were
analyzed 4 days later. e) Percentage of OT-I and OT-II in the spleen and LN. f) Percentage

of OT-I that have diluted CFSE. g) Percentage TOX+ PD-1+ cells of OT-I. h) Prf1-/- or
WT OT-I were injected with OT-II into WT mice and dosed as previously. h) Percentage
of OT-I dLN. i) Percentage of OT-II in the dLN. j) MFI of PD-1 on OT-I and OT-II in the
dLN.
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specific T cells to dysfunction. We developed an antibody fragment, A8B1, that binds

with high affinity to mouse erythrocytes. A single, low dose of antigen was sufficient to

drive rapid proliferation of cognate T cells, and the gene signature was one of self-tolerance,

anergy, and exhaustion. Consistent with this, when compared to gene sets of other forms of

T cell antigen encounter, the transcriptional profile was most similar to that of T cells that

had escaped negative selection and seen self-antigen in the periphery [29]. Interestingly, the

OT-I profile was also similar to that of human tumor-infiltrating T cells [29]. This could be

because in cancer, tumors are continually shedding apoptotic cells and apoptotic bodies [225].

This, along with the immunosuppressive microenvironment of the tumor, provides continual

antigen exposure to T cells with potent immunosuppression, a similar context to that of

uptake of erythrocyte-associated antigen. The OT-II profile also correlated strongly with

that of CD4 T cells in infection with Plasmodium chabaudi, a mouse model of malaria used

to study blood-stage immunity [200, 226]. This suggests that parasites may be co-opting this

eryptotic pathway to drive T cell dysfunction, as an association with inhibitory molecules

on T cells has been associated with poor prognosis in patients with malaria [227, 228]. It

is unlikely that this pathway would be co-opted by many viruses, however, because toll-like

receptor stimulation of cDC1s would trigger activation of these cells and an inflammatory

environment, which would overcome the tolerogenic environment of this pathway.

Aside from anergic signatures, upregulation of other co-inhibitory molecules commonly

attributed to T cell exhaustion were upregulated, indicating that a single low dose of

erythrocyte-associated antigen could be driving cells to exhaustion. However, at this early

time point, these molecules could be upregulated due to overactivation. Still, the low ex-

pression compared to free antigen of effector molecules, such as granzymes and chemokines,

suggests that the cells are not simply activated.

Consistent with this, flow cytometric analysis of T cells over a week after dosing with

erythrocyte-associated antigen, and even after an adjuvanted antigenic challenge, led to

upregulation of many molecules involved in exhaustion, including the master regulator of
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exhaustion, TOX. This phenotype of exhaustion was associated with an inability to express

TNFα, even after addition of IL-2, but the retention in ability to produce some IFNγ.

Although not to equivalent levels of erythrocyte-targeted antigen, soluble antigen alone was

able to drive proliferation and deletion of OT-I cells. This is likely due to its presentation,

perhaps through mannose receptor via the natural mannosylation of OVA, in the absence

of costimulation [229]. However, the remaining T cells retained effector capacity, evidenced

by both the RNA-seq data and their ability to produce inflammatory cytokines. Consistent

with this, OT-I from mice experiencing free antigen had higher expression of TCF-1 and

T-bet than with erythrocyte-associated antigen. This would suggest that with free antigen,

cells would likely still be capable of responding to challenge with effector functions [68, 230]

T cells also strongly downregulated the TCR complex. This has been demonstrated in a

number of contexts, including tumor infiltrating lymphocytes, peripheral tolerance, and in a

high affinity parasite-specific TCR [204, 231, 232]. This likely serves as a means of increasing

the threshold for stimulation, to both limit a pathogenic amount of T cell activation and

to avoid a monoclonal response to a pathogen. In the presence of co-stimulatory molecules

this could likely be overcome; Viola et al. demonstrated that triggering 8000 TCRs was

necessary for a productive response and, with co-stimulation, that could be reduced to 1500.

However, due to the high levels of co-inhibitory molecules, the threshold is likely high [212].

The effect of erythrocyte targeting was long-lasting in the OT-I compartment, as CD8

T cells had a reduced capacity to respond to antigen months following administration, long

after the antigen was cleared from circulation. PD-1 remained upregulated, and remarkably,

TCR remained downregulated. Future studies would need to be conducted to determine if

PD1/PDL1, CTLA-4, and LAG-3 blockade months after initial dosing could restore func-

tionality in these cells.

In the OT-II compartment there was little indication of lasting dysfunction. It is possible

that 1 g was insufficient to drive sufficient CD4 dysfunction, and CD8 and CD4 T cells would

require different amounts of antigen to lead to the same level of dysfunction. Alternatively,

61



the initial dysfunction seen in the OT-II cells could have been dependent on persistent ex-

posure to antigen, and the cells reverted to functionality after antigen was removed. Lorentz

et al. demonstrated that with erythrocyte-targeting, lasting humoral tolerance was achieved

to a foreign antigen [146]. This suggests that CD4 tolerance is achievable, perhaps with an

optimized dosing routine.

Consistent with this, in the EAE model utilized, which is driven primarily by pathogenic

CD4 T cells, A8B1-MOG was able to drive the prevention of T cell activation and develop-

ment of pathology in EAE, which was maintained even after we ceased dosing with antigen.

This is consistent with studies that have demonstrated that dose and duration of the antigen

exposure are important for driving T cell dysfunction [233, 234].

The benefit of early, more frequent dosing in this model could be explained by the fact

that not all of the antigen-specific cells encountered erythrocyte-associated antigen with the

amount dosed on day 0, and the cells that escape contribute to pathology. However, the fact

that the high dose group with less frequent dosing still began to develop pathology suggests

that most cells likely did encounter antigen. The more likely explanation is the duration of

TCR stimulation in the erythrocyte-associated context. Figure 2.14b-c suggests that there

is insufficient antigen presented to CD4 T cells 4 d after antigen dosing. Thus, dosing every

3 d likely maintained high levels of presentation to MOG-reactive CD4 T cells, and this

persistent signaling led to dysfunction, which prevented the T cells from acquiring effector

functions and causing pathology. Conversely, dosing every 7 d would limit the persistent

exposure to MOG-reactive T cells. Future studies would need to be conducted to determine

the appropriate dosing to achieve lasting CD4 and CD8 responses.

We were able to demonstrate tolerance not only to transgenic T cells, but also to OVA

in a polyclonal näıve repertoire. It was also crucial to determine antigen-specificity of this

approach. In the clinic, patients need to be suppressed only to the autoantigen, but be

capable of responding to infections. We were able to demonstrate that mice were responsive

to an irrelevant antigen, but hyporesponsive to OVA after administration of A8B1-OVA.
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We demonstrated that the spleen is necessary for presentation of erythrocyte-associated

antigen. This is consistent with a study that demonstrated that clearance of exogenously ad-

ministered apoptotic cells is dependent on the spleen, and in particular on IL-10 production

by splenic macrophages [183]. This suggests that a combination of persistent antigen expo-

sure, as well as the immunosuppressive environment created by uptake of apoptotic cells,

leads to the profound T cell dysfunction observed. Interestingly, in the half-life study, there

was an initial bulk clearance of antigen that progressed over 24 hr that was independent of

the spleen. Although this is much longer than the half-life of a typical protein this size, it was

in contrast to a subsequent, longer half-life that took days. Over time, mice with a spleen

began to clear erythrocyte-associated antigen faster than mice without a spleen, suggesting

the spleen is responsible for clearance of a small amount of likely eryptotic erythrocytes per

day.

Kontos et al. demonstrated accumulation of erythrocyte-associated antigen in the liver

[147]. It is possible that this initial bulk clearance of antigen largely occurs in the liver, as

do most proteins. Interestingly, that study also demonstrated presentation of antigen on

class I MHC in the liver. This could explain some of the TOX upregulation in the absence

of the spleen; the persistent antigen turnover could drive some T cell proliferation but is

insufficient to drive the same level of dysfunction as when the spleen is present.

Batf3-dependent cross-presenting DCs were necessary for CD8 dysfunction. It is possible

that macrophages took up antigen and transferred it to cDC1s, or that cDC1s took up

erythrocytes directly and presented antigen [213]. Interestingly, both OT-I and OT-II cells

showed upregulation of Xcl1 in the RNA-seq data, suggesting that T cells could be producing

XCL1 to attract these XCR1+ cDC1s to the T cell zone in the spleen [213]. For CD4 T

cells, it is then likely that another cell type, such as conventional cDC2s, presented the

erythrocyte-associated antigen. Administration of clodronate also prevented tolerance in

the OT-I cells, suggesting that macrophages may engulf antigen for transfer to cDC1s. It is

unclear how the CD4 T cells would then encounter antigen.

63



Although it is unclear how antigen is presented to CD4 T cells, it is clear that both

CD4 and CD8 epitopes likely need to be present on the same antigen presenting cell, or in

close proximity, to achieve maximal T cell stimulation and consequent dysfunction (Figure

2.18). It is evident that in the absence of CD4 help when dosing with A8B1-SIIN alone,

there was poor presentation of antigen to CD8 T cells, as is immunological dogma. However,

it is interesting that there also seems to be cross-talk from the CD8 T cells to the CD4 T

cells. At a higher dose of A8B1-ISQ, CD4 T cells were robustly activated, instead of being

tolerized. When A8B1-SIIN was dosed at the same time as A8B1-ISQ, there were fewer CD4

T cells at sacrifice. When both epitopes were on the same antigen, yielding A8B1-SIIN-ISQ,

there were almost no CD4 T cells at sacrifice. This effect seemed to only be apparent with

erythrocyte-targeted antigen, as Irrelevant-OVA did not lead to this phenomenon.

This leads us to pose the hypothesis that perhaps antigen is presented by an unknown

cell type to CD4 T cells, to activate them. This CD4 T cell may then interact with a

cDC1 presenting antigen to CD8 T cells, and thereby activate the CD8 T cells by providing

the necessary IL-2, as is consistent with the canonical three-cell hypothesis. In a low dose

setting, endogenous CD8 Fab-specific T cells may be sufficient to lead to OT-II deletion

(Figure 2.18d), whereas in a high dose setting, a higher number of CD8 T cells, provided by

the OT-I cells, is needed to promote OT-II T cell deletion (Figure 2.18h). The mechanism by

which OT-I contribute to OT-II deletion is likely not through perforin, as perforin-deficient

OT-I had little effect on OT-II tolerance (Figure 2.19). However, the OT-II cells were not

able to expand in mice receiving perforin-deficient OT-I and Irrelevant-OVA either, limiting

its interpretation.

Although this technology is effective in inducing tolerance via T cell dysfunction, a lim-

itation is in the setting of an active B cell response. If an autoantigen was delivered to

erythrocytes, it would allow for a long circulating time of the autoantigen, and thus accumu-

lation of anti-autoantigen antibody and immune complex accumulation on the erythrocyte.

This would trigger robust immune activation. To overcome this, B cells and plasma cells
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would need to be depleted with an anti-CD20 antibody and bortezomib, respectively, before

dosing. Alternatively, prophylactic tolerance could be induced in this setting.

This study provides insight into the use of erythrocyte-associated antigen for therapeutic

tolerance. We demonstrated the ability to not only prevent the induction of a potent T cell

response to both TCR transgenic and endogenous T cells, but also to induce dysfunction

in already activated T cells. In the prophylactic setting, this has implications for induction

of tolerance to therapeutic biological drugs to avoid an anti-drug antibody response. In the

therapeutic context, it has implications for a variety of autoimmune diseases, for which there

are known autoantigens, to reverse the course of disease after depleting B cells. Furthermore,

this technology may be used as a simple tool to study T cell exhaustion and dysfunction,

particularly to apoptotic antigen.

2.5 Materials and Methods

2.5.1 Mice

Mice were maintained in a specific pathogen-free facility at the University of Chicago. The

experiments and procedures in this study were performed in accordance with the Institutional

Animal Care and Use Committee. Female C57BL/6 mice were used as wild type mice in all

studies purchased from The Jackson Laboratory. OT-I (stock no: 003831) and OT-II (stock

no: 004194) were crossed to CD45.1 mice (stock no: 002014) to yield congenically labeled

OT-I and OT-II. Batf3-/- were bred in house. Splenectomized and sham splenectomized

C57BL/6 mice were purchased from The Jackson Laboratory. OT-I were crossed in house

with Prf1-/- (stock no: 002407) from the Jackson Laboratory to yield OT-I Prf1-/-.

2.5.2 Phage Display

M13 phage library containing a synthetic human Fabs based on the 4D5 scaffold was gener-

ously provided by Anthony Kossiakoff. Peripheral blood mononuclear cells (PBMCs) were
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isolated from C57BL/6 mice. The library was incubated with PBMCs for 1 hr on ice. Cells

were spun down, and supernatant was added to 10 million mouse erythrocytes for 1 hr on

ice. Cells were washed 4 times, and phage was eluted with sodium citrate pH 2.6. Phage was

propagated overnight in XL1-blue E. coli. Phage was precipitated by addition of 1/5 volume

20% PEG 8K, 2.5 M NaCl and resuspended in PBS. Panning was repeated for a total of 4

rounds. After the second, third, and fourth rounds of panning, a sample of phage library

was added to erythrocytes and subjected to flow cytometry using an anti-M13 secondary

antibody (Biolegend) to assess enrichment. After the fourth round of panning, XL1-blue

cells were infected with phage, and plated on LB-agar plates overnight. Single colonies were

picked and grown in 2 mL cultures supplemented with Ampicillin and M13K07 helper phage

(New England Biolabs). Supernatant was collected after 16-20 hr, and phage was precipi-

tated. 96 individual phage clones were added to mouse erythrocytes, and flow cytometry was

conducted using the anti-M13 antibody to assess binding. The best binders were sequenced

using sanger sequencing, and top clones were cloned into mammalian protein expression

vectors.

2.5.3 Fab Cloning

Fab sequences were cloned out of the M13 vectors and into a human endothelial kidney (HEK)

expression vector, Abvec2.0 (Table 2.1). For Fab payload sequences, such as ovalbumin, DNA

was purchased from Genscript and cloned into the HEK vectors at the C terminus of the

heavy chain. Amino acid sequence of antigens can be found on Table 2.2.

Table 2.1: Primers to amplify Fabs out of M13 vector
Primer Sequence
Forward VL 5’-tgtgcctggccggccgcgccctggccgatatccagatgacccagtccccga-3’
Reverse VL 5’-acgctaggggcagccaccgtacgtttgatctccaccttggtaccctgtccga-3’
Forward VH 5’-gcctggctgggcgcgccctggccgaggttcagctggtggagtctgg-3’
Reverse VH 5’-cccttggtgctagccgaggagacggtgaccagggtt-3’
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2.5.4 Fab Expression and Purification

Fabs were expressed in HEK293T suspension cells in FreeStyle 293 Expression Medium

(Thermo Fisher Scientific). At 1 million cells/mL in log-phase growth, cells were transfected

with 1 µg of plasmid and 2 µg of polyethylenamine in 40 µL OptiPRO SFM (Gibco) per

million cells. Transfected cells were cultured for 6 d in shake flasks. The cells were then

pelleted by centrifugation, and the supernatant was filtered through a 0.22 µmfilter and

pH-adjusted to 7.0 using 1 M Tris buffer, pH 9.0. The Fabs were then purified by affinity

chromatography using a 5 mL HiTrap Mabselect Protein A column (GE Life Sciences) via

fast protein liquid chromatography. The column was first equilibrated with 5 column volumes

(CVs) of PBS at 5 mL/min. The crude Fab solution was then flowed over the column at 5

mL/min and the column washed with 10 CVs of PBS at 2 mL/min. Fab was then eluted with

0.1 M glycine-HCl, pH 2.6, and neutralized with1 M Tris buffer, pH 9.0. Elution peaks were

pooled and dialyzed into PBS. Where necessary, Fabs were concentrated (Amicon). Because

the Fabs are prone to aggregation, dynamic light scattering was conducted on samples and

filtered through 0.22 µm PES filters until the sample was >95% pure by intensity. For

all studies, produced proteins were verified to contain <.01 endotoxin units by HEK-TLR4

assay. Proteins were aliquoted and frozen at -80.

2.5.5 Fab Characterization

To characterize binding to erythrocytes and PBMCs, mouse blood was isolated using Histopaque

per manufacturer’s protocol. Erythrocytes and PBMCs were collected from respective frac-

tions in the gradient were diluted in PBS+2% BSA. Fab was fluorescently labeled with an

NHS-ester conjugated dye that reacts with free amines on the Fab (Dyomics). Erythrocytes

were stained on ice with increasing concentrations of Fab in 5 mL polystyrene tubes in PBS

+ 2% BSA for 20 min and protected from light. Erythrocytes were washed in PBS+2% BSA

and flowed immediately. Fixation using standard buffers was avoided because it lysed the

erythrocytes. For assessment of Fab binding to PBMCs by flow cytometry, Fab was added
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Table 2.2: Amino acid sequences of A8B1 Fab payload
Payload Sequence
OVA GSGGGGSGGGGSGGGGSGGGGSMGSIGAASMEFCFD

VFKELKVHHANENIFYCPIAIMSALAMVYLGAKDSTR
TQINKVVRFDKLPGFGDSIEAQCGTSVNVHSSLRDILN
QITKPNDVYSFSLASRLYAEERYPILPEYLQCVKELYRG
GLEPINFQTAADQARELINSWVESQTNGIIRNVLQPSSV
DSQTAMVLVNAIVFKGLWEKAFKDEDTQAMPFRVTE
QESKPVQMMYQIGLFRVASMASEKMKILELPFASGTM
SMLVLLPDEVSGLEQLESIINFEKLTEWTSSNVMEERK
IKVYLPRMKMEEKYNLTSVLMAMGITDVFSSSANLSG
ISSAESLKISQAVHAAHAEINEAGREVVGSAEAGVDA
ASVSEEFRADHPFLFCIKHIATNAVLFFGRCVSP

MOG MEVGWYRSPFSRVVHLYRNGK
SIIN GSGGGSGLEQLESIINFEKL
ISQ GSGGGSAESLKISQAVHAAHAEINEAGR
SIIN-ISQ GSGGGSGLEQLESIINFEKLTEWTSSGGGSAESLKISQA

VHAAHAEINEAGR

at 200 nM and incubated for 20 minutes on ice.

2.5.6 Determination of In Vivo Fab Half-Life

10 µg of each Fab was injected into WT mice. Mice were bled by making a small incision

over the injection site, and subsequently 2-5 µL blood were taken from this site. Blood was

washed and anti-human Fab (Jackson Immunoresearch) was added at a 1:400 dilution in

PBS+2% BSA for 15 minutes at room temperature. Samples were flowed immediately after

washing.

2.5.7 Determination of Antibody Titer

ELISA plates (Nunc Maxisorp, ThermoFisher) were coated overnight with 10 µg/mL Fab.

Mice were dosed weekly with 10 µg A8B1, E2A3, or F3F1 Fab, and bled three days later.

Blood was collected in a heparinized capillary tube per IACUC protocol. Blood was spun

down at 300xg for 5 minutes to pellet erythrocytes, and plasma was collected. Plasma was
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diluted in 2% BSA 1:100 for the first dilution, and 10-fold dilutions subsequently. After

washing and blocking plates coated with Fab, diluted plasma was added for 2 hours at room

temperature, and washed. Antibodies were detected using an HRP-conjugated anti-mouse

IgG antibody for one hour at room temperature diluted in 2% BSA (Southern Biotech). TMB

solution was added, and 10% sulfuric acid to stop the reaction. Titers were calculated by

averaging 4 blank wells, adding 4 times the standard deviation of these wells, and subtracting

this value from the optical density (OD) readings of all samples. The reciprocal of the last

dilution with detectable signal is the titer plotted.

2.5.8 Fab Pulldown on Erythrocyte Membranes

1 mL of mouse blood was centrifuged with a Histopaque-1077 (Sigma) gradient to remove

PBMCs and plasma. ACK lysis buffer (Gibco) was added at a ratio of 10:1 initial volume

of blood in 1.5 mL microcentrifuge tubes. Lysis was conducted on ice to prevent proteolysis

for 5 minutes. Microcentrifuge tubes were spun down at 21,000 x g for 5 minutes to pellet

ghosts. This was repeated 10 times, until ghosts were white. Subsequently, 10 µg Fab were

incubated with 10 µg erythrocyte ghost for 30 minutes in PBS. 20 µL Protein A magnetic

beads (Dynabeads, Invitrogen) were washed in PBS and incubated with the ghost and Fab

for 30 minutes in a volume of 200 µL. Fab-ghost complexes were washed 5 times, and eluted

with Laemmli buffer + 50 µM beta mercaptoethanol. Elutions were boiled at 95◦C for 10

minutes and loaded onto an SDS-PAGE gel.

2.5.9 Determination of Hematological Parameters

Mice were bled 24 hr after dosing with 3 doses of Fab-OVA every third day. 50 µL of blood

were analyzed for complete blood count (CBC) on a Beckman Coulter AcT.
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2.5.10 Adoptive Transfer

Spleens and lymph nodes were isolated from TCR transgenic mice. OT-I and OT-II T cells

were isolated by negative magnetic bead selection using a CD8 (Stemcell) and CD4 (Stem-

cell) negative selection kit, respectively. In experiments assessing T cell proliferation, cells

were labeled with 5 M carboxyfluorescein succinimidyl ester (CFSE). For RNA sequencing,

1 million OT-I and OT-II in DMEM were injected through the tail vein. For tolerance ex-

periments, 500,000 OT-I and 500,000 OT-II in DMEM were injected intravenously through

the tail vein.

2.5.11 RNA Sequencing Library Preparation

Mice were adoptively transferred with 1 million OT-I and 1 million OT-II at day 0. At

day 1, mice received saline, 1 µg A8B1-OVA, molar equivalent of ovalbumin, or 10-fold

greater molar equivalent of ovalbumin (Endograde). Four days later, mice were sacrificed

and spleens and lymph nodes were pooled. OT-I and OT-II were sorted into Trizol using

fluorescence activated cell sorting (FACS) and frozen at -80◦C. RNA was extracted (Qiagen),

and three mice were pooled per replicate. RNA integrity was measured by the Agilent 2100

Bioanalyzer, and all samples had a RNA integrity number greater than 8.3. RNA was

converted to cDNA using SmartSeq-v4 (Takara, cat no. R400752). Library was prepared

using Nextera XT DNA library preparation kit (Illumina, cat no. FC-131-1096). All samples

were pooled and sequenced using Illumina HiSeq 4000 (2x100 paired-end).

2.5.12 RNA Sequencing Analysis

Unless otherwise specified, all data analyses were performed under the R programming and

software environment for statistical computing and graphics version 3.6 (R Core Team,

2019). FastQ file for each sample was assessed for quality using the FastQC tool (version

0.11.5). For mRNAseq, raw reads were aligned to the GRCh38 primary genome assembly
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using Spliced Transcripts Alignment to a Reference (STAR) aligner (version 2.7.2a) 1-pass

algorithm [235]. After sorting the bam files in lexicographical order with the sambamba

program [236] (v0.5.4), we assigned the reads to exon features annotated in Ensembl Mus

musculus GRCm38 annotation (release 97) using the FeatureCounts tool from the subread

package (version 1.5.2) and summarized the read counts by genes [237]. The post alignment

quality control was carried out with Picard tools (version 2.18.7). Specifically, we examined

the QC data regarding the alignment summary, gene body coverage, read distribution, and

ribosomal RNA depletion rate. We used alignment-free transcriptome quantification method

kallisto (v0.46.1) to estimate the transcript abundance of each sample [238]. We then sum-

marize the transcript-level estimates for gene-level analysis using R package tximport and

GRCm38 annotation. After removing the genes with zero read counts across all samples, we

calculated the normalization factors to scale the raw library sizes using the calcNormFactors

function in the edgeR R package with trimmed mean of M-values (TMM) option enabled

[239]. The normalized count per million (CPM) value was log2-transformed for each gene.

We removed heteroscedascity from the count data using the voomWithQualityWeights func-

tion from the limma package. We then fit a linear model for each gene using the limma

algorithm and ranked the genes for differential expression using the empirical Bayes method.

The differentially expressed genes were identified using the Benjamini–Hochberg procedure

for multiple testing correction. The adjusted P-value threshold was set at 0.05.

Self-contained gene set tests were performed with the mroast function with publicly avail-

able microarray gene sets on GSEA (https://www.gsea-msigdb.org/gsea/msigdb/search.jsp),

which provide the top 200 differentially expressed genes between two groups of interest [240].

Where not available on GSEA, microarray data was accessed on the Gene Expression Om-

nibus (https://www.ncbi.nlm.nih.gov/geo/) and analyzed with the GEO2R. Top 200 differ-

entially expressed genes by fold change were used for analyses.
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2.5.13 Challenge

For experiments where mice received only ovalbumin challenge, mice were challenged with 20

◦Cg EndoGrade OVA (Hyglos) and 50 ng LPS (Sigma) total in the 4 hocks while mice were

anesthetized with isofluorane. In endogenous tolerance experiments, mice were challenged

with 10 µg influenza nucleoprotein (Anaspec) and 10 µg Endograde OVA (Hyglos) with CpG

ODN 1826 (InvivoGen).

2.5.14 Preparation of Single-Cell Suspensions

Draining lymph nodes (axillary, brachial, inguinal, and popliteal) and spleen were isolated

from mice. Lymph nodes were digested for 45 min at 37◦C in DMEM with 1 mg/mL

collagenase IV (Worthington). LN and spleen were homogenized using syringe plungers onto

70 µM strainers. Spleens were lysed using 3 mL ACK lysis buffer (Gibco) for 5 min and

quenched with 30 mL DMEM. Cells were counted using a fluorescent cell counter.

2.5.15 Flow Cytometry

For phenotypic analysis, 2-4x106 cells were stained in PBS with 1:200 CD16/CD32 Fc Block

(Biolegend) and 1:500 Live/Dead fixable dye (ThermoFisher) at 4◦C for 15 minutes. Cells

were washed in PBS + 2% FBS. Cells were stained with 1:200 surface antibodies at 4◦C

for 20 minutes. Cells were washed in PBS + 2% FBS and fixed in 2% paraformaldehyde.

For intracellular staining, cells were fixed and permeabilized using Cytofix/Cytoperm (BD

Biosciences) at 4◦C for 20 minutes, and cells stained intracellularly in Perm Wash Buffer

(Biolegend) with 1:200 antibodies at 4◦C for 30 minutes. For transcription factor stain,

FoxP3 Transcription Factor Kit (eBioscience) was used per manufactures protocol, and nu-

clear stains were applied for 1 hour at 4◦C. Tetramer staining was conducted after Live/Dead

staining. First, cells were incubated at 37◦C for 30 minutes in 50 nM dasatinib. Tetramers

were added directly to the cells in dasatinib, and stained for 1 hr at room temperature.
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H2-Kb-SIINFEKL pentamer was purchased from ProImmune, and used at a final dilution of

1:10. NP tetramers were provided by the NIH, and used at a final concentration of 50 nM.

After tetramer stain, cells were washed and surface stain performed as described above.

2.5.16 Ex Vivo Restimulation

For restimulations involving flow cytometry analysis of intracellular cytokines, 2 million

splenocytes or LN cells were plated in 200 µL of DMEM + 1% penicillin/streptomycin +

10% fetal bovine serum in a round bottom 96-well plate. SIINFEKL (Genscript)and ISQ

(Genscript) peptides were added at a final concentration of 1 µg/mL. CD8 NP peptide

(Anaspec) was added at 10 µg/mL, and CD4 NP peptide (Anaspec) at 2.5 µ/mL. After

2 hr of restimulation with peptide, brefeldin A (GolgiPlug, BD Biosciences) was added to

block secretion of cytokines. Four hours after addition of brefeldin A, cells were washed and

stained for flow cytometry. For 3 day ex-vivo restimulation, 1 million splenocytes or LN

cells were plated in a 96-well round bottom plate. SIINFEKL or ISQ were added at a final

concentration at 1 µg/mL, and Grade V ovalbumin (Sigma) at a final concentration of 100

µg/mL. For experiments involving IL-2, IL-2 was added to restimulation at 100U/mL. After

3 d, supernatant was taken for cytokine analysis via ELISA.

2.5.17 EAE Model

B6.SJL mice were vaccinated with MOG35-55 (Hooke Labs) emulsified in complete Freud’s

adjuvant. Eleven days later, spleens were harvested, and single cell suspensions created. To

enhance the encephalitogenic T cells, cells were restimulated with MOG35-55 peptide (20

µg/mL) and cultured in the presence of IL-12 (20 ng/mL) (RD Systems) and anti-IFNγ

(7 µg/mL) (BioXCell, Clone PS/2) for 3 d. Cells were spun down and washed, counted,

and 10 million cells were injected intraperitoneally into näıve C57BL/6 mice, which received

various treatment schedules of A8B1 recombinantly expressed with the MOG35-55 peptide.

As a positive control for reversal of EAE, 10 mg/kg anti-VLA-4 antibody (BioXCell, clone
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XMG1.2) was injected i.p. every 2 d. Mice were scored daily starting from day 4 until the

study’s termination. Scoring was performed blind, by a person unaware of treatment or

previous scores.

2.5.18 Macrophage Depletion

To deplete macrophages, two doses of 400 µg of anti-CSF1R antibody (Clone AFS98, BioX-

Cell) were injected i.p. every 4 days and spleens were analyzed 24 hours after the last

injection. In an alternative strategy, 200 µL clodronate liposomes or PBS-loaded liposomes

(Liposoma B.V.) were administered i.v. every 3 or 4 days beginning the day before adop-

tive transfer of OT-I and OT-II cells and throughout the duration of the experiment, until

sacrifice.

2.5.19 Statistical Analysis

Statistically significant differences between experimental groups were determined using Prism

software (v6, GraphPad). All statistical analyses are stated specifically in the figure legends

for all experiments. For most experiments, unless otherwise specified in figure legend, one-

way ANOVA was performed with a Tukey’s post-hoc test to correct for multiple comparisons.

Comparisons were significant if p < 0.05. For the RNA-seq experiment, a detailed description

of the statistical analysis can be found in Methods.
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CHAPTER 3

DEVELOPMENT OF AN ANTIBODY FRAGMENT TO

TARGET LIVER SINUSOIDAL ENDOTHELIAL CELLS FOR

TOLERANCE

3.1 Abstract

The liver is known to harbor immunomodulatory properties. In the steady state, it is primed

to induce immune tolerance, since it is constantly exposed to toxins and microbial byproducts

and must avoid a pathogenic state of inflammation. Liver sinusoidal endothelial cells have

been shown to contribute to this tolerogenic environment, with their ability to induce T cell

deletion and regulatory T cells. The purpose of this study was to target antigen to liver

sinusoidal endothelial cells (LSEC) specifically, by targeting liver and lymph node sinusoidal

C-type lectin (LSECtin). An antibody fragment was developed to target LSECtin with high

affinity and specificity. Antigen targeted to LSECtin was presented less efficiently than free

antigen alone, and this could not be overcome by cathepsin cleavage of the targeting molecule

from the antigen, or by the addition of endosomal escape peptides. Encapsulation of antigen

in polymerosomes decorated in the targeting molecule were able to target LSECs and induce

proliferation of cognate T cells, but at the doses tested appeared not to induce tolerance.

3.2 Introduction

The liver’s main functions in the body are in detoxification, metabolism, and production

of important substances such as albumin and bile. However, an underappreciated role of

the liver is in immunity. The liver is subject to blood-borne pathogens to which it must

mount a productive immune response, such as during infection with hepatitis viruses. It is

home to the largest population of tissue resident macrophages, Kupffer cells, as well as the

largest concentration of Natural Killer cells and Natural Killer T cells [241]. Furthermore,
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the anatomy of the liver is suited for immune interactions. Blood slows significantly as it

passes through the liver sinusoids, and the endothelium is fenestrated and lacking a basement

membrane, exposing sub-endothelial cells residing in the space of Disse to circulating cells

[242]. The low shear enables intimate interactions between circulating lymphocytes with

liver sinusoidal endothelial cells (LSECs) as well as the sub-endothelial cells, without the

need for lymphocyte rolling, adhesion, and extravasation necessary in other tissues [243].

However, the liver receives 70-80% of its blood from the portal vein, which contains

byproducts derived from the intestines [244]. These byproducts are primarily dietary nutri-

ents, but also include microbial byproducts such as lipopolysaccharide (LPS) [245]. These

intestinal byproducts and other potential immunogenic molecules in systemic circulation

have the potential to trigger robust immune activation in the liver, but because of the hun-

dreds of essential functions of the liver it is crucial to limit inflammation and downregulate

immune activation. In fact, much of the pathology observed during liver infection by hep-

atitis viruses is a result of inflammation of the liver as opposed to viral destruction itself

[244]. Liver inflammation, if unchecked, leads to liver fibrosis, cirrhosis, and end stage organ

failure [246].

Consistent with this need to downregulate immune responses to avoid unnecessary in-

flammation, there have long been reports of the tolerogenic nature of the liver. Among

the first reports of a tolerogenic role of the liver was in transplants. It was found that

transplanted porcine livers were accepted across Major Histocompatibility Complex (MHC)

barriers in the absence of immunosuppression, whereas other organs were readily rejected

[247]. Additionally, in humans, transplant of a liver simultaneously with a kidney was more

effective at prolonging graft survival than sequential kidney transplants, suggesting systemic

immunosuppression mediated by the liver to alloantigens [248]. Futhermore, injection of al-

logeneic cells into the portal vein results in tolerance to alloantigens, and intestinal drainage

of oral antigen into the liver is required for oral tolerance [249, 250].

A cell type critically involved in the dichotomy between immunity and tolerance in the
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liver is the LSEC. As the first point of contact in the liver, LSECs are continuously surveilling

the blood for toxins, waste, and pathogens, and they are thought to be the most efficient cell

type in the body for endocytosis [251, 252]. To accomplish this essential role of clearance

and surveillance, they have many scavenger receptors, such as SR-A1, SR-B1, CD36, stabilin

1, stabilin 2, LOX-1, LYVE-1, and LRP-1 [253]. With these receptors, LSECs perform a

vital role in clearing physiological byproducts, such as LDL, HDL, advanced-glycation end

products, aldehyde-modified proteins, hyaluronan, and C-reactive protein, but also microbial

byproducts such as LPS and lipoteichoic acid. LSECs also contain various lectins, such as

mannose receptor, L-SIGN, and liver and lymph node sinusoidal endothelial cell C-type

lectin (LSECtin) [254]. These are important pattern recognition receptors that recognize

conserved carbohydrates on viruses including Hepatitis C virus and SARS-CoV. LSECs also

express high levels of the immunoglobulin Fc receptors FcγRIIb and FcRn, consistent with

a role in regulation of an immune response [255, 256].

LSECs express components necessary for T cell activation, including MHC class II and

co-stimulatory molecules [252]. LSECs can process and present antigen to CD4+ T cells,

but they may also cross present antigen to CD8 T cells, a capability that has otherwise only

been described in dendritic cells and subset of macrophages [257]. LSECs express seven TLRs

that enable them to recognize pathogen associated molecular patterns (PAMP) and mount

subsequent productive immune responses [258]. Upon TLR stimulation, LSECs have been

shown to produce immunogenic cytokines such as IFNβ, IL-6, and IL-12, and may activate

CD8+ T cells as well as control hepatitis B virus replication in hepatocytes [258–260]. In a

recent immunoengineering approach, nanoparticles coated with melittin, a natural defense

peptide, were preferentially targeted to LSECs compared to unmodified nanoparticles. This

triggered robust activation of LSECs, evidenced by upregulation of costimulatory molecules

and secretion of proinflammatory cytokines, which overcame their pro-tolerogenic niche in

the liver and led to a prevention of liver metastases in a number of cancer metastases models

[261].
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Although capable of mounting a productive response, in the physiological, non-inflamed

state, LSECs are important for suppression of inflammation. LSECs have been shown to

present antigen to CD4 T cells, the result of which is diversion away from a Th1 fate,

Treg induction, and even suppression of inflammatory CD4 T cells [242, 262–264]. In the

absence of inflammatory signals, LSECs can cross-present antigen to trigger CD8 T cell

deletion and hyporesponsiveness, and may contribute to CD8 tolerance of tumor antigens

[257, 263, 265]. It has further been shown that LSECs can in fact deter dendritic cells from

inducing immunity in vivo [266]. This may be partially explained by the fact that LSECs

exposed to LPS, which is abundant in the portal blood, have reduced nuclear localization of

NF-κB, downregulate lymphocyte adhesion and costimulatory molecules, and therefore have

a reduced capacity to present antigen to T cells in an inflammatory manner [267].

Thus, there is an interest in specifically targeting LSECs for immunological purposes. It

has been demonstrated that antigen delivered to LSECs via the mannose receptor in vivo

leads to efficient cross-presentation of antigen to CD8 T cells, and a functional hyporespon-

siveness of these T cells [257]. Although a promising target, mannose receptor is also highly

expressed by Kupffer cells and hepatic dendritic cells in the liver, as well as widely on APCs

throughout the body, which could potentially lead to activation as opposed to tolerance

[268, 269]. The candidate explored here is liver and lymph node C-type lectin (LSECtin),

as it is expressed very highly on LSECs, and LSECs are the only cells that express this

receptor in the liver [270]. It is a scavenger receptor that is capable of binding mannose

and N-acetyl-glucosamine. Although also found on lymphatic endothelial cells and subsets

of plasmacytoid dendritic cells, because antigen is quickly delivered to the liver when ad-

ministered systemically, it is reasonable to imagine that antigen targeted to LSECtin would

be engulfed exclusively by the many LSECs lining the liver sinusoids. Given the role of

mannose in cross presentation, it is also reasonable to hypothesize that targeting a similar

C-type lectin, LSECtin, would also lead to cross-presentation, and that this antigen would

be presented efficiently to circulating T cells. No method of targeting LSECtin was available;
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thus, the purpose of this study was to develop a binder to LSECtin, deliver antigen to this

route, and determine if we could induce tolerance to the antigen.

3.3 Results

3.3.1 Liver Sinusoidal Endothelial Cell Isolation and Characterization

Given the heterogeneity in isolation and identification of LSECs in the literature, we first

aimed to conduct a phenotypic analysis to choose the best method of identifying the cells

[271]. A common method for isolation is density centrifugation, which is beneficial in that is

leaves cells largely undisturbed; however, it yields low purity, confounding potential results

[272]. Another method is immunomagnetic sorting based on expression of CD146 [273].

Although improved over density centrifugation, this method still only yields 80-90% purity,

because CD146 is reported to be expressed by other cells in the liver, such as hepatic stellate

cells [274]. Thus, we opted to use fluorescence activated cells sorting (FACS) to isolate

LSECs.

Stabilin-2 is a scavenger receptor highly expressed by LSECs and most other sinusoidal

endothelial cells in the body [275]. CD31 is a common marker of endothelial cells, and

although there are mixed reports of surface expression, we sought to determine if it will

be a reasonable marker to identify LSECs [276]. We perfused mice as described previously

and conducted a centrifugation gradient to remove most hepatocytes and lymphocytes [277].

Flow cytometry revealed populations with differential expression of CD31 and Stabilin-2

(Figure 3.1a). To determine which populations were LSECs, we analyzed each population

for expression of other canonical LSEC markers, such as CD54 (ICAM-1), CD32b (FcγRIIb),

CD36, and Lyve-1 (Figure 3.1b). Analysis revealed that the CD31 high Stabilin-2 high pop-

ulation most reliably identified LSECs. This co-expression was confirmed by immunofluores-

cence microscopy on mouse liver sections, which demonstrated co-localization of CD31 and

Stabilin-2 to the sinusoids (Figure 3.1c). Thus, these were used for all future analyses and
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Figure 3.1: Phenotypic characterization of liver sinusoidal endothelial cells. a) Gating strat-
egy on liver cells to identify LSECs. b) Expression of LSEC markers ICAM-1, FcγRIIb,
CD36, and Lyve-1 on population of differentially expressing CD31 Stabilin-2 positive cells as
identified in a). c) Immunofluorescence microscopy of mouse liver sections to identify CD31
and Stabilin-2 expressing cells. d) Expression of co-stimulatory molecules on CD31+Stabilin-
2+ cells.
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sorting. Additionally, to remove contaminating Kupffer cells during sorting, we sorted out

F4/80+ cells.

To determine LSEC capacity to present antigen, we analyzed surface markers associ-

ated with antigen presentation, MHC-II, CD40, CD86, and CD80. Interestingly, CD31+

Stabilin-2+ LSECs had mostly low expression of these costimulatory molecules (Figure 3.1d).

However, there was a small population of LSECs that were positive for these costimulatory

molecules, to similar levels of bone marrow-derived dendritic cells. This is consistent with

the finding in single cell RNA sequencing that different subsets of LSECs have differential

expression of costimulatory molecules [278].

Once we had characterized LSECs, we sought to target an endocytic receptor that was

specific to LSECs in the liver. Analysis of the literature revealed that the C-type lectin liver

and lymph node sinusoidal endothelial cell C-type lectin (LSECtin) had high transcription

in LSECs and nearly none in hepatic stellate cells, Kupffer cells, and hepatocytes [279].

Although it is expressed on lymphatic endothelial cells and colonic macrophages in the mouse,

and in plasmacytoid dendritic cells (DC) in the human, LSECs would be targeted to a much

greater degree due to the high volume of blood flow through the liver sinusoids [270, 280, 281].

LSECtin has also been described to trigger rapid internalization upon ligation, which would

be beneficial for introducing an autoantigen and clearing it rapidly from circulation [280].

3.3.2 Phage Display on Recombinant Mouse LSECtin

Because there were no available monoclonal antibodies targeting mouse LSECtin, we con-

ducted phage display using a human phage antibody fragment (Fab) library on the 4D5

backbone, as used in Chapter 2 [186]. A variant of LSECtin was expressed that contained

a minimal portion of the transmembrane domain, containing a potentially stabilizing glyco-

sylation site, and the entire carbohydrate recognition domain (CRD), in order to maximize

phage hits to the CRD, which in C-type lectins often triggers internalization (Figure 3.2a)

[282]. The protein was expressed recombinantly with a SNAP-tag on the N-terminus. This
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Figure 3.2: Phage display on mouse LSECtin yields anti-LSECtin Fabs. a) Design of
LSECtin for phage display. b) Strategy for phage display against LSECtin. c) CDRL3,
CDRH1, CDRH2, and CDRH3 sequences from top hits of phage display.

19 kD protein is a modified DNA repair enzyme that reacts with O6-benzylguanine (BG)

to form a covalent bond [283]. There are a variety of molecules, such as biotin and flu-

orophores, that have been modified with BG and therefore allow for site-specific labeling

of SNAP-tagged proteins. In this system, site-specific biotinylation would enable LSECtin

to be immobilized on magnetic streptavidin beads in the same conformation, as opposed

to the alternative of nonspecific biotinylation. The former allows for the same epitopes to

be exposed to the phage library, whereas the latter is nonhomogeneous and leaves different
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epitopes exposed, which would make library enrichment challenging. The protein was also

designed with a thrombin cleavage site to allow for simple cleavage from streptavidin mag-

netic beads on which the LSECtin is immobilized, to co-elute protein and bound phages.

Finally, there is a 6X-histidine tag to allow for purification via a nickel-NTA column by fast

protein liquid chromatography.

Phage display was conducted as described in Figure 3.2b. LSECtin was site-specifically

biotinylated using BG-biotin, and immobilized on streptavidin magnetic beads. Beads were

loaded on a KingFisher device, which contains magnetic probes. Phage library was added

to the magnetic probes, and washed numerous times with free SNAP protein to remove any

phage binders to SNAP-tag. Finally, protein and attached phage were eluted with thrombin,

and phage were propagated overnight in E. coli with M13 helper phage. After 5 rounds of

display, single colonies were picked from infected E. coli and sequenced. Sequencing revealed

convergence primarily on two clones – A1A1 and A6B8, with others appearing less frequently

(Figure 3.2c).

3.3.3 Characterization of Fabs from Phage Display

The most frequent sequences were cloned out of the phage vectors and cloned into mammalian

expression vectors. Binding to purified LSECtin was determined via ELISA, revealing A1A1

had the highest affinity followed by A6B8, which mirrored the highest and second highest

frequencies of sequences from display (Figure 3.3a). Next, Fabs were assessed for binding

to CD31+ Stabilin-2+ LSECs, and lack of binding to other hepatic cells (Figure 3.3b).

E1B2 demonstrated the highest binding, but showed some binding to the non-LSEC cells.

Conversely, A1A1 and A6B8 had a high level of binding to LSECs, and low level to other cells.

A Fab with CDRs specific for a xenoantigen was used as a negative control for experiments,

as described in Section 2.3.3.

Antibodies derived from phage display although specific, are often polyreactive [284]. To

assess polyreactivity, we tested binding to LSECtin versus binding to a panel of antigens,
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Figure 3.3: Characterization of Fab hits from phage display. a) Binding curves of Fabs
to recombinant mouse LSECtin via ELISA. b) Flow cytometry of selected recombinantly
expressed Fabs to LSECs. c) Polyreactivity assay for Fab binding to double stranded DNA
(dsDNA), LPS, insulin, and OVA, as measured by ELISA. Data is represented as fold-change
of binding to LSECtin over binding to polyreactive antigens.
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including LPS, double stranded DNA, and insulin, commonly used in the literature for

polyreactivity assays [285]. Of all Fabs tested, A1A1 was the least polyreactive (Figure

3.3c). As the strongest binder with the lowest polyreactivity, A1A1 was selected for future

studies.

Figure 3.4: A1A1 binds with high affinity to mouse LSECtin and localizes to the sinusoids.
a) Surface plasmon resonance of A1A1 onto immobilized mouse LSECtin. b) Immunofluores-
cence of A1A1 binding to mouse liver sections under 20x magnification. c) A1A1 colocalizes
with the LSEC marker Stabilin-2 on mouse liver sections. d) Binding of irrelevant Fab and
Stabilin-2 to mouse liver sections. e) Binding of Irrelevant Fab or A1A1 to mouse liver
sections.
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3.3.4 A1A1 Fab Binds LSECtin with High Affinity and Localizes to Mouse

Sinusoids

We next aimed to further characterize A1A1. We conducted surface plasmon resonance on

immobilized LSECtin and determined an affinity of 3.165 nM (Figure 3.4a). To determine if

A1A1 specifically stained LSECtin, mouse liver sections were stained with A1A1, using an

anti-human Fab secondary antibody. A1A1 clearly stained the sinusoids (Figure 3.4b). Stain-

ing was co-localized with Stabilin-2, demonstrating that A1A1 specifically stained LSECs

(Figure 3.4c). This staining was not due to human Fab non-specific staining, as the irrelevant

Fab showed no staining over background (Figure 3.4d). A1A1 also co-localized to monkey

liver sections, enhancing its translational potential (Figure 3.4e). This is unsurprising, be-

cause the region of mouse LSECtin expressed for display has 69% sequence identity with

monkey LSECtin.

3.3.5 LSECtin-Binding Fab is Rapidly Internalized by LSECs In Vitro and

In Vivo

To determine if the anti-LSECtin A1A1 Fab preferentially reached the liver, A1A1 or ir-

relevant Fab were fluorescently labeled with a near-infrared dye and injected into mice. 30

minutes after injection, there was an initial accumulation of A1A1 compared to irrelevant

Fab in the liver as evidenced by in vivo imaging (Figure 3.5a). At 60 minutes, irrelevant Fab

also accumulated, consistent with the finding that most proteins are taken up by the liver.

At 24 hours, however, irrelevant Fab was cleared, but A1A1 remained. This suggests that

LSECtin may undergo recycling and release A1A1 payload back into the bloodstream, that

it does not undergo internalization and Fab remains bound on the surface of the cell, or that

it is shuttled into the cell without being degraded. To assess the first possibility, a blood

half-life study was conducted on an irrelevant Fab vs A1A1. Although A1A1 appeared to

have a longer half-life, it was undetectable in the blood after 5 hours (Figure 3.5b). This
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Figure 3.5: A1A1 is rapidly internalized by LSECs in vitro and in vivo. Continued on the
following page.

suggests that if A1A1 is recycled back to the bloodstream and then is repeatedly endocytosed

by LSECs, it is not the primary reason for persistence in the liver.

To confirm that uptake was specifically by LSECs, and not by other hepatic cells, fluores-

cent Fabs were injected i.v., and livers were perfused 30 minutes after injection. Fab uptake

by various cell types was assessed by flow cytometry. Although both A1A1 and irrelevant

Fab were found in LSECs, which is consistent with LSECs being the first cell type exposed
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Figure 3.5, continued: A1A1 is rapidly internalized by LSECs in vitro and in vivo. a) 25
µg A1A1 or irrelevant Fab were labeled with a near-infrared dye, injected into nude mice
i.v., and imaged for various time points over 24 hours with an in vivo imaging system
(IVIS). b) 2.5 µg were fluorescently labeled and injected i.v. Mice were perfused through the
inferior vena cava and single cell suspensions were created from livers. Data is represented
as mean fluorescence intensity (MFI) of Fab in CD31+ Stabilin-2+ LSECs. c) Mice were
injected i.v. with 2.5 µg Fab and bled at various time points. ELISAs were conducted
on plasma to determine Fab blood concentration. d-g) LSECs were isolated from mice as
described previously and flow sorted based on the expression of CD31 and Stabilin-2. Fab was
recombinantly expressed with mCherry on the heavy chain. d) LSECs were incubated with
A1A1-mCherry or Irrelevant-mCherry for 2 hours at 37◦C, and washed after two hours. Data
is represented as MFI of mCherry. e) LSECs were incubated with A1A1-mCherry on for 20
minutes at 4◦C, washed, and incubated for 120 minutes at 37◦C to allow for internalization.
LSECs were washed and stained with an anti-Fab secondary antibody, and data is MFI
of secondary antibody measured by flow cytometry. f) LSECs were incubated with A1A1-
mCherry or Irrelevant-mCherry for 2 hours at 37◦C, washed after two hours and stained
with an anti-human Fab secondary antibody. g) LSECs were cultured on glass coverslips
and pulsed with A1A1-AF647 for 20 minutes at 4◦C. Cells were washed to remove excess
Fab and incubated at 37◦C for various time points and fixed with 2% paraformaldehyde.
Cells were stained for the lysosomal marker Lamp1 and imaged on a confocal microscope.
Statistical analyses were performed using one-way ANOVA with Tukey’s test. *P < 0.05
and **P < 0.01.

to blood-borne particles, the mean fluorescence intensity (MFI) of A1A1 was greater than

irrelevant Fab (Figure 3.5c).

To exclude the possibility that the fluorescent small molecule was being degraded by

different kinetics than that of the protein, mCherry, a fluorescent protein, was expressed as

a fusion protein on the C-terminus of A1A1 or irrelevant Fab, yielding a fully polypeptide

fluorescent protein.

LSECs were isolated by flow cytometry as previously described, and in vivo uptake studies

were conducted. LSECs were incubated continuously with A1A1-mCherry or Irrelevant-

mCherry for 2 hours at 37◦C, and cells were washed and measured for MFI of mCherry

by flow cytometry. Results indicated high uptake of A1A1-mCherry, but not Irrelevant-

mCherry (Figure 3.5d). This was not due solely to surface-bound A1A1-mCherry, as cells

stained at 4◦C, which would inhibit uptake, and measured for MFI of mCherry had much

lower levels of mCherry fluorescence (Figure 3.5d, striped bars). To determine the kinetics of
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uptake, LSECs were incubated at 4◦C with A1A1-mCherry, which would enable binding but

not internalization. LSECs were washed to remove excess Fab and incubated at 37◦C. At

various time points, LSECs were removed and assessed by flow cytometry for surface-bound

Fab. After 30 minutes, all surface A1A1 was internalized, indicating rapid internalization

(Figure 3.5e). To determine if LSECtin was being degraded after this internalization, or if

it was being recycled back to the surface, we incubated LSECs continuously with A1A1-

mCherry or Irrelevant-mCherry. After 2 hours, LSECs were washed and stained for surface

Fab. Irrelevant-mCherry unsurprisingly had background levels of surface Fab, as it does not

bind LSECs (Figure 3.5f). There were still high levels of A1A1-mCherry on the surface after

2 hours, indicating that although LSECtin is internalized, it is recycled back to the surface,

where it could capture new A1A1.

To investigate the fate of A1A1-mCherry, LSECs were cultured on glass coverslips and

incubated at 4◦C for 20 minutes with A1A1-mCherry, washed, and incubated at 37◦C. At

various time points, cells were fixed and stained for LAMP-1, a lysosomal marker (Figure

3.5g). After 30 minutes, A1A1-mCherry appeared to co-localize with LAMP-1, indicating it

was being shuttled to lysosomal compartments. Together these results indicate that LSECtin

is rapidly internalized, and likely recycled back to the cell surface. Bound payload is delivered

to lysosomal compartments, but given the short time point of 2 hours the fate of the Fabs

remains unknown.

3.3.6 Targeting Antigen to LSECtin Leads to Reduced Antigen

Presentation to T Cells Compared to Free Antigen

With the knowledge that targeting LSECtin using A1A1 led to rapid uptake specifically

by LSECs, we aimed to determine if this would lead to antigen presentation. A1A1 was re-

combinantly expressed with the model antigen ovalbumin (OVA) on the C-terminus, yielding

A1A1-OVA. OT-I and OT-II cells, recognizing the CD8 or CD4 immunodominant epitopes of

OVA, respectively, were adoptively transferred into C57BL/6 mice. Prior to adoptive trans-
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Figure 3.6: Targeting antigen to LSECtin leads to reduced antigen presentation compared
to free antigen. a-d) Mice were adoptively transferred with 500,000 CFSE labeled OT-I or
OT-II cells, dosed at days 1 and 6 with 1, 5, or 25 µg of A1A1-OVA, and sacrificed 6 days
later. b) Mice were bled two days after initial dosing. Percent of OT-I and OT-II that
have diluted CFSE. c-d) Lymph node analysis at sacrifice. c) Percent of OT-I and OT-II
that have completely diluted CFSE. d) Percentage of CD44+ antigen-experienced OT-I and
OT-II. e) Mice were dosed as in a) with 5 µg A1A1-OVA or Irrelevant-OVA. Percent of OT-I
and OT-II that have diluted CFSE at d 12. f-k) Mice were dosed as in a) with 25 with µg
A1A1-OVA or Irrelevant-OVA. f-h) Mice were bled at day 4. f) Percent of OT-I and OT-II
in the blood. g) Percent of OT-I and OT-II that have diluted CFSE. h) Percent of PD-1+
cells of OT-I and OT-II. i-k) Analysis of lymph nodes at sacrifice. i) Percent of OT-I and
OT-II. j) MFI of PD-1 on OT-I and OT-II. k) MFI of T cell receptor on OT-I and OT-II.

fer, cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) to track rounds

of proliferation. Various doses were tested to determine the dose at which antigen was
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presented. After adoptive transfer, mice received two treatments with 1, 5, or 25 µg of

A1A1-OVA (Figure 3.6a). 2 days after the first dose, mice were bled and proliferation as-

sessed (Figure 3.6b). 1 µg of antigen was insufficient to trigger proliferation of OT-I, whereas

5 µg led to proliferation of nearly half of the OT-I, and 25 µg proliferation of all of the OT-I.

Interestingly, neither 1 nor 5 µg was sufficient to lead to proliferation of OT-II, and 25 µg led

to proliferation of half of the cells. 6 days after the last dose, mice were sacrificed, and lymph

nodes analyzed. OT-I and OT-II in the lymph nodes had not completely diluted CFSE in

the 1 or 5 µg groups, indicating low levels of presentation (Figure 3.6c). This was mirrored

by the level of CD44 upregulation, a molecule that is upregulated upon antigen experience

(Figure 3.6d).

Because 1 µg led to low levels of presentation and would not be relevant to induce

tolerance, we decided to test a 5 µg dose compared to nontargeting Irrelevant-OVA. Mice

were dosed as in Figure 3.6a, and lymph nodes analyzed at sacrifice. Again, OT-I proliferated

to a lesser extent with LSECtin targeting than free antigen (Figure 3.6e). Interestingly, OT-

II proliferation looked the same between LSECtin targeting and free antigen.

Because 5 µg still did not lead to complete proliferation, we tested a 25 µg dose. Three

days after the first dose, there were fewer OT-I and OT-II in the blood, and this was likely

due to greater proliferation with free antigen alone (Figure 3.6f-g). Consistent with this,

OT-I and OT-II that received free antigen upregulated PD-1, which becomes upregulated

with high exposure to antigen (Figure 3.6h). At sacrifice, 6 days after the second dose, OT-I

and OT-II were indistinguishable in terms of numbers, upregulation of PD-1, and MFI of

the T cell receptor (TCR) (Figure 3.6i-k).

Together these data suggested that at low doses, antigen targeted to LSECtin is presented

poorly, whereas at higher doses it is presented to similar levels to free antigen. It is possible

that LSECtin leads to a non-presenting pathway, and when A1A1 binds to LSECtin it

gets shuttled to lysosomes without presentation because it is degraded rapidly. It may also

remain in compartments without being degraded. A similar phenomenon has been observed
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in lymphatic endothelial cells, known as antigen archiving, where the antigen remains in

LECs for weeks entirely intact [286]. At higher doses, enough antigen may accumulate that

some is sampled for presentation. A more likely hypothesis is that all LSECtin receptors

get saturated at higher doses and are internalized, and other cells, likely the same that

are presenting Irrelevant-OVA, present the non-internalized A1A1-OVA. Thus, it would be

advisable to use a lower amount of antigen, and force presentation of the payload that has

entered endosomal compartments.

3.3.7 Design of Cathepsin-Cleavable Linkers to Enhance Antigen

Availability in the Endosome

We hypothesized A1A1 was following LSECtin down a non-presenting pathway, and the OVA

payload would have to be released in early endosomal compartments before it was shuttled

to those pathways, so that it might get presented more efficiently by LSECs. One could

achieve this by using a disulfide chemical linker that is sensitive to the reductive environment

in endosomes, but a recombinant method is preferable due to ease of manufacturing and

scalability. Thus, we aimed to develop a recombinant linker between the Fab and payload

to promote cleavage in the endosome.

Cathepsins are proteases that are active in the endosomes at a pH of 6, but remain inactive

at a blood pH of 7.4. Literature analysis revealed that LSECs preferentially express cathepsin

L and cathepsin B [279]. Potential cleavage sequences were derived from a published set of

sequences from proteins that had been degraded by cathepsins L and B to determine cleavage

motifs (Figure 3.7a) [287]. Fabs were expressed with these linkers between the C-terminus of

the Fab and mCherry for visualization or OVA for antigen presentation assays (Figure 3.7b).

To determine if these linkers were cleaved, the Fab-Cts-mCherry sequences were incubated

with cathepsin L (CtsL) or cathepsin B (CtsB) at a pH of 6 in reducing conditions at 37◦C, to

mimic endosomal compartments. Fab-CtsL-mCherry was efficiently cleaved by 5 minutes of

incubation with cathepsin L at pH 6 but not at pH 7.4 (Figure 3.7c). When there was no Cts
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linker present, the protein was not cleaved, indicating specificity (Figure 3.7d). Cathepsin B

was able to cleave Fab-CtsB-mCherry, but it took longer than the CtsL linker (Figure 3.7e).

To test the effect that this would have in vivo, mice were adoptively transferred with OT-I

and OT-II as previously, and received either A1A1-OVA or the constructs with a cleavage site,

A1A1-CtsB-OVA and A1A1-CtsL-OVA, containing a cathepsin B or cathepsin L cleavage

site, respectively (Figure 3.8a). Treatment with the modified A1A1-OVA constructs yielded

no increase in T cell proliferation compared to the unmodified construct, and all remained

far less efficient at presentation than Irrelevant-OVA (Figure 3.8b-c). This indicated that

the cathepsins were not degrading the protein in vivo, or that separation from the Fab was

insufficient to lead OVA to a presenting pathway.

3.3.8 Development of Endosomal Escape Fabs to Promote Antigen

Presentation

In an alternative effort to promote antigen presentation by LSECs, we took advantage of

peptides that have been described to promote endosomal escape. Many endosomal escape

peptides are derived from viruses, which enable viruses to burst open endosomes after being

internalized and access the cytoplasm for replication [288]. One such peptide is derived from

influenza hemagglutinin, which when protonated in the acidic environment of the endosome

becomes hydrophobic, and is able to insert itself into the endosomal membrane [289]. This

causes disruption of the membrane and release of the contents into the cytoplasm. Another

peptide is derived from Syncytin-1, a protein found in an endogenous retrovirus, that aids in

placental trophoblast fusion by a similar mechanism [290]. Engineered variants of these pep-

tides, INF7 and Syn1 from hemagglutinin and Syncytin-1, respectively, have been described,

and were used to aid in the endosomal escape of A1A1 [291, 292].

Cell-penetrating peptides may become trapped in the membrane, limiting release of the

cargo into the cytoplasm. Groups have overcome this by using disulfide bonds between

the peptide and cargo [293]. In an analogous method, we utilized the cathepsin-cleavable
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Figure 3.7: Design of cathepsin-cleavable linkers to enhance degradation in endosomes and
subsequent antigen presentation. a) Design of constructs with Fab and payload separated by
cathepsin-cleavable linkers. b) Sequences of cathepsin cleavable linkers tested. Fab-linker-
mCherry were incubated in the presence of the reducing agent DTT at the endosomal pH
of 6. Fab-CtsL-mCherry was incubated with recombinant cathepsin L at a pH of c) 6 or d)
7.4, and extent of cleavage was observed. d) Fab-mCherry, without a linker, was incubated
with cathepsin L at a pH of 6. e) Fab-CtsB-mCherry was incubated with cathepsin B at a
pH of 6.
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Figure 3.8: Cathepsin-cleavable linkers do not enhance antigen presentation. a) Mice were
adoptively transferred with OTI and OTI, dosed once with Fab-Cts-OVA, and sacrificed 6
days later. b) Percentage of OT-I and OT-II in the peripheral lymph nodes, liver draining
lymph nodes, and spleen at sacrifice. c) Percentage of OT-I and OT-II that have diluted
CFSE.

linkers such that the proteins would be cleaved in an endosome after internalization, and the

endosomal escape peptide would be free to insert itself into the membrane, and the cargo

could be released into the cytoplasm (Figure 3.9a-c). To screen multiple peptides, we first

tested their efficacy in vivo in BMDCs for their ability to promote antigen presentation to

OT-I and OT-II. We could not use LSECs, as we were unable to maintain their phenotype

and antigen-presenting capacity in vivo. However, BMDCs nonspecifically uptake antigen
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Figure 3.9: Design of Fabs with endosomal escape peptides. a) Graphical representation of
endosomal escape Fabs. b) Example of the location of cleavage between endosomal escape
peptide and payload. c) Sequences used for endosomal escape peptide-cathepsin linker fu-
sions. d) Bone marrow derived dendritic cells were incubated with endosomal escape Fabs
and pulsed with CFSE-labeled OT-I and OT-II. Data are presented as the percentage of
OT-I or OT-II in a generation of proliferation, as measured by CFSE dilution.
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for presentation, and would do so with the constructs.

BMDCs pulsed with antigen-escape Fabs demonstrated that A1A1-OVA-CtsL1-INF7 led

to the highest proliferation in OT-I, consistent with escape and release into the cytoplasm

(Figure 3.9d). It also led to the least presentation of antigen to OT-II, which is consistent

with transfer from one presentation pathway to the other, and cross-presentation primarily

occurring in the cytoplasm and presentation on MHCII occurring primarily in the endosomal

compartments.

We next attempted to try these constructs in vivo, using the same dosing strategy as

previously (Figure 3.10a). There were no differences in presentation in the blood after three

days (Figure 3.10b-c). Similarly, there were no differences in numbers with or without the

endosomal escape peptides at sacrifice (Figure 3.10d). Interestingly, OT-II had identical

numbers across dose and with or without endosomal escape Fab. The lack of difference

is likely because at low doses, a high enough concentration in the endosome could not be

reached, and the escape peptide could not sufficiently destabilize the membrane, and at

higher doses all LSECtin receptors were saturated.

3.3.9 Anti-LSECtin Polymerosomes Encapsulated with Antigen Enhance

Antigen Presentation to CD8 and CD4 T cells

In a final effort to promote presentation, we sought to deliver OVA encapsulated in a vehicle

that promoted presentation. Previously in the lab, we used the amphiphile poly(ethylene

glycol) (PEG)-poly(propylene sulfide) (PPS) that spontaneously form polymerosomes [294].

These polymerosomes had a hydrophilic core, enabling encapsulation of protein antigen.

Delivery to dendritic cells led to escape of OVA into the cytoplasm and efficient cross-

presentation to CD8 T cells. The polymerosomes themselves had little effect on the activation

status of the dendritic cells unless they also contained TLR agonists. Thus, they served as

a potential method of delivering OVA to the cytoplasm of LSECs for presentation without

their activation.
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Figure 3.10: Endosomal escape peptides do not enhance antigen presentation of LSECtin-
targeted antigen. a) Mice were adoptively transferred with CFSE-labeled OT-I and OT-II,
and received 1, 5, or 25 µg endosomal escape Fabs at days 1 and 6. b) Percent of OT-I
and OT-II that have diluted CFSE in the blood at day 4. c) Percentage of CD44+ OT-I
and OT-II in the blood at day 4. d) Percentage of OT-I and OT-II in the lymph nodes at
sacrifice.

To achieve this, Fabs were expressed with a free cysteine on the C-terminus and mod-

ified with a dibenzocyclooctyne linker. These were conjugated to OVA-loaded polymero-

somes using azide-modified PEG-PPS, yielding polymerosomes decorated with Fab (A1A1-
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PS or Irrelevant-PS) (Figure 3.11a). We verified that polymerosomes maintained binding

to LSECtin by immobilizing biotinylated LSECtin on streptavidin beads, incubating with

polymerosomes, detecting with an anti-Fab secondary antibody, and measuring binding by

flow cytometry (Figure 3.11b). To determine if the A1A1-PS were delivered to LSECs in

in vivo, we injected A1A1-PS or Irrelevant-PS and perfused mice 30 minutes later. Livers

were sectioned and stained for Stabilin-2 and anti-Fab secondary antibody for immunoflu-

orescence microscopy. A1A1-PS localized to the sinusoids, and co-localized with Stabilin-2

(Figure 3.11c-d). Irrelevant-PS also was delivered to the liver, as are most nanoparticles of

this size. However, there was low to no co-localization with sinusoids, suggesting that likely

Kupffer cells, the primary cell type involved in clearing nanoparticles of this size (100-150

nM), had captured the Irrelevant-PS [295].

To test the effect on antigen presentation, Fab-OVA constructs were compared to Fab-PS

constructs. OT-I and OT-II were adoptively transferred into mice. At day 1 mice received 1

or 4 µg OVA equivalents of Fab-OVA or Fab-PS (Figure 3.12a). Four days after dose, mice

were bled (Figure 3.12b). A1A1-PS enhanced presentation of OVA to both CD8 and CD4

T cells compared to A1A1-OVA (Figure 3.12b-c). Interestingly, delivery via PS enhanced

presentation to OT-II cells compared to Irrelevant-PS. At day 12 in the spleen, 4 µg of PS

encapsulation led to a greater accumulation of OT-I (Figure 3.12d). Similar to what was

observed in the blood, in the spleen there was a large expansion of OT-II with the PS,

reaching as high as 10% of all CD4 cells in the spleen with the LSECtin-targeted PS. There

was little difference in the proliferation index between irrelevant PS and LSECtin-targeted

PS (Figure 3.3.12e). It did not appear that LSECtin-targeted PS led to tolerance at these

doses, as in addition to a lack of deletion, there was a lack of PD-1 upregulation and Treg

induction (Figure 3.12f-h).
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Figure 3.11: Design of Fab-coated polymerosomes to enhance antigen presentation. a)
Graphical representation of PEG-PPS polymerosomes encapsulated with OVA and deco-
rated in Fab on the surface. Graphic adapted from Michal Raczy. b) Binding of polymero-
somes or free Fab to LSECtin-coated streptavidin beads measured by flow cytometry. c-d)
Polymerosomes were injected i.v. and mice were perfused 30 minutes later and stained for
immunofluorescence with a secondary anti-Fab antibody and Stabilin-2. c) 60x magnification
and d) 20x magnification.
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Figure 3.12: Delivery of OVA-loaded polymerosomes to LSECs enhance antigen presentation.
a) Mice were adoptively transferred with CFSE-labeled OT-I or OT-II and either 1 or 4 µg
Fab-OVA or Fab-PS. b-c) Blood was analyzed after 5 days for OT-I and OT-II b) numbers
and c) proliferation. d) Percentage of OT-I and OT-II in the spleen at day 12. e) Proliferation
index of OT-I and OT-II. f) Percentage of PD-1+ cells of OT-I and OT-II. h) Percentage of
FoxP3+CD25+ Tregs of OT-II.

3.4 Discussion

In this study, we developed a method to target liver sinusoidal endothelial cells. We first

sought to characterize LSECs, as the methods for their isolation and identification are non-

standardized. We attempted to isolate purely by centrifuge gradients and selective attach-

ment of Kupffer cells, but our purity was low. This is concerning, as many studies that have

characterized the antigen presentation capacity of LSECs have been performed using this

method, and as macrophages have the capacity to present antigen, this could confound the

reported results.

Thus, we opted for specific isolation of cells. CD146+ magnetic bead purification led
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to a reasonable purity, but with 5% contaminating cells. To enhance specificity, we sorted

based on expression of CD31 and Stabilin-2. Some studies have reported that LSECs do

not express CD31. These studies have been conducted using microscopy. We noted that

Stabilin-2 negative large vessel endothelial cells had a much higher expression of CD31,

which could potentially overwhelm a positive signal in LSECs and lead to a false negative

result. We confirmed expression of CD31 by LSECs by immunofluorescence, flow cytometry,

and polymerase chain reaction.

Once we had isolated LSECs, we attempted culture systems, but LSECs lost phenotype

with all conditions tested after 24 hours, thus prohibiting any antigen presentation experi-

ments in vitro. As such, any antigen presentation experiments had to be conducted in vivo.

A primarily cell line was purchased, but these cells lacked expression of LSECtin.

We then sought to develop a new method of binding these cells, and opted to target

LSECtin. This receptor was chosen primarily for its specificity; in the liver, it is unique to

LSECs. It has been described to be in other cells in the body; however, we anticipated that

protein is first delivered to the liver when injected i.v. and passes through the sinusoids. Be-

cause LSECtin has been reported to be rapidly internalized, we hypothesized that targeting

LSECtin would rapidly sequester the payload in the LSEC before it could reach other cells.

We conducted phage display using a humanized antibody fragment library on a variant

of mouse LSECtin that had just the carbohydrate recognition domain and a stalk region

that contained a potentially stabilizing glycosylation motif. Phage display yielded multiple

potential phage hits; however, many of them were quite polyreactive. This is not unusual

in antibodies derived from synthetic libraries; thus, it is important to verify polyreactivity

if one is to use display-derived antibodies in vivo. We decided on A1A1 for its high affinity,

low polyreactivity, and potential cross-reactivity with monkey LSECtin.

We next sought to determine if A1A1 was endocytosed specifically by LSECs. In vivo

imaging revealed rapid uptake by the liver, compared to an irrelevant Fab. Interestingly,

A1A1 was still in the liver at 24 hours, suggesting that the Fab was not being degraded.
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However, we cannot exclude the possibility that the protein component was fully degraded,

and the dye was not. To overcome this, we recombinantly made the fluorescent protein

mCherry, and confirmed that it was rapidly endocytosed by LSECs. After two hours, it

was transported to lysosomal compartments, but we do not know the subsequent fate of the

protein. It is possible that the antigen traveled to compartments in which it was archived,

a process that has been demonstrated in lymphatic endothelial cells to occur for weeks

following a viral infection to allow for sustained protection [286].

We determined that targeting low dose antigen to this pathway leads to very little cross-

presentation of antigen, compared to an irrelevant Fab. Levels of presentation on MHC-

II were reduced compared to irrelevant Fab, but not as low as presentation on MHC-I.

We developed cathepsin cleavable linkers between the antigen and Fab, but these did not

enhance presentation. This may be because there are low levels of active cathepsins in the

compartments that LSECtin is shuttled into. LSECtin may also shuttle cargo to a non-

presenting pathway, in which case cleavage of cargo would not be relevant, compared to

other C-type lectins in the LSEC. Wilson et al. saw antigen presentation on class I MHC

with delivery of N-acetyl glucosamine and N-acetyl galactosamine- conjugated antigens [156].

It is unknown which C-type lectins these bind to, but it suggests that different C-type lectins

may lead to different antigen processing pathways. Additionally, A1A1 was delivered as a

monomer, whereas these glycans are polymers, similar to what is found on viruses. LSECtin

crosslinking by polymeric ligation might lead to a presentation pathway, whereas monomeric

ligation does not. This is seen in a number of receptors, such as the neonatal Fc receptor

which does not lead to presentation with monomeric IgG, but does lead to presentation with

multimeric IgG complexes [296].

Endosomal escape peptides also did not enhance presentation, potentially because a

high enough concentration was not reached in the endosome to disrupt the endosome and

allow for escape. In BMDCs, there was such a high concentration in the supernatant,

and macropinocytosis would lead to a high concentration of endosomal escape Fab in the
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endosome, which would allow for endosomal escape.

Finally, we decided to attempt endosomal escape and subsequent antigen presentation

with polymerosomes designed to burst the endosome. By decorating the polymerosomes

with A1A1, we were indeed able to see greatly enhanced presentation of antigen compared to

soluble A1A1-OVA alone. This did not lead to differences in deletion, proliferation index, PD-

1 upregulation, or Treg induction. It is possible that all LSECtin receptors were saturated at

the doses administered. Because 1 µg of encapsulated OVA was sufficient to trigger robust

proliferation, we could reduce the dose many-fold in order to ensure that only LSECs are

internalizing the A1A1-decorated PS. We could then determine if a lower dose would induce

the desired tolerance.

Additionally, we will characterize in greater depth the specificity to LSECs. We will

first confirm that the antigen presentation is indeed occurring by LSECs. This will be

accomplished by injecting the polymerosomes encapsulating OVA, and sorting LSECs out

after 24 hours to determine if they can present antigen to OT-I and OT-II in vitro. Because

the cells would already be presenting antigen on MHC and could immediately prime T cells,

we would not be concerned with LSECs losing phenotype in vitro. In an alternative method,

we could also stain for MHCI-SIINFEKL using an antibody that binds this complex. Next,

we will determine if presentation by LSECs leads to T cell tolerance, in their inability to

respond to an adjuvanted challenge. The advantage of the polymerosome is that it enables

encapsulation of a multitude of antigens, which would be relevant in the many diseases in

which the specific autoantigen is unknown. For example, membrane from beta cell or islet

lysate could be encapsulated by the polymerosomes, which could potentially induce tolerance

to all of the autoantigens. This would additionally be beneficial because the polymerosome

would shield the encapsulated product from circulating autoantibodies. These could be

injected into a NOD mouse to determine if the mouse would be protected from diabetes. If

successful, this would also have implications in transplant and a number of other autoimmune

diseases.
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Thus, we developed a new method to target LSECs. Our study tested targeting LSECs

for tolerance, however, LSECtin has a number of interactions that would be interesting to

investigate. Specifically, LSECtin has been shown to interact with the glycans of a number

of viral proteins, including Ebola virus glycoprotein, SARS-Cov spike, hepatitis C virus E2

protein, and filovirus glycoproteins [297–299]. A1A1 could be used to study the necessity of

interactions of these viruses with LSECtin, if it is determined that it binds to the carbohy-

drate recognition domain of LSECtin. LSECtin has also been shown to interact with CD44

and LAG-3 on T cells to promote tolerance [300, 301]. A1A1 could potentially be used to

probe this interaction.

Additionally, although this study was aimed for tolerance, it was shown that particles

encapsulated in melittin lead to activation of LSECs, which promotes tumor clearance. A1A1

could be used to deliver other TLR agonists specifically to LSECs, as they are reported to

express multiple TLRs and can respond to these stimuli with activation [258–260, 302]. This

could promote viral clearance or reduce the number of tumor metastases by promoting a

more inflammatory microenvinronment.

3.5 Materials and Methods

3.5.1 Isolation of Mouse LSECs

LSECs were isolated from mouse livers as previously described. Briefly, mice were sacrificed

and catheter was inserted in the inferior vena cava. The liver was perfused with 25 mL

of calcium-free Hank’s Buffered Salt Solution (HBSS) supplemented with 12.5 mM EGTA,

125 units heparin, 62.5 µL 40% glucose, 625 µM HEPES, and 1% penicillin/streptomycin.

To digest the liver, it was then perfused under a heating lamp with IMDM supplemented

with GlutaMax, 25 µg Collagenase IV (Worthington) and 2 µg DNAse I (Sigma). Liver was

excised and cells were immediately removed in a petri dish and passed through a 70 µM

cell strainer. Cells were centrifuged at 68 x g to remove pelleted hepatocytes. Supernatant
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was centrifuged at 600 x g to pellet all remaining cells. Cells were resuspended in 10 mL

of DMEM. A two-step Percoll gradient was created by placing 20 mL of 50% Percoll as the

bottom layer, 20 mL of 25% Percoll as top layer, and layering 10 mL of cell suspension on

top. Cells were immediately spun at 1350 x g with no brake. The resulting layer of cells

between the two gradients was taken and washed with PBS.

3.5.2 Preparation of Liver Sections for Immunofluorescence Analysis

Mice were perfused through the inferior vena cava with HBSS followed by zinc fixative to fix

the liver. Livers were fixed overnight in zinc fixative, transferred to a 10% sucrose solution for

24 hours at 4C, and then to a 30% sucrose solution for 24 hours at 4C. Livers were flash frozen

and cryosectioned in 8 mM slices. Sections were stained with 10 µg/mL A1A1 anti-LSECtin

Fab or irrelevant Fab control and rat anti-mouse Stabilin-2 (MBL International) at 4◦C

in 0.5% casein in TBST. Sections were washed and stained with anti-human F(ab)2 Alexa

Fluor 594 (Jackson Immunoresearch) and anti-rat Alexa Fluor 488 secondary antibodies for

1 hour at room temperature in 0.5% casein in TBST. Sections were mounted with ProLong

Gold Antifade Mountant with DAPI (Life Technologies) and imaged on an Olympus confocal

microscope.

3.5.3 Synthesis of LSECtin for Phage Display

The full-length sequence of murine LSECtin was ordered from Genscript. To generate

LSECtin protein lacking the transmembrane and cytosolic domain, PCR amplification was

conducted to create a variants of LSECtin corresponding to amino acids 100-294. At the

N-terminus of the vector, the secretion signal from Laminin-II was added to allow for expres-

sion of secreted soluble protein. Following the laminin subunit gamma II secretion signal

(‘MPALWLGCCLCFSLLLPAARNLAGT’), the sequence for SNAP tag (NEB) was added

to enable site-specific biotinylation. At the C-terminus of the vector, a thrombin-cleavable

site followed by a 6xHistidine tag was included to enable protein purification on a Ni-NTA
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column. The entire sequence was cloned into the pHEK293 Ultra expression vector (Takara).

The plasmid was tranfected into HEK suspension cells seeded at 1 million cells per mL. After

6-8 days of culture, supernatant was harvested, passed through a 0.22 µM filter, and purified

on an HisTrap column on the Akta pure 25 M system (GE Healthcare). Protein was washed

with 30 mM imidazole in 25 mM Tris-Hcl, 300 mM NaCl, and eluted with 500 mM imidazole

in 25 mM Tris-HCl 300 mM NaCl. SNAP-LSECtin was dialyzed overnight against 5 L of 25

mM Tris-HCl, 150 mM NaCl, 10 mM CaCl2. For long term storage of SNAP-LSECtin, 10%

glycerol was added and protein was stored at -80◦C.

3.5.4 Selection of Phage Library

The phage library used was kindly provided by Anthony Kossiakoff at the University of

Chicago. The library consists of humanized Fab based on the anti-HER2 antibody 4D5. Of

the six complementarity determining regions (CDR), CDR-L1 and CDR-L2 from the light

chain are constant, CDR-L3, CDR-H1, and CDR-H2 have limited diversity, and CDR-H3

is completely randomized. The actual diversity of the library is 3x1010, which can cover a

broad range of targets.

3.5.5 Phage Panning Against LSECtin

1 mM of SNAP-LSECtin was biotinylated as per the manufacturer’s protocol (SNAP-biotin,

NEB). For the first round, 5x1012 phages were used for panning against 1 mM of LSECtin

bound to 200 mL magnetic streptavidin beads (Promega) in PBST-BSA (PBS, 0.05% Tween,

0.5% bovine serum albumin) for 1 hour at room temperature. Magnetic beads were washed

4 times in PBST-BSA. Phages were eluted from beads with thrombin. Eluted phages were

incubated with 5 mL of XL1 Blue with M13-K07 helper phage overnight at 37◦C to propagate

the phage. Cells were pelleted and supernatant containing phage was kept. PEG-NaCl (20%

PEG 8k, 2.5 M NaCl) was added to supernatant at equal volumes to precipitate phage.

Phage was centrifuged and resuspended in PBST-BSA for the next round of panning. For

109



subsequent panning, KingFisher plates were used with the KingFisher device in a plate setup

as demonstrated in Figure 3.2b. The first row included streptavidin beads (Dynabeads) with

300 nM, 150 nM, 75 nM, or 20 nM biotinylated LSECtin, corresponding to the second, third,

fourth, and fifth rounds of display. The next well row contained phage and 2 µM biotinylated

SNAP protein, to remove potential SNAP binders. The following row contained 1 µM biotin

to saturate biotin sites on the streptavidin beads. The following 4 rows contained 1 µM

SNAP to wash. The last row contained thrombin, to elute phage. All steps contained TBS

+ 10 mM CaCl2. Eluted phage was incubated with XL1, helper phage, and ampicillin

overnight at 37◦C.

3.5.6 Phage Sequencing

After 5 rounds of panning on LSECtin, XL1 with phage was plated on LB-agar plates

supplemented with ampicillin. Single clones were grown overnight at 37◦C in 96 deep well

plates in 400 µL 2XYT supplemented with 100 mg/mL ampicillin and M13-K07 helper

phage. Three plates corresponding to panning on the three variants of LSECtin were sent

to the DNA Sequencing Core Facility at the University of Chicago.

3.5.7 Fab Cloning

Fab sequences were cloned out of the M13 vectors and into a human endothelial kidney (HEK)

expression vector, Abvec2.0 (Table 1). For Fab payload sequences, such as ovalbumin, DNA

was purchased from Genscript and cloned into the HEK vectors at the C terminus of the

heavy chain. Amino acid sequence of antigens can be found on Table 2.

Table 3.1: Primers to amplify Fabs out of M13 vector
Primer Sequence
Forward VL 5’-tgtgcctggccggccgcgccctggccgatatccagatgacccagtccccga-3’
Reverse VL 5’-acgctaggggcagccaccgtacgtttgatctccaccttggtaccctgtccga-3’
Forward VH 5’-gcctggctgggcgcgccctggccgaggttcagctggtggagtctgg-3’
Reverse VH 5’-cccttggtgctagccgaggagacggtgaccagggtt-3’
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3.5.8 Fab Expression and Purification

Fabs were expressed in HEK293T suspension cells in FreeStyle 293 Expression Medium

(Thermo Fisher Scientific). At 1 million cells/mL in log-phase growth, cells were transfected

with 1 µg of plasmid and 2 µ of polyethylenamine in 40 µL OptiPRO SFM (Gibco) per million

cells. Transfected cells were cultured for 6 d in shake flasks. The cells were then pelleted by

centrifugation, and the supernatant was filtered through a 0.22 µm filter and pH-adjusted to

7.0 using 1 M Tris buffer, pH 9.0. The Fabs were then purified by affinity chromatography

using a 5 mL HiTrap Mabselect Protein A column (GE Life Sciences) via fast protein liquid

chromatography. The column was first equilibrated with 5 column volumes (CVs) of PBS at

5 mL/min. The crude Fab solution was then flowed over the column at 5 mL/min and the

column washed with 10 CVs of PBS at 2 mL/min. Fab was then eluted with 0.1 M glycine-

HCl, pH 2.6, and neutralized with1 M Tris buffer, pH 9.0. Elution peaks were pooled and

dialyzed into PBS. Where necessary, Fabs were concentrated (Amicon). Because the Fabs

are prone to aggregation, DLS was conducted on samples and filtered through 0.22 µm PES

filters until the sample was >95% pure by intensity. For all studies, produced proteins were

verified to contain <.01 endotoxin units by HEK-TLR4 assay. Proteins were aliquoted and

frozen at -80. The sequences used for A1A1-OVA, A1A1-mCherry, and A1A1-Cys are listed

in Table 3.2.

3.5.9 ELISA

Nunc MaxiSorp plates were coated overnight at 4◦C with 10 µg/mL LSECtin in sodium

bicarbonate buffer. Plates were washed 3X in PBST with an ELISA plate washer. Plates

were blocked for 2 hours in PBS + 2% BSA at room temperature. Plates were washed

3X with an ELISA plate washer. Fabs were added at concentrations from 30 pM to 125

nM in PBS + 2% BSA for 2 hours at room temperature. Plates were washed 5X in PBST

with an ELISA plate washer. Horseradish peroxidase-conjugated anti-F(ab)2 IgG (Jackson

Immunoresearch) was added at 1:5000 dilution in PBS + 2% BSA for 1 hour at room
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Table 3.2: Amino acid sequences of A1A1 Fab payload
Payload Sequence
OVA GSGGGGSGGGGSGGGGSGGGGSMGSIGAASMEFCFD

VFKELKVHHANENIFYCPIAIMSALAMVYLGAKDSTR
TQINKVVRFDKLPGFGDSIEAQCGTSVNVHSSLRDILN
QITKPNDVYSFSLASRLYAEERYPILPEYLQCVKELYRG
GLEPINFQTAADQARELINSWVESQTNGIIRNVLQPSSV
DSQTAMVLVNAIVFKGLWEKAFKDEDTQAMPFRVTE
QESKPVQMMYQIGLFRVASMASEKMKILELPFASGTM
SMLVLLPDEVSGLEQLESIINFEKLTEWTSSNVMEERK
IKVYLPRMKMEEKYNLTSVLMAMGITDVFSSSANLSG
ISSAESLKISQAVHAAHAEINEAGREVVGSAEAGVDA
ASVSEEFRADHPFLFCIKHIATNAVLFFGRCVSP

mCherry GSGGGGSGGGGSGAAASGGTGMVSKGEEDNMAIIKE
FMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKL
KVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYL
KLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFI
YKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPED
GALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLP
GAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMD
ELYKMEVGWYRSPFSRVVHLYRNGK

Cys GSGGSSGSGC

temperature. Plates were washed 5X with an ELISA plate washer. TMB substrate was

added and quenched with 10% sulfuric acid. Plates were read with a spectrophotometer at

450 nm wavelength and 570 nm reference wavelength. For polyreactivity ELISAs, plates

were coated in 5 µg/mL insulin, 10 µg/mL dsDNA, 10 µg/mL LPS, and 10 µg/mL OVA. in

sodium bicarbonate buffer overnight at room temperature. Plates were washed with water,

and blocked with 1 mM EDTA pH 8 0.05% Tween 20 in PBS for 1 hour at 37◦C. Plates were

washed in water and samples were added in PBS for 1 hour at room temperature. Plates

were washed in water and an HRP-conjugated anti-F(ab)2 IgG was added at 1:5000 in 1 mM

EDTA pH 8 0.05% Tween for 1 hr at room temperature. Plates were washed and antibody

detected as above.
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3.5.10 Flow Cytometry on LSECs

To confirm binding of Fabs to LSECs in vivo, Cells were first stained with Live/Dead Viability

Dye (Invitrogen) and 1:50 Fc block (BD). Cells were washed with PBS + 2% FBS. Cells were

stained for CD31, Stabilin-2 and CD45 and with 5 µg/mL Fab for 30 minutes at 4◦C. Cells

were washed in PBS + 2% FBS and stained with 1:400 dilution of anti-Fab for 15 minutes

at 4◦C. Cells were washed and fixed in 2% paraformaldehyde for 15 minutes at 4◦C. Cells

were washed and analyzed by flow cytometry.

3.5.11 In Vivo Fab Uptake

To measure the ability to localize to LSECs in vivo, anti-LSECtin Fabs were conjugated

to an amine-reactive DY-800 (Dyomics), a near infrared fluorescent small molecule. 25 µg

of Fab-800 were injected in vivo, and fluorescence was measured in nude mice for 24 hours

(IVIS, Perkin Elmer). To measure uptake specifically by LSECs, Fabs were conjugated to

the fluorescent amine-reactive dye DY-649P (Dyomics). 2.5 µg of Fab-649 were injected into

mice, and mice were sacrificed 30 minutes after injection. LSECs were isolated and analyzed

by flow cytometry for mean fluorescence intensity of Fab.

3.5.12 In Vitro Fab Uptake

LSECs were isolated from mice as described above and sorted based on the expression of

CD31 and Stabilin-2 and lack of CD45 and F4/80. Fab was recombinantly expressed with

mCherry on the heavy chain. Fab-mCherry was added to LSECs at 4◦C for 20 minutes and

washed to remove excess Fab. LSECs were incubated at 37◦C to allow for endocytosis and

subsequently stained with an anti-Fab antibody. LSECs were incubated with A1A1-mCherry

or irrelevant Fab-mCherry 2 hours at 37◦C and the fluorescence intensity of mCherry was

measured by flow cytometry.
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3.5.13 Cathepsin-Cleavable Assays

Cathepsin cleaveable linkers were designed between the Fab and payload to allow for separa-

tion in acidic compartments and enhanced degradation and antigen presentation. RNAseq

data reveals that the most prevalent cathepsins in LSECs are cathepsin L and cathepsin

B. Potential sequences were obtained from Sudo et al. who performed mass spectrometry

on peptide isolates after incubation of cells with the respective cathepsins and identified

predicted cathepsin specificities. Sequences were chosen based on abundance and adherence

to predicted cathepsin specificities. Fabs were designed to have a Gly4Ser linker, cathepsin

cleaveable sequence, and payload (OVA or mCherry). To determine if Fab constructs with

payload separated by cathepsin cleaveable linkers were cleaved by cathepsins, proteins were

incubated at 0.2 µg/mL with 1:100 mouse cathepsin L in pH 6 or pH 7.5 for varying time

points at 37◦C.

3.5.14 Adoptive Transfer

Spleens and lymph nodes were isolated from TCR transgenic mice. OT-I and OT-II T cells

were isolated by negative magnetic bead selection using a CD8 (Stemcell) and CD4 (Stem-

cell) negative selection kit, respectively. In experiments assessing T cell proliferation, cells

were labeled with 5 µM carboxyfluorescein succinimidyl ester (CFSE). For RNA sequencing,

1 million OT-I and OT-II in DMEM were injected through the tail vein. For tolerance ex-

periments, 500,000 OT-I and 500,000 OT-II in DMEM were injected intravenously through

the tail vein.

3.5.15 Preparation of Single-Cell Suspensions

Draining lymph nodes (axillary, brachial, inguinal, and popliteal) and spleen were isolated

from mice. Lymph nodes were digested for 45 min at 37◦C in DMEM with 1 mg/mL

collagenase IV (Worthington). LN and spleen were homogenized using syringe plungers onto
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70 µM strainers. Spleens were lysed using 3 mL ACK lysis buffer (Gibco) for 5 min and

quenched with 30 mL DMEM. Cells were counted using a fluorescent cell counter.

3.5.16 Bone Marrow Derived Dendritic Cell Presentation of Endosomal

Escape Fabs

BMDCs were generated as previously described (307). Briefly, cells were obtained from

mouse bone marrow and cultured in the presence of 200 U/mL rmGM-CSF, which was

added at days 0, 3, and 6. BMDCs were ready to use at day 8. BMDCs were pulsed with

10 µL/mL antigen for 6 hours, washed, and CFSE-labeled OT-I or OT-II were added for 3

days.

3.5.17 Polymer Synthesis

PEG24-PPS40 (MW of ca. 3900, PEG weight fraction of 0.28) was synthesized as previously

described [294]. Briefly, benzyl mercaptan was used to initiate the living polymerization of

propylene sulfide. The terminal thiolate was end-capped with mPEG24-mesylate. The azide

modified polymer, N3-PEG24-PPS40 was synthesized by end-capping the PPS terminal thi-

olate with N3-PEG24-mesylate. At the end of reaction, block copolymers were precipitated

multiple times in cold methanol and dried in vacuum. The polymers were characterized by

GPC and 1H NMR to determine the purity, composition and the molecular weight.

3.5.18 Polymersome Formulation

Polymersomes were formed via flash nanoprecipitation as previously described [303]. Briefly,

PEG-PPS was dissolved in tetrahydrofuran (THF) at 40 mg/mL in 500µL. The THF solution

was impinged against a solution of endotoxin-free ovalbumin in PBS at 8mg/mL in 500µL

into a reservoir of 2mL endotoxin-free PBS. This solution was purified by benchtop size

exclusion chromatography using Sepharose CL-4B resin in order to remove THF and un-
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encapsulated protein.

3.5.19 Fab Conjugation to Polymersomes

Fabs were expressed with a free thiol with the sequence in Table 3.2. To ensure the free

thiol was reduced, 0.85 molar equivalents of tris(2-carboxyethyl)phosphine (TCEP) were

added for 90 min at 37◦C in the presence of 1 mM EDTA. Fabs were then conjugated to

a DBCO-Sulfo-Maleimide (Click Chemistry Tools) linker such that it could then be con-

jugated to polymerosomes. Fabs were incubated with 100x molar excess of DBCO for 30

minutes at room temperature. Excess DBCO was removed using a 5 mL 7000 MWCO spin

desalting column (Zeba, ThermoFisher). Polymersomes were assembled as described above,

with 25% N3-PEG-PPS and 75% mPEG -PPS. DBCO-functionalized Fabs at a 0.01% molar

ratio were then reacted with the N3-labeled polymersomes. The smaller volume, the DBCO-

functionalized Fabs, was added to the tube first, and the larger volume, the N3-functionalized

polymersomes, was then added and immediately mixed by pipetting to ensure uniform dis-

tribution within the reaction. The click reaction was allowed to proceed overnight at room

temperature. The samples were then either purified or stored at 4◦C until purification. The

Fab-functionalized polymersomes were purified by size into PBS by benchtop SEC using

Sepharose CL-4B resin.

3.5.20 Flow Cytometry for Validation Polymerosome Binding to LSECtin

1 uM SNAP-LSECtin was incubated with 1 uM BG-biotin (NEB) and 1 mM DTT for 30

minutes at room temperature. 100 µg of biotinylated SNAP-LSECtin was incubated with

100 µL Avidin polystyrene beads (Spherotech) in 800 µL of PBS on a rotator for 1 hour at

room temperature. 30 µL of beads + SNAP-LSECtin was added to 5 mL polystyrene tubes

(Falcon), washed with 2 mL PBS + 2% BSA and spun down at 2000 RPM for 5 minutes.

Supernatant was discarded, and 200 nM Fabs or 10 µL polymerosomes were added for 15

minutes at room temperature. Samples were washed with 2 mL PBS + 2% BSA and spun
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down at 2000 RPM for 5 minutes. Anti-human F(ab)2- Alexa Fluor 594 secondary antibody

(Jackson Immunoresearch) was added at a final concentration of 1 µg/mL for 15 minutes

at room temperature and washed as previously. Samples were run on the Fortessa (BD) for

flow cytometric analysis.

3.5.21 Statistical Analysis

Statistically significant differences between experimental groups were determined using Prism

software (v6, GraphPad). All statistical analyses are stated specifically in the figure legends

for all experiments. For most experiments, One-way ANOVA was performed with a Tukey’s

post-hoc test to correct for multiple comparisons. Comparisons were significant if p < 0.05.
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CHAPTER 4

DISCUSSION, FUTURE DIRECTIONS, AND CONCLUSION

4.1 Discussion and Future Directions in Erythrocyte Targeting

In conclusion, these studies co-opted existing mechanisms of endogenous tolerance for ther-

apeutic purposes. In one study, I developed an antibody fragment that bound erythrocytes,

and demonstrated that persistent exposure to antigen in this pathway led to profound CD8

exhaustion. T cell transcriptional signatures early upon antigen experience revealed markers

of anergy, consistent with antigen exposure without co-stimulation. Prolonged T cell expo-

sure via this pathway then led to profound T cell dysfunction in CD8 T cells, consistent

with a phenotype of exhaustion commonly seen in chronic viral infection and cancer. In the

absence of the spleen or Batf3+ dendritic cells, this dysfunction was abrogated, suggesting

that cross-presenting DCs present apoptotic-erythrocyte antigen.

Given that the T cell dysfunction demonstrated with erythrocyte targeting was associ-

ated with high expression of co-inhibitory molecules, it would be interesting to determine the

stimuli that could overcome dysfunction. This could have implications not only in autoim-

munity and transplant, but also in cancer. In the former, probing the criteria for overcoming

tolerance is important in designing therapies. For example, infection with Listeria mono-

cytogenes is sufficient to overcome tolerance in a cardiac transplant model, despite there

being dysfunctional antigen-specific T cells [30, 304]. In our studies, challenge with the TLR

agonists LPS and CpG were insufficient to completely reverse dysfunction to control levels,

although cells did reacquire ability to produce some IFNγ. Although it is likely that these

cells would eventually revert back to a dysfunctional state, if the temporary activation would

be sufficient to contribute to autoimmunity is important to determine. This would be rele-

vant in cancer because one could use this system in a simple way to probe requirements for

overcoming CD8 T cell dysfunction, for example by blockade of PD-1 and CTLA-4.

For translational potential, it would also be important to determine if tolerance could
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Figure 4.1: Fabs discovered by phage display bound with high affinity to erythrocytes. Dying
erythrocytes were removed in the spleen, and associated antigen was presented by Batf3+
DCs to CD8 T cells, but it is unknown what cells presented to CD4 T cells. There was a high
efficiency of presentation, as T cells proliferated extensively. Initial transcriptomics revealed
signatures of anergy and inhibition, and not of effector functions, compared with free antigen.
Prolonged exposure of antigen led to upregulation of inhibitory molecules such as PD-1,
CTLA-4, and TOX, and downregulation of TCR. Cells had reduced capacity to respond to
the tolerized antigen, maintaining high levels of the inhibitory molecules, downregulating
TCF-1 and T-bet, and having reduced capacity to produce inflammatory cytokines. This
strategy was antigen-specific, because cells could still respond to an irrelevant antigen. The
cells remained in circulation for months after dosing, but still had reduced capacity to respond
to antigen challenge.

be induced in the face of inflammation. In mouse models, there is typically little systemic

inflammation. Humans, however, are constantly exposed to pathogens, and also often have

many co-morbidities that increase systemic inflammation. It is possible that this approach

relies on immature APCs to induce dysfunction, and therefore this strategy would need to

be tested in models where there is ongoing systemic inflammation and potentially activated
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APCs, such as in a mouse with a chronic inflammatory disease such as RA or that is infected

with a pathogen.

It is interesting to note that the requirements for CD8 and CD4 T cell tolerance were

different in this system. For CD8 T cells, even a 1 µg dose was sufficient to drive lasting

dysfunction. For CD4 T cells, the parameters around dysfunction were unclear. Over time,

CD8 T cells maintained dysfunction whereas CD4 T cells did not. A careful analysis of

quantity and duration of dosing would need to be conducted to determine if terminal dys-

function could be achieved in the CD4 T cells. It is also interesting to note that for CD4

T cells, the gene signatures that matched most closely on IPA analysis were those related

to mouse models of blood-stage malaria [200]. Consistent with this, there have been reports

of T cell exhaustion in malaria patients [227]. It would be interesting to perform a more

in-depth phenotypic and functional characterization to compare the two, as treatments to

overcome the CD4 dysfunction could be tested in this simple model, without necessitating

mouse infection with malaria. It would also be interesting to determine if there are similar-

ities in viruses that might bind erythrocytes and co-opt this pathway to evade the immune

system [305, 306].

4.2 Discussion and Future Directions in LSEC targeting

In the second study, I developed an antibody fragment that binds liver sinusoidal endothelial

cells, in order to capitalize on their tolerogenic potential. These Fabs bound with high affinity

to LSECtin and LSECs, and were rapidly internalized by LSECs. Ligation of LSECtin alone

led to a reduction in antigen presentation to T cells, suggesting that LSECtin led to a non-

presenting pathway. Protein engineering strategies were undertaken to enhance presentation,

by means of endosomal escape peptides and cathepsin-cleavable linkers; however, these were

unsuccessful. It is possible that LSECs sequester antigen until an inflammatory stimulus

necessitates presentation. Alternatively, LSECs may just degrade LSECtin-bound antigen

rapidly, preventing its presentation. Finally, we developed polymerosomes that rapidly burst
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the endosome and decorated them in Fab, with antigen in the core of the polymerosome.

This greatly enhanced presentation, particularly in the CD4 T cell compartment.

Because we finally saw enhanced presentation with polymerosomes, studies need to be

conducted to determine if this presentation was tolerogenic, or if it was immunogenic. Addi-

tionally, a dosing study will be necessary, because the high amount of CD4 T cell presentation

may not be beneficial. Similar studies would need to be conducted as with the erythrocyte-

targeting project to investigate tolerance. As opposed to in a TCR transgenic model, it

would be interesting to induce tolerance to other disease-relevant antigens in an endogenous

repertoire, as this is more relevant to the clinic.

Polymerosomes also offer an interesting advantage over recombinant expression of protein

for multiple reasons. The first is that by encapsulating antigen, it is shielded from antigen-

specific antibodies in the periphery. This could enable tolerance induction in the face of

an ongoing immune response. Consistent with this, many strategies for antigen-specific

tolerance utilize nanoparticles encapsulated with autoantigens [307]. Another advantage

of this system is the ability to encapsulate a breadth of antigens, as opposed to a single

antigen as with recombinant expression. In many autoimmune diseases, there is either no

defined autoantigen, or there are multiple autoantigens. One could imagine encapsulating

whole lysate from islet beta cells for the treatment of T1D. Importantly, in this strategy the

antigens do not need to be in the appropriate conformation, so proteins can be denatured

and rendered dysfunctional so they do not have endogenous activity. One could also imagine

transplant antigens such as from lysed donor PBMCs, which would contain MHC as well as

peptides from the donor.

It may also be interesting to target LSECs for purposes other than immune tolerance using

this technology. For example, nanoparticles coated in melittin triggered robust activation

of LSECs, which led to a reduction in liver metastases [261]. One could imagine triggering

activation in LSECs with polymerosome-encapsulated TLR ligands in the context of cancer

or chronic liver infection with hepatitis B or C viruses. However, given the liver’s essential
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role to the body, there would have to be a careful titration of activation to avoid liver toxicity.

4.3 Limitations and Potential Solutions to Antigen-Specific

Tolerance

4.3.1 Selection of Antigen

A major limitation of antigen-specific tolerance lies in the choice of antigen. As described in

Section 1.2.1, autoimmune diseases for which the autoantigens are known comprise roughly

half of all known autoimmune diseases. Of the autoimmune diseases for which autoantigens

are known, there are often many associated autoantigens, and the contributions of each to

pathology are not well established. This is also particularly relevant in transplantation, where

there is an almost infinite combination of peptide-MHC molecules to which tolerance must

be induced. Furthermore, in some diseases such as SLE, the autoantigens are nucleic acids

as opposed to protein antigens, and thus would not be targetable in the current strategies

under investigation that rely on T cell tolerance. Finally, in some autoimmune diseases

many autoreactive T cells recognize post-translationally modified peptides, such as hybrid

peptides, citrullination, or transglutamination [308].

There are a few potential approaches to solving these issues. The first would be to induce

tolerance to multiple known autoantigens, as opposed to just one. This strategy has been

used extensively in MS and shows benefit over a single autoantigen (see Section 1.3.1). This,

however, does not solve most of the aforementioned issues. Another alternative would be to

use as the tolerogen a lysate of the affected tissues, obtained by a biopsy. Proteins could

gently be denatured such that none of the antigens would be bioactive. This would enable

tolerance to all of the patients’ associated autoantigens. Limitations to this approach are

availability of sufficient tissue, and vector of encapsulation. Although not patient-specific,

cadavers, or eventually lab-generated organs, may offer a more feasible alternative to provide

large quantities of antigen. A final approach could be delivery of a potent anti-inflammatory
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molecules, such as rapamycin, IL-10, or calcitriol, specifically to the site of autoimmunity

or antigen drainage. Our lab has developed serum albumin-IL-4 fusions that preferentially

localize to the lymph nodes, and are effective in preventing EAE and reducing effector T

cell functions in EAE [309]. It is possible that by interacting with pathogenic T cells as

they encounter antigen, the IL-4 modulates its effects. Similarly, we can imagine other ways

of delivering anti-inflammatory molecules to the site of autoimmunity by targeting specific

receptors on the target organ, or by delivering the molecule to the specific draining lymph

nodes. This could also potentially affect ongoing germinal center and B cell responses, which

may be efficacious in inducing tolerance to non-T cell autoantigens.

4.3.2 Ongoing T Cell Responses

Deletion of both näıve and pathogenic antigen-specific cells would be a clear way to prevent

and reverse autoimmunity, respectively. With our strategy of erythrocyte targeting, we saw

extensive deletion even with a large precursor frequency of näıve antigen-specific cells. This

is complicated in an ongoing immune response, however, where there are already activated

memory T cells. Providing antigen in this context could in theory activate T cells, which

could exacerbate disease. Interestingly, this has not been observed in clinical trials that have

sought to deliver free antigen for therapy (see Section 1.3.1). As these clinical trials have

demonstrated, it is possible that high dose antigen alone would be sufficient to lead to some

T cell deletion. In an alternative strategy to promote deletion of pathogenic T cells, one

could imagine pulsing tolDCs engineered to overexpress FasL with autoantigen and delivering

them to patients, such that memory cells expressing Fas that come into contact with their

cognate antigen would be deleted, a strategy that is employed by HIV [310]. Using these

strategies, however, it is unlikely that every antigen-specific cell would be deleted. Many of

the antigen-specific cells during an ongoing immune response would likely be tissue resident,

and therefore may never come into contact with the tolerogenically administered antigen.

A lesser but nonzero concern is that over a lifetime, there would be new thymic emigrants
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that are potentially autoreactive. Finally, it is unknown if only T cells with high TCR

avidity would be deleted, sparing T cells with TCRs of low avidity. Thus, additional forms

of tolerance are needed to supplement deletion.

A more feasible strategy than to delete pathogenic T cells is to induce their dysfunction.

In transplant and cancer, this seems to be sufficient to prevent organ or tumor rejection,

respectively, despite a multitude of neoantigens. With erythrocyte targeting and other strate-

gies that employ persistent low dose antigen exposure in the absence of inflammation, it is

possible to induce dysfunction. If autoreactive T cells are converted to being dysfunctional,

this may be sufficient to prevent pathology. However, if there was an acute immune stimulus

such as a strong infection, it may cause these cells to revert back to functionality and reini-

tiate autoimmune-mediated tissue destruction. If this would only be temporary, this may be

acceptable in some cases of autoimmunity where flare ups would not be deadly. However,

this would not be an acceptable strategy in transplant, where a reversal of tolerance could

lead to irreversible organ destruction.

A component of tolerance that will likely be required for any antigen-specific treatment is

the induction of Tregs. Even if T cells did escape deletion, or dysfunctional T cells regained

effector capacity, Tregs could feasibly suppress these autoreactive T cells. Thus, one could

imagine co-administering iTregs or CAR Tregs (see Section 1.3.4) with other strategies that

induce deletion or dysfunction in the pathogenic T cells. This may require multiple Treg

infusions over a lifetime, as the longevity of these transferred Tregs in vivo is still largely

unknown. Other strategies that induce or amplify antigen-specific FoxP3+ Tregs or Tr1

cells in vivo (see Section 1.3.3) will be of even greater value because the T cells can directly

suppress in an antigen-specific manner. However, there are even less data on the stability

and longevity of these in vivo generated Tregs. Furthermore, although it has been recently

demonstrated that conventional effector or memory T cells can convert to Tregs in vivo

in the presence or newly discovered small molecules, there are little data on the ability of

the antigen-specific therapies under investigation to do this [311, 312]. Thus, most of the
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therapies that are allegedly Treg mediated are likely non-specific, or they amplify a small

subset of specific T cells. Much more mechanistic investigation needs to be done on these

strategies, as they will likely be crucial to inducing long-lasting tolerance.

4.3.3 Ongoing B Cell Responses

Ongoing B cell responses are also of significant concern in autoimmunity, transplantation,

and allergy. In many autoimmune diseases, such as SLE, RA, and T1D, there are many

circulating autoantibodies [313]. If a strategy for antigen-specific tolerance involved naked

antigen, it would likely be immediately opsonized and phagocytosed, precluding any poten-

tial for tolerance. To circumvent this, one could encapsulate antigen such that it is shielded

from autoantibodies. If this approach produced sufficient Tregs, and in particular follicular

regulatory T cells, it is possible that the B cell response might be mitigated. Alternatively,

one could deplete B cells using anti-CD20 or other approved B cell-depleting strategies. This

would have to be combined with depletion of plasma cells using bortezomib, as well as intra-

venous immunoglobulin therapy or FcRn inhibition to deplete circulating autoantibodies. If

the antigen-specific treatment that followed was robust, this could prevent the reemergence

of autoreactive B cells. Although less common than T cell tolerance approaches, there have

been some approaches in clinical trials to deplete antigen-specific B cells, such as by lipo-

somes carrying CD22 and antigen, that are able to trigger antigen-specific B cell apoptosis

[314]. Combined with antibody and plasma cell depletion, this could also be an effective

method of tolerance. Finally, one could imagine delivering antigen to sites of germinal cen-

ter reactions along with cues that induce Bregs. However, this strategy is not immediately

actionable, as the cues that lead to Breg differentiation are largely unknown (see Section

1.1.5.
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4.3.4 Promise of Combination Therapies

Antigen-specific tolerance offers a significant alternative to current broad immunosuppres-

sion utilized in the clinic, as outlined in the Introduction. Early approved therapies for

antigen-specific tolerance may require many repeated doses, analogous to AIT in allergy.

The eventual goal would be to achieve a state of lasting tolerance with few doses, that could

not be overcome by infection or other chronic inflammation. In order to do this, it may be

necessary to combine pathways of tolerance and have a combination therapy, analogous to

treatments in other diseases. For example, cancer treatment often involves chemotherapy,

radiotherapy, and immunotherapy to target tumor cell intrinsic and extrinsic pathways to

rid the patient of cancer [315]. Similarly, to treat autoimmunity we may need to act on

different components of the immune system to achieve tolerance, including B cell and T cell

depletion, induction of T cell dysfunction, and induction of regulatory cells.

4.4 Conclusion

In conclusion, this work seeks to contribute to the burgeoning field of antigen-specific toler-

ance. We develop tools to target endogenous pathways of immune surveillance, and co-opt

them for induction of immune tolerance. Developing therapies for the clinic will require a

high degree of collaboration with immunologists, to not only develop reasonable strategies

but also to properly characterize the developed technologies. There is so much potential

for innovation in this field, and I hope that these types of technologies will lead to a better

quality of life for the millions suffering from diseases of immune dysregulation.
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nated peptide dendritic cell immunotherapy in HLA risk genotype–positive rheumatoid
arthritis patients. Science Translational Medicine, 7(290):290ra87–290ra87, 2015.

[143] A Lutterotti, S Yousef, A Sputtek, K H Sturner, J P Stellmann, P Breiden, S Rein-
hardt, C Schulze, M Bester, C Heesen, S Schippling, S D Miller, M Sospedra, and
R Martin. Antigen-Specific Tolerance by Autologous Myelin Peptide-Coupled Cells: A
Phase 1 Trial in Multiple Sclerosis. Science Translational Medicine, 5(188):188ra75–
188ra75, 2013.

[144] David H. Sachs, Tatsuo Kawai, and Megan Sykes. Induction of Tolerance through
Mixed Chimerism. Cold Spring Harbor Perspectives in Medicine, 4(1):a015529, 2014.

[145] Tatsuo Kawai, A. Benedict Cosimi, Thomas R. Spitzer, Nina Tolkoff-Rubin, Manikkam
Suthanthiran, Susan L. Saidman, Juanita Shaffer, Frederic I. Preffer, Ruchuang Ding,
Vijay Sharma, Jay A. Fishman, Bimalangshu Dey, Dicken S.C. Ko, Martin Hertl,
Nelson B. Goes, Waichi Wong, Winfred W. Williams, Robert B. Colvin, Megan Sykes,
and David H. Sachs. HLA-Mismatched Renal Transplantation without Maintenance
Immunosuppression. The New England Journal of Medicine, 358(4):353–361, 2008.

[146] Kristen M Lorentz, Stephan Kontos, Giacomo Diaceri, Hugues Henry, and Jeffrey A
Hubbell. Engineered binding to erythrocytes induces immunological tolerance to E.
coli asparaginase. Science advances, 1(6):e1500112, 2015.

[147] Stephan Kontos, Iraklis C Kourtis, Karen Y Dane, and Jeffrey A Hubbell. Engineering
antigens for in situ erythrocyte binding induces T-cell deletion. Proceedings of the
National Academy of Sciences of the United States of America, 110(1):E60–8, 2013.

141



[148] Novalia Pishesha, Angelina M Bilate, Marsha C Wibowo, Nai-Jia Huang, Zeyang Li,
Rhogerry Dhesycka, Djenet Bousbaine, Hojun Li, Heide C Patterson, Stephanie K
Dougan, Takeshi Maruyama, Harvey F Lodish, and Hidde L Ploegh. Engineered ery-
throcytes covalently linked to antigenic peptides can protect against autoimmune dis-
ease. Proceedings of the National Academy of Sciences of the United States of America,
114(12):3157–3162, 2017.

[149] Zoe Hunter, Derrick P McCarthy, Woon Teck Yap, Christopher T Harp, Daniel R
Getts, Lonnie D Shea, and Stephen D Miller. A biodegradable nanoparticle platform
for the induction of antigen-specific immune tolerance for treatment of autoimmune
disease. ACS nano, 8(3):2148–60, 2014.

[150] Tobias L Freitag, Joseph R Podojil, Ryan M Pearson, Frank J Fokta, Cecilia Sahl, Mar-
cel Messing, Leif C Andersson, Katarzyna Leskinen, Päivi Saavalainen, Lisa I Hoover,
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Giacomo Diaceri, Xavier Quaglia-Thermes, and Jeffrey A Hubbell. Synthetically gly-
cosylated antigens induce antigen-specific tolerance and prevent the onset of diabetes.
Nature Biomedical Engineering, 3(10):817–829, 2019.

[157] Antonella Carambia, Barbara Freund, Dorothee Schwinge, Oliver T Bruns, Sunhild C
Salmen, Harald Ittrich, Rudolph Reimer, Markus Heine, Samuel Huber, Christian
Waurisch, Alexander Eychmüller, David C Wraith, Thomas Korn, Peter Nielsen, Horst
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Denis Comte, Alexandre Harari, and Matthieu Perreau. CD160-associated CD8
T-cell functional impairment is independent of PD-1 expression. PLoS pathogens,
10(9):e1004380, 2014.

[193] Ellen M Ross, Dorothée Bourges, Thea V Hogan, Paul A Gleeson, and Ian R van Driel.
Helios defines T cells being driven to tolerance in the periphery and thymus. European
journal of immunology, 44(7):2048–58, 2014.

147



[194] Stefano Caserta, Norman Nausch, Amy Sawtell, Rebecca Drummond, Tom Barr, An-
drew S Macdonald, Francisca Mutapi, and Rose Zamoyska. Chronic infection drives
expression of the inhibitory receptor CD200R, and its ligand CD200, by mouse and
human CD4 T cells. PloS one, 7(4):e35466, 2012.

[195] Jason B Williams, Brendan L Horton, Yan Zheng, Yukan Duan, Jonathan D Powell,
and Thomas F Gajewski. The EGR2 targets LAG-3 and 4-1BB describe and regulate
dysfunctional antigen-specific CD8+ T cells in the tumor microenvironment. The
Journal of experimental medicine, 214(2):381–400, 2017.

[196] Anna Brewitz, Sarah Eickhoff, Sabrina Dähling, Thomas Quast, Sammy Bedoui,
Richard A Kroczek, Christian Kurts, Natalio Garbi, Winfried Barchet, Matteo Ian-
nacone, Frederick Klauschen, Waldemar Kolanus, Tsuneyasu Kaisho, Marco Colonna,
Ronald N Germain, and Wolfgang Kastenmüller. CD8+ T Cells Orchestrate pDC-
XCR1+ Dendritic Cell Spatial and Functional Cooperativity to Optimize Priming.
Immunity, 46(2):205–219, 2017.

[197] Alison Crawford, Jill M Angelosanto, Charlly Kao, Travis A Doering, Pamela M Odor-
izzi, Burton E Barnett, and E J Wherry. Molecular and transcriptional basis of CD4
T cell dysfunction during chronic infection. Immunity, 40(2):289–302, 2014.

[198] E J Wherry, Sang-Jun J Ha, Susan M Kaech, W N Haining, Surojit Sarkar, Vandana
Kalia, Shruti Subramaniam, Joseph N Blattman, Daniel L Barber, and Rafi Ahmed.
Molecular signature of CD8+ T cell exhaustion during chronic viral infection. Immu-
nity, 27(4):670–84, 2007.
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