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The neonatal Fc receptor, FCRn, is expressed in many different cell types and serves several
functions, some of which are cell type-specific. A function common to most cell types that express
this receptor is salvage of 1gG from cellular degradation which is responsible for the long in vivo
half-life of 1gG. This property of 1gG is responsible for its indispensable role in humoral immunity

and also contributes to the successful use of 1gGs as therapeutics. In autoimmunity, however,

Vi



autoantibodies are generated that can contribute to pathology. FcRn-mediated salvage is also
responsible for the long half-life of autoreactive 1gGs. Therefore, this study employed an
engineered antibody (Abdeg, a novel FcRn inhibitor) that lowers endogenous IgG levels by
competing for binding to FcRn, to directly assess the effect of decreased antibody levels in an
autoantibody-dependent murine model of multiple sclerosis (MS), experimental autoimmune
encephalomyelitis (EAE). Essentially, Abdeg delivery reduced the accumulation of autoantibodies
in the target organs and ameliorated the disease.

Autoreactive CD4" T cells are also known to play an important role in the pathogenesis of
autoimmune diseases. Thus, with the goal of inducing antigen-specific T cell tolerance, the current
study employed immunoglobulin Fc engineering to develop a novel platform for the delivery of
peptide epitopes as Fc-peptide fusions with different dynamic properties. Using very low doses of
these engineered antigens to avoid anaphylactic shock, the study demonstrates that the longevity
of the peptide antigen is the primary determinant of tolerance induction in a murine EAE model
that is driven by autoreactive CD4" T cells. Long-lived Fc-antigen fusions are effective tolerogens
in both prophylactic and therapeutic treatments, although distinct mechanisms lead to tolerance in
these two settings.

Further, to identify the FcRn-expressing cell types that mediate the effects of Abdegs and Fc-
antigen fusions on autoantibodies and autoreactive T cells, respectively, cre-loxp technology was
used to generate multiple cell type-specific FCRn knockout mice. This study indicates that
macrophages are the primary sites among hematopoietic cells where IgG homeostasis occurs.
Collectively, these studies have led to an improved understanding of FcRn function at both the

level of its sites of functional activity and targeting this receptor for therapy.
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CHAPTER ONE
General Introduction

Few sections in this chapter have been published in the journal Current Topics in Microbiology
and Immunology [Challa, D.K., Velmurugan, R., Ober, R.J. & Sally Ward, E. FcRn: from
molecular interactions to regulation of IgG pharmacokinetics and functions. Curr. Top. Microbiol.
Immunol. 382, 249-272 (2014)]. These sections are reproduced here with permission from Springer

(License number: 3940470310628).

1.1 INTRODUCTION TO DISSERTATION

The neonatal Fc receptor, FCRn, as the name implies, belongs to the family of Fc receptors.
Unlike the ‘classical’ Fc receptors, the primary functions of FcRn include salvage of 19gG (and
albumin) from lysosomal degradation through the recycling and transcytosis of 1gG within cells®
2, Considering the critical role of FcRn in regulating the levels of IgG, many therapies (mostly
lgG-based) have been developed that target FcRn, and have shown promise in treating animal
models of autoimmune diseases and cancer?. One particular class of FcRn-targeting therapies
includes agents that deplete endogenous antibodies which have applications in antibody-mediated
pathologies. The first major aim (chapter Il) of the project is to use one such recently developed
FcRn-targeting agent, Abdegs (for “antibodies that enhance IgG degradation”)®, to treat an
antibody-dependent murine experimental autoimmune encephalomyelitis (EAE) model of
multiple sclerosis (MS). Although MS has been considered a T cell-mediated disease, much data
support a role for CNS antigen-specific antibodies in the pathogenesis of MS in a subgroup of

patients* °. Hence, these studies have direct relevance to the development of a new potential



treatment for MS and other antibody-dependent autoimmune diseases such as neuromyelitis optica
and myasthenia gravis.

The second major aim (chapter 111) of the project is concerned with the exploitation of 1gG-
salvage function of FcRn to treat T cell-mediated murine EAE. It is well established that the
aberrant activation of autoreactive CD4" T cells is a driver of autoimmune disorders such as MS®.
The existing therapies for T cell-mediated autoimmune diseases are non-specific and can result in
adverse side effects such as systemic toxicities and increased risk for infection or cancer’.
Consequently, a need for the development of tolerizing agents to selectively target autoreactive T
cells persists. The use of soluble immunodominant peptides to induce T cell deletion or anergy has
been successful in treating many animal models of MS84, but suffers from lack of efficacy in MS
patients™ 6. Further, the requirement to use relatively high doses of these peptides (necessitated
by rapid renal clearance!’) increases the possibility of adverse events!® 1°. Thus, the aim of this
project is to define the properties of antigen in a low dose setting that lead to tolerance using
engineered Fc-antigen fusions and consequently, develop low dose T cell tolerogens that are
effective in ameliorating EAE. These studies have direct relevance to the development of novel,
efficient and safer therapies for T cell-mediated pathologies like MS.

FcRn is expressed in many different cell types, and endothelial cells (ECs) and
hematopoietic cells (HCs) are the dominant cell types involved in IgG homeostasis in vivo?.
Among HCs, in both humans and mice, monocytes, macrophages, dendritic cells (DCs) and B cells
express FCRn?% 2, However, it is not clear in which HCs FcRn is crucial for persistence of 1gG.
This information is necessary to define the cell types that contribute to the activity of Abdegs and

Fc-antigen fusions. In addition, such information is required to understand and predict the



pharmacokinetic behaviors of 1gG-based drugs. Therefore, the third major aim (chapter 1V) of the

project is to identify the cells types among HCs that are crucial for FcRn-mediated 1gG recycling.



1.2 FcRn

The neonatal Fc receptor (FcRn), as the name indicates, was first described for its role in the
transfer of immunoglobulin G (IgG) from mother’s milk across the neonatal gut epithelial barrier
into the neonatal blood stream?2, It is also referred to as a major histocompatibility (MHC) class I-
related receptor since it shares structural similarity with MHC class 1. FcRn belongs to the class
of Fc receptors that bind to 19G. However, FcRn differs from other members (collectively referred
as FcyRs) of this class in multiple ways: 1) FcRn is expressed in hematopoietic cells (HCs) as well
as non-HCs?% 212425 \yhereas FcyR expression is primarily confined to cells of hematopoietic
origin?2": 2) the cytoplasmic domain of FcRn lacks the ability to signal intracellularly?®, whereas
FcyRs (except human FcyRIIIB) or their subunit (y chain) have immunoreceptor tyrosine-based
activatory or inhibitory motifs (ITAMs or ITIMSs) in their cytoplasmic domains which can mediate
intracellular signaling® 2’; 3) the key function of FcRn involves recycling and transcytosis of
monomeric IgG, leading to prolonged in vivo half-life and transport of IgG to sites of initial
pathogen encounter (mucosal surfaces), respectively’ 2% 30 whilst FcyRs regulate the immune
complex-mediated effector functions of innate immune cells?® 27,

Two primary and very well studied functions of FcRn include the regulation of 1gG
homeostasis and 1gG transport across cellular barrierst. FcRn is expressed in many different cell
types, some of which can be found in all organs of the body?® 2%, As a result, the functions of FcRn
are not localized to a single organ or cell type, an attribute required for regulating the homeostasis
and transport of the ubiquitous immune molecule, 1gG. FcRn also regulates the homeostasis of
albumin®., although the binding site on FcRn is different for the two molecules®? 32 and hence they

do not compete with each other for FcRn binding. Recently, FCRn has been shown to also play an



important role in the regulation of renal filtration®* *® and antigen presentation®® *’. The data that
elucidates the mechanisms through which FcRn performs these multiple functions is discussed in
the following sections. The well-defined role of antibodies in autoimmunity® and the emergence
of 1gG-based therapeutics®® 4° have motivated the development of many FcRn-targeting therapies

that have shown promise in pre-clinical studies, which are presented in section 1.2.4.

1.2.1 Molecular biology of FcRn

FcRn exists as a heterodimer of the MHC class I-like heavy chain and B2microglobulin
(B2m), which are non-covalently associated?. Association with pzm is required for the expression
and normal functioning of FcRn*'. The MHC class I-like heavy chain includes glycosylated a1-3
domains, a transmembrane domain and a ~ 42 amino acid cytoplasmic tail?®. Crystallographic
studies of a rat FcRn-rat Fc (IgG2a) complex revealed that the 02 domain residues (Glull?,
Glul18, Glul32, Trp133, Glul35, and Asp137) and Ilel of Bm combined with the carbohydrate
of rat FcRn interacts with residues (11e253, His310, His435, and minor role for His436) at the CH2-
CH3 interface of rat Fc*2. The role of His433 of the Fc region in these interactions is contentious*®
6. The stoichiometry of the interaction between FcRn and Fc or IgG is 2:1, as shown by
equilibrium gel filtration or sedimentation equilibrium assays*" *8. The FcRn:Fc (or 1gG):FcRn
interaction is asymmetric, with dissociation constants for the two binding sites differing by almost
50 fold*®. This, combined with a recent three dimensional structure of human FcRn bound to an
engineered human 1gG1*® indicate that occupancy of the ‘first’ site on IgG results in
conformational changes that reduce the affinity of FcRn for the second site. Further, the FCRn-1gG
interaction is highly pH-dependent, with relatively high affinity binding at acidic pH (< 6.5) and

no detectable binding at physiological pH (7.4)**, Site-directed mutagenesis studies have shown



that the pH-dependence is imparted by His310 and His435 of human Fc*? (or His310, His435 and
His436 of rodent Fc®®) which get protonated at acidic pH. These positively charged histidines can
then form a salt bridge with the corresponding residues of the FcRn heavy chain*2. However, the
crystal structure of the complex of human FcRn bound to an engineered human Fc fragment
(M252Y/S254T/T256E) was recently solved which indicates that His310 of human Fc is the most

important histidine residue for pH-dependent binding®3.

1.2.2 Cell biology of FcRn

Studies using mutated versions of FcRn have localized the endocytosis and transcytosis
signals within the cytoplasmic tail of FcRn which include the conserved motifs tryptophan
(Trp311) and dileucine (Leu322, Leu323)°L. A calmodulin-binding site in the membrane proximal
region of human FcRn has also been identified that controls the transcytosis and half-life of FcRn
in epithelial cells in a calcium-dependent manner®2. Also, rodent FCRn has three extracellular N-
glycan moieties that are absent in human FcRn, which has only one N-linked glycan common to
both human and rodent FcRn?. Interestingly, when human FcRn is rodentized in terms of N-
glycan moieties, its steady state distribution changes (from basolateral) to the apical membrane
and its predominant direction of transcytosis (basolateral to apical) is reversed, resulting in the
transport of IgG from apical to basolateral side?.

Although recent data suggests a slightly different picture (refer to section 1.2.3.1), in the past
it was hypothesized that FcRn in vascular endothelial cells (ECs) is most important for recycling
of IgG, since these cells form a large surface area that is in contact with the bloodstream. Therefore,
FcRn trafficking with respect to IgG recycling has been extensively studied in ECs>,

Specifically, the recycling process has been characterized in human FcRn-Green Fluorescent



Protein (GFP)-transfected human microvasculature ECs (HMEC-1), using live-cell fluorescence
imaging®*. In these studies, fluorescently labeled wild type (WT) human 1gG1 was used to trace
the path of recycling 1gG, and a mutated variant (H435A), which binds to FcRn with negligible
affinity at both physiological and acidic pH, was used to track 1gG that does not bind to FcRn.
Based on the results from these and subsequent studies®® 7, a model for FcRn
recycling/transcytosis has been constructed which can be summarized in three steps (Fig. 1-1): 1)
Cells non-specifically pinocytose extracellular fluid including 1gG into adaptor protein containing
pH domain, PTB domain and leucine zipper motif 1 positive (APPLL1") vesicular transport carriers
(TCs), which then fuse with sorting endosomes. The acidic environment in these compartments
facilitates 1gG binding to FcRn. 2) FcRn-1gG complexes are sorted into recycling or transcytotic
TCs. These TCs subsequently fuse with the plasma membrane, followed by the release of 1gG into
the serum or interstitial space due to the physiological (near-neutral) pH. 3) Meanwhile, the sorting
endosomes mature to late endosomes, which deliver their luminal contents to lysosomes, resulting
in the degradation of any IgG that failed to be recycled by FcRn.

FcRn-mediated transcytosis has also been extensively studied using Madin—-Darby canine
kidney (MDCK) cells®® >°, which form polarized monolayers when cultured in vitro, a property
necessary for studying transcytosis. In human FcRn-transfected MDCK cells, FcRn localizes
predominantly to apical intracellular compartments, with surface expression primarily on the
basolateral side. Importantly, FCRn was demonstrated to transcytose IgG in both basolateral to
apical and apical to basolateral directions, the latter being dominant®®. What factors define whether
IgG is recycled or transcytosed? Although this question has not been answered completely, studies
have identified molecular effectors for these processes which include Rab GTPases and motor

myosin Vb (Myo Vb). Rab GTPases are regulated by GTP-GDP exchange cycles, and in
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Figure 1-1. FcRn-mediated recycling and transcytosis of 1gG. Cells internalize 1gG
through fluid-phase pinocytosis into tubulovesicular transport carriers (TCs), which
subsequently fuse with sorting endosomes. The acidic pH in these compartments favors the
binding of 1gG to FcRn. FcRn with bound IgG sorts into TCs, which either recycle or
transcytose to the plasma membrane. The near-neutral pH on the plasma membrane results
in the release of IgG from FcRn into the extracellular fluid.



combination with soluble NSF attachment protein receptors (SNARES) can regulate the merging
of different organellar membranes®®-2, Also, when active, Rab GTPases can activate or recruit
effector molecules such as kinases, phosphatases, motors, etc. Consequently, these proteins control
multiple intracellular trafficking processes®® %4, On the other hand, myosin motors are mechanical,
enzymatic motors which generate energy by hydrolyzing ATP to drive cargo along actin
filaments®®. Rab11l GTPase associates with FcRn during recycling in HMEC-1 cells®®, and
regulates recycling in MDCK cells®’, whereas Myo Vb and Rab25 GTPase are involved in bi-

directional transcytosis in MDCK cells®’.

1.2.3 Functions of FcRn

1.2.3.1 1gG homeostasis

IgG and albumin constitute ~ 80% of total serum protein, with mean concentrations as high
as 10 mg/ml and 40 mg/ml, respectively®®. The primary reason for the high abundance of these
proteins is their extraordinarily long serum half-life. IgG has a serum half-life of ~ 22 days in
humans® and ~ 8 days in mice’® 1. Multiple studies have convincingly shown that the extended
half-life of 1gG (and albumin) is FcRn-mediated. The first in vivo evidence for this came from
studies using Pom-deficient (knockout, KO) mice, which do not express functional FcRn in
addition to having other defects such as CD8" T cell deficiency. In these mice, 1gG has an
extremely short half-life’*"3. Later, similar conclusions were obtained using FcCRn KO mice’,
which are more specific tools than fom KO mice for studying FcRn biology. In addition, based on
archived blood samples a study has identified two deceased humans (with familial hypercatabolic
hypoproteinemia) who were analogous to Bom KO mice i.c., fam expression was almost

completely inhibited in these patients (soluble fom levels in their serum were < 1% of normal) due
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to a point mutation in the leader peptide of their Pom gene’. IgG and albumin levels were
abnormally low in their serum, also indicating a role for FcRn in humans in protecting IgG and
albumin from catabolism.

As mentioned earlier, FCRn is expressed in many different cell types across the body. In
adult humans, FcRn expression can be found in skin microvasculature, retinal and placental ECs®*
7677 monocytes, macrophages, dendritic cells (DCs)?, T and B lymphocytes’8, keratinocytes’®,
hepatocytes®, epithelial cells of intestine®!: 82, mammary gland®?, kidney®, lung®®, eye’” and the
female genital tract®. In adult mice, FcRn has been localized to vascular ECs of some but not all
organs®*, macrophages, DCs?* 24, B cells?® and epithelial cells of kidney®*, alveolus®®, intestine®*,
choroid plexus®, eye®” and the female genital tract®. It is not clear in which cell type(s)/organ(s)
FcRn is crucial for persistence of IgG (and albumin). Elucidation of these sites is necessary to
discern the pharmacokinetics, tissue localization and side effects associated with 1gG-based
therapeutics, which have become some of the most effective drugs to treat various types of cancers,
autoimmune and infectious diseases®® 4 8- Fyrther, this information can aid in better
understanding the pathophysiology of synthesis-independent hypoalbuminemia, which is observed
in various medical conditions and can have serious clinical consequences®. Experiments using
bone marrow chimeras of wild type (WT) and FcRn KO mice revealed that FcRn in both HCs and
non-HCs is important for 1gG homeostasis?* 3¢ 8 92 Subsequent studies using Cre-loxp
technology-based cell type-specific FcRn KO mice demonstrated that FcRn-expressing ECs and
HCs are the major sites of IgG homeostasis?.

The relative contribution of different cell types to 1gG recycling depends on many factors,
including the number of FcRn-expressing cells within each group, FCRn expression levels, the rate

of pinocytic/phagocytic activity and the concentration of 1gG in the respective microenvironments.
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Also, the relative contribution of cells might change during inflammation, since toll-like receptor
(TLR) ligands and pro-inflammatory cytokines have been shown to modulate FcRn expression. In
particular, CpG oligodeoxynucleotide (TLR9 ligand), lipopolysaccharide (TLR4 ligand), tumor
necrosis factor (TNF)-a and interleukin-1f have been shown to upregulate FcRn expression in
intestinal epithelial cells and/or monocytes®®. By contrast, interferon-y has been shown to
downregulate FCRn expression in intestinal epithelial cells and monocytes®. Determining the
contribution of each cell type to IgG protection, and how this changes under inflammatory
conditions, will aid in developing accurate pharmacokinetic-modeling tools required for

optimizing the delivery of 1gG-based therapeutics.

1.2.3.2 1gG transfer from mother to fetus or neonate

IgG is the only immunoglobulin subclass that is actively transported from mother to
fetus/neonate. Although both mother-to-fetus and mother-to-neonate transfer of IgG can occur in
rodents and humans, the former is dominant in humans while the latter plays a major role in
rodents.

In mice, FCRn expression in the yolk sac mediates the maternofetal transfer of 1gG®.
However, at birth, the concentration of IgG in the serum of neonatal mice is only 20-30% of that
in adult mice® and hence, IgG transport during gestation in mice is considered to be of relatively
low importance. In rodents, the transfer of passive immunity in the form of 1gG primarily occurs
postnatally®®. Upon ingestion of 1gG-containing maternal milk, IgG and other milk proteins reach
the proximal small intestine (the stomach is less acidic in neonates). Acidic pH in the duodenum
allows I1gG to be selectively endocytosed by enterocytes in an FcRn-dependent fashion®°.

Internalized 1gG is then transcytosed across the cell to the basolateral membrane, where the
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physiological, near-neutral pH results in the release of IgG from FcRn into the intestinal tissue.
IgG can subsequently transfer into the blood through the lymphatics. Coincidentally, in rodents,
FcRn expression in enterocytes rapidly decreases at around weaning age?* 1%,

In newborn infants, the concentration of IgG in the serum is at levels similar to those
observed in mothers'®®. This indicates that maternofetal transport of 1gG (during the third trimester
of pregnancy) is extremely efficient in humans. The transport is mediated by FCRn expressed in
syncytiotrophoblasts!?21% which constitute the continuous, multinucleate epithelium separating
the mother from fetus. On the apical side, the brush border surface of syncytiotrophoblast is bathed
in maternal blood, whilst the basolateral membrane faces fetal blood capillaries. In brief, the
maternal serum containing 1gG is pinocytosed into the endosomes of syncytiotrophoblasts,
followed by IgG transcytosis to the fetal side (basolateral membrane), where the near-neutral pH

enables 1gG dissociation from FcRn.

1.2.3.3 Maintenance and regulation of renal filtration

Blood is filtered in nephrons, the functional units of kidneys, to form urine. Nephrons are
made up of different kinds of tubules, each performing a different function (Fig. 1-2A). The head
portion of the nephron, called the glomerular capsule, performs filtration, and the following
proximal convoluted tubule (PCT) performs reabsorption of salt, water, glucose, albumin, etc.
Blood, destined for filtration flows into glomerular capillaries (enclosed by the glomerular
capsule), where filtration occurs, and the resultant filtrate flows into the lumen of the glomerular
capsule. For filtration to occur, the plasma has to pass through three layers of filters (Fig. 1-2B)
with increasing size selectivity!®. The first filtration barrier is formed by fenestrated endothelial

cells of glomerular capillaries. These fenestrae are large but charged, which may prevent bulky
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Figure 1-2. FcRn-mediated functions in the kidney. (A) Schematic structure of nephron.
(B) Plasma from glomerular capillaries passes through three different filters before flowing
into the lumen of glomerular capsule. During this process, IgG and albumin accumulate at
the glomerular basement membrane (GBM) or slit diaphragm and IgG (and possibly
albumin) is cleared by FcRn in podocytes. (C) The filtrate that forms in the glomerular
capsule contains significant amounts of albumin and flows into the lumen of proximal
convoluted tubule (PCT), where FcRn in epithelial cells mediates transcytosis of albumin
from the filtrate into the interstitial space in the kidney.
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proteins from crossing the barrier. The second barrier is formed by the glomerular basement
membrane (GBM), which has small and charged pores and lies immediately below the glomerular
capillaries. Underneath the GBM lie specialized epithelial cells called podocytes, which have long
extensions (foot processes) that wrap around the GBM. The foot processes interdigitate forming
narrow slits, and are bridged by extracellular structures, referred to as slit diaphragms°®. The foot
processes of podocytes along with associated slit diaphragms constitute the third filtration barrier.
The pore size of the slit diaphragm is equal to or less than the size of albumin®’,

Considering the fact that ~ 180 L of glomerular filtrate is generated per day, it is very likely
that albumin and 1gG (which constitute ~ 80% of serum proteins) accumulate at the GBM and/or
slit diaphragm, resulting in the clogging of these biological filters. Hence, it has been hypothesized
that a mechanism is in place to clear the filters of these accumulated proteins. In this context, a
study has shown that FcRn in podocytes function to remove accumulated IgG at the GBM®*. The
role of renal FcRn in this process was confirmed primarily based on the observation that age-
dependent glomerular accumulation of 1gG is higher in FcRn KO mice by comparison with WT
mice, despite the fact that serum IgG levels are significantly lower in FCRn KO mice. Based on
the pattern of IgG accumulation observed in the glomerulus, podocytes were suggested to be the
primary cells that clear the accumulated 1gG. Also, the study shows that the protein-elimination
function of podocytes is saturable. This finding might explain how immune complex deposition
occurs in the kidneys of systemic lupus erythematosus (SLE) patients which leads to nephritis.

The glomerular filtrate flowing into the PCT contains significant amounts of albumin, most
of which is reclaimed by PCT epithelial cells!®®. Importantly, these epithelial cells express high
levels of FcRn?*. It has now become clear that FcRn in PCT cells is responsible for retrieval of

albumin (Fig. 1-2C). The role of FcRn in this process is primarily based on two observations®®.
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Firstly, FcRn KO mice excrete more albumin in urine than WT mice. Secondly, in FcRn KO mice
that were transplanted with one WT kidney (after nephrectomy of one native kidney) serum
albumin levels increased, whereas WT mice transplanted with a KO kidney developed
hypoalbuminemia. Also, based on the localization of exogenously added, labeled albumin in the
kidneys of unmanipulated mice and transplant chimeras, it was suggested that albumin is reclaimed
by the epithelial cells of PCT. In this context, FcRn performs bidirectional transcytosis in human
proximal tubular epithelial cells'®. Hence, it is logical to assume that aloumin reclaimed by the
cells of the PCT would be transcytosed into the interstitium of kidneys, followed by drainage of
albumin into the lymphatics and entry into the circulation. In addition, in the same study®,
experiments using kidney transplant chimeras showed that renal FcRn aids elimination of 19G

from plasma into urine. However, the mechanism through which IgG elimination occurs is unclear.

1.2.3.4 Role in antigen presentation

Professional APCs (DCs, macrophages and B cells) can present antigens to CD8" and CD4"
T cells in the context of MHC class | and MHC class I, respectively. In general, intracellular
antigens are proteasomally processed and presented on MHC class | molecules, and
extracellularly-derived antigens are processed in late endosomes or lysosomes and presented on
MHC class 1l molecules'’®. Under some circumstances, extracellular antigens are processed by
proteasomes or within endosomes or phagosomes and presented on MHC class | molecules!!!: 12,
This type of antigen presentation can only be carried out by DCs'!3 and possibly macrophages*'*
115 and is referred to as cross-presentation.
20, 21, 78'

Importantly, all professional APCs in both mice and humans express FcRn

Professional APCs, except B cells, also express activating FcyRs, which in the presence of 1gG-
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based immune complexes (ICs) mediate activation of APCs?® 27116 Further, antigens in the form
of ICs are more efficiently internalized (through activating FcyRs) by APCs than soluble antigens
and hence lead to more efficient T cell activation. With respect to this, a role similar to that played
by FcyRs has been shown to be performed by FcRn®® %2, In one such study?®, multimeric ovalbumin
(OVA) ICs containing either WT IgG or a mutated 1gG (IHH, no binding to FcRn at physiological
and acidic pH, but no change in binding to FcyRs) were used in in vitro mouse CD4* T cell
proliferation assays in the presence of either WT or FcRn KO DCs. In these assays, the
proliferation of OVA-specific CD4" T cells decreased when DCs lacked FcRn or when ICs
comprising IHH antibodies were used by comparison with that observed using WT DCs or ICs
containing WT antibodies, respectively. Similar observations were made using human cells, and
when in vitro-loaded (with ICs containing WT or IHH antibodies) WT or FcRn KO DCs were
injected into WT mice. These observations indicate a role for FcRn in IC-mediated antigen
presentation. Specifically, based on the observed trafficking patterns of 1Cs and FcRn, it was
demonstrated that FcRn rapidly transports WT ICs to lysosomes, leading to enhanced antigen
presentation and T cell proliferation. In the assays described above, it is possible that some ICs
would presumably cross-link FcyRs, leading to DC activation and cytokine secretion, which in
turn would upregulate MHC class Il and the associated invariant chain!'® 7. Invariant chain has
been shown to also associate with FcRn and target it to late endosomes or lysosomal
compartments!8, Hence, the invariant chain might have a role to play in diverting FcRn-bound
ICs to lysosomes in APCs.

Recently, FcRn has also been shown to play a role in cross-presentation of 1C-derived
antigens®’. In this study, mouse DCs pulsed with ICs comprising WT or IHH antibodies complexed

with OVA (similar to those described above) were injected into WT mice that had also received
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labeled OV A-specific CD8" T cells. The antigen in this case is exogenous and hence CD8" T cells
will only be stimulated if the antigen is cross-presented. The proliferation of CD8" T cells was
found to be many fold higher when WT IgG ICs were used in comparison to the proliferation
observed with IHH IgG ICs, highlighting the importance of FcRn in IC-mediated cross-
presentation. Interestingly, only CD8 CD11b* DCs, but not CD8"CD11b" DCs (shown to be the
major mediators of cross-presentation of soluble and tumor antigens!®) were able to efficiently
cross-present 1C-derived antigen to CD8" T cells. Using IgG-opsonized, OVA-containing beads
(IC-beads), it was also shown that the FcRn* phagosomes formed upon WT IgG IC-bead
internalization by DCs had many features that facilitated cross-presentation by comparison with
phagosomes formed by IHH IgG IC-beads. The features included lower pH, persistence of antigen
in the phagosomes and enrichment of components of the cross-presentation machinery such as the
transporter associated with antigen processing 1 (TAP1) and MHC class I. Finally, the authors
suggest that ICs are internalized by DCs in an FcyR-dependent fashion, followed by the transfer
of ICs from FcyRs to FcRn in acidic, endosomal compartments followed by cross-presentation.
Taken together, FCRn is indicated to be important for the presentation of 1C-derived antigen to

both CD4" and CD8* T cells.

1.2.4 FcRn-targeted therapies

Monoclonal antibodies (mAbs), due to their specificity and long half-lives, are considered
to be one of the most effective and safe therapies for many diseases. Currently, there are almost
350 mADbs that are either in early development or Food and Drug Administration (FDA)-approved
for the treatment of inflammatory disorders, cancers, infectious diseases and solid organ transplant

rejectiont?® 121 As mentioned in the previous sections, FcRn functions to regulate the levels and
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many functional activities of 1gGs. As a result, many therapies (mostly 1gG-based) have been
developed that target FCRn, and have shown promise in treating animal models of autoimmune
diseases and cancer. FcRn-targeting therapies can be broadly classified into two distinct categories:
1) mAbs with extended half-life which will have applications in any disease where mAbs can be
used therapeutically and 2) agents that deplete endogenous antibodies which will have applications
in antibody-mediated pathologies and other situations in which antibody clearance is indicated.
During the last decade or so, a significant component of Fc-engineering efforts has focused
on developing 1gG mutants that vary in their binding to FcRn and have enhanced in vivo half-life,
with an aim to boost the efficacy and/or reduce the dosing frequency of 1gG-based therapies. The
first report demonstrating that Fc engineering can be used to generate IgGs with increased in vivo
persistence came from a report in which a mutated mouse IgG1 Fc (T252L/T254S/T256F) was
produced using random mutagenesis and phage display. This mutated Fc fragment has increased
binding to mouse FcRn at acidic pH, but negligible binding at physiological pH, resulting in an
extended half-life in mice by comparison with WT mouse 1gG1-derived Fc!?2. Subsequently, many
engineered human IgGs have been developed with increased in vivo half-life, as validated in non-
human primates'?®12°. Among these mutants, YTE (human IgGl - M252Y/S254T/T256E),
exhibits ~ 4 fold increase in half-life relative to WT human IgG1 in non-human primates which is
the longest half-life extension reported to date!?®. Another mutant, HN (human IgG1l -
H433K/N434F), with increased pH-dependent binding to (human) FcRn has been shown to be
more efficient than WT human IgG1 in FcRn-mediated transcytosis across the ex vivo human
placenta'?’. Importantly, IgG with enhanced half-life has been demonstrated to have increased
anti-tumor activity than WT 1gG in tumor xenograft studies in mice!?®. Finally, based on the in

vivo half-lives of various IgG mutants that were Fc-engineered with respect to their FCRn binding,
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it is clear that while an increase in 1gG affinity towards FcRn at acidic pH is important, retention
of low affinity at physiological pH is equally important to allow exocytic release from cells® and
consequent persistence of an IgG*26 127:129,

Autoantibodies lead to pathology in autoimmune diseases such as SLE, neuromyelitis optica,
myasthenia gravis and multiple sclerosis'*°1%, Also, antibodies can mediate rejection of organ
allografts'*. Currently, approved treatments for depleting antibodies in such diseases, in a non-
specific manner, include plasmapheresis and high dose intravenous immunoglobulin (IVIG)*% 1%,
Both these treatment modalities may lead to side effects or complications, but more importantly,
the cost of these treatments is high'®" 13 Hence, efforts have been undertaken to develop
alternatives. IVIG lowers endogenous or pathogenic antibody levels only when used in high doses,
which is essential for saturating FcRn!3® 140, Alternatively, FcRn can be saturated or blocked using
low doses of agents that bind to FCRn with very high affinity. In the case of half-life extension,
retention of low affinity towards FcRn at physiological pH limits the extent to which the affinity
at acidic pH can be increased 12°. Such a limitation is not relevant to the generation of effective
FcRn blockers, and in fact, high affinity binding to FcRn at physiological pH is desirable in this
case since it will enable the engineered antibody to be efficiently endocytosed by FCRn-mediated
uptake into cells® *°. This in turn will result in increased competition with endogenous antibodies
with respect to FcRn binding. One such Fc-engineered antibody is MST-HN
(M252Y/S254T/T256E/H433K/N434F). Antibodies of this class have been shown to rapidly
decrease endogenous antibody levels in mice and are called Abdegs (for antibodies that enhance
IgG degradation)®. In a serum transfer model of arthritis in mice, Abdegs were able to reduce
swelling and inflammation in the joints in both therapeutic and prophylactic disease settings*.

Importantly, by comparison with Abdegs, 25-50 times higher amounts of IVIG were required to
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achieve similar therapeutic effects. Recently, as a part of this dissertation work (chapter 11), Abdegs
were also shown to ameliorate disease in a passive model of antibody-mediated experimental
autoimmune encephalomyelitis by mediating both the rapid clearance and reducing the
accumulation of encephalitogenic antibodies in the CNS#2, Abdegs have been lately shown to also
have applications in immuno—positron emission tomography (PET) — Abdeg delivery following
the administration of radiolabeled (non-residualizing 12*1) tumor-targeting antibody to mice
bearing tumor xenograft resulted in rapid degradation of circulating radiolabeled antibody,
consequently, leading to increased contrast during PET and significantly reduced systemic
exposure to radiation*,

Antibodies that bind to FcRn through their variable domains have also been developed that
can block FcRn-mediated recycling of 1gGs. Anti-rat (4C9) and anti-human (DVN24) antibodies
specific for FcRn were shown to reduce the levels of exogenously administered tracer antibody in
rats and human FcRn transgenic mice, respectively** 45 Similarly, another anti-rat FcRn IgG,
1G3, was shown to reduce pathogenic antibody levels and disease symptoms in both passive and
active models of myasthenia gravis in rats**®. On the downside, FcRn blockers of this class have
short in vivo half-lives due to strong binding to FcRn at physiological pH which results in increased
accumulation in FcRn-expressing cells and reduced exocytic release?® 127 129146 peptide-based
FcRn blockers have also been developed. In particular, SYN1436, a dimer of FcRn-binding
peptide was able to significantly reduce the levels of exogenously added human IgG in human
FcRn transgenic mice and endogenous antibody in non-human primates'4’. These peptide-based
agents would be expected to exhibit an in vivo half-life that is lower than that of antibody-based

FcRn blockers, primarily due to renal-mediated clearance. As a result, PEGylation has been
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employed to improve the in vivo pharmacokinetics and efficacy of such peptide-based FcRn

blockers!“®,
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1.3 MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is a chronic, inflammatory demyelinating neurodegenerative
disease®® 4%, MS affects around 2.5 million people around the world with higher incidence in
northern and central Europe, northern United States, Canada and southeastern Australia'®®, and the
disease is three times more common in women than in men*%1%2, MS mainly affects young people
with a mean age of onset of 30 years and is a common cause of serious physical disability in young
adults®®® — 25 years post diagnosis, ~50% of the patients require permanent use of a wheelchair®.
The etiology of MS is not known, but both environmental and genetic factors are important in the
development of MS™*. The clinical presentation of the disease can include sensory and visual
disturbances, motor impairments, fatigue, pain and/or cognitive deficits’®. The disease in young
adults typically starts as a clinically isolated syndrome (CIS), a first clinical episode with features
suggestive of MS, with pathological changes localized to optic nerves, the brainstem or the spinal
cord®™®. Only 30-70% of the patients with CIS develop MS, but in 85% of MS patients the disease

onset is CIS',

1.3.1 MS subtypes

The disease course in MS is heterogeneous. Based on the patterns of disease presentation,
three major disease subtypes have been recognized®®® — i) relapsing-remitting MS (RRMS), ii)
secondary progressive MS (SPMS) and iii) primary progressive MS (PPMS). 80-85% of the
patients with MS are diagnosed with RRMS, in which episodes of clinical symptoms alternate with
periods of complete or partial remission and lack of disease progression between disease relapses.

Over 25 years post diagnosis, approximately 90% of RRMS patients convert to SPMS’, which
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is characterized by progressive neurological disease (after an initial RR disease) with or without
minor remissions and plateaus'®. In 10-15% of patients, MS manifests as PPMS, which is similar
to SPMS in clinical presentation except that this form does not follow RRMS. In addition, a patient
with PPMS who has an acute attack is considered to be PP—active, whereas a PPMS patient with
no acute attacks and no new MRI lesions is considered as PP—not active!®®. Additional rarer MS

subtypes include Marburg variant of acute MS, Balo’s concentric sclerosis, and tumefactive MS°8,

1.3.2 Immunology of MS

MS is an autoimmune disease - an as yet unknown factor(s) is believed to trigger an
autoimmune response, which drives disease progression and relapses. Myelin-reactive T cells are
observed in the peripheral blood of both MS patients and healthy controlst®-162 presumably due
to failure of thymic central tolerance. Further, mechanisms of peripheral T cell tolerance to self-
antigens are ineffective or defective in MS patients since myelin-reactive T cells from these
patients are more activated and have a memory phenotype compared to the phenotype of those
from healthy controls'®® 163 184 Eyrther, the activation of autoreactive T cells could be a result of
molecular mimicry'®>-1%7 pystander activation or presence of T cells with dual T cell receptor
(TCR) specificities'®® — one to an autoantigen and other to a pathogen. The (aberrant) activation of
autoreactive T lymphocytes in the periphery license them to enter the CNS by crossing blood-
brain, blood-cerebrospinal fluid (CSF) or blood-leptomeningeal barriers'®®. Alternatively,
although less likely, the entry of autoreactive lymphocytes into the CNS could be a result of CNS-
intrinsic events such as an infection or primary neurodegeneration. The activation or reactivation
of autoreactive T lymphocytes in the CNS initiates an inflammatory feed-forward response

(involving CD4", CD8* T cells, B cells and innate immune cells) in this organ, leading to
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demyelination, neuroaxonal loss and disruption of neuronal signaling and ultimately leading to

MS symptoms®.

1.3.3 MS immunopatterns

An important pathological hallmark of MS includes lesions or plaques characterized by
gliosis, inflammation and relative axonal preservation. The plaques are disseminated throughout
white and grey matter of brain and spinal cord, but are mainly found in subpial spinal cord, optic
nerves, brainstem, cerebellum, and periventricular white matter regions'*®. Inflammation is a
characteristic feature of these plagues which is more pronounced in acute phases of the disease
than in chronic phases®. There exists profound heterogeneity in the pathology of early active
plagues among different MS patients, but are identical among multiple active lesions analyzed
within a given patient!’°. As such, MS lesions have been classified into four immunopatterns based
on loss of specific myelin protein, oligodendrocyte destruction, plaque topography and
immunoglobulin and complement deposition!®, Pattern I lesions (found in 15% of MS patients)
are mainly characterized by T cell inflammation, active demyelination with many activated
microglia and myelin-laden macrophages, and absence of immunoglobulin and complement
deposition. Pattern Il lesions (found in 58% of MS patients) are similar to pattern | except that
immunoglobulin and complement deposition is observed at sites of active demyelination. Pattern
I11 lesions (found in 26% of MS patients) are characterized by oligodendrocyte apoptosis, T cell
inflammation, activation of microglia and macrophages, and early preferential loss of myelin-
associated glycoprotein (MAG), whereas other myelin proteins are partially preserved (indicates
metabolically stressed oligodendrocyte). In addition, no deposition of immunoglobulin and

complement is observed. Pattern IV lesions (found in only 1% of MS patients) are defined by
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nonapoptotic death of oligodendrocytes in periplaque non-demyelinated white matter. This data
thus indicates (but does not prove) a pathogenic role for T cells, macrophages and antibodies along
with complement in majority of MS patients. In addition, this classification underscores the

importance of considering interindividual heterogeneity while designing therapeutics.



CHAPTER TWO
FcRn-targeted antibody engineering to treat disease in an antibody-dependent
animal model of multiple sclerosis

This study has been published in the journal mAbs [Challa, D.K., Bussmeyer, U., Khan, T.,
Montoyo, H.P., Bansal, P., Ober, R.J. & Ward, E.S. Autoantibody depletion ameliorates disease
in murine experimental autoimmune encephalomyelitis. mAbs 5, 655-659 (2013)]. It is reprinted

here with permission from Taylor & Francis LLC (Reference number: P092116-01).

2.1 INTRODUCTION

Multiple sclerosis (MS) is a demyelinating, neurodegenerative disease involving
autoreactive T and B cells®®® %°, Evidence to support the involvement of antibodies in the
pathogenesis of this disease include multiple clinical and preclinical observations. The presence
of oligoclonal immunoglobulin G (IgG) bands (OBs) in the cerebrospinal fluid (CSF) of MS
patients was one of the first evidence pointing to the role of antibodies in this autoimmune disease.
Separation of MS patient-derived CSF proteins by electrophoresis reveals two or more sharp bands
corresponding to immunoglobulins (Ig) in ~80-95% of these patients*’* 172, The OBs are not found
in the corresponding serum samples (where 1gG is polyclonal), indicating local accumulation of
IgG specificities in the CSF. In other words, specific B cell clones in the CNS (upon stimulation)
differentiated into lg-producing plasma cells, each clone producing IgG of highly restricted
mobility on electrophoresis. In agreement with this, CSF and CNS lesions in MS patients were
shown to contain clonotypic B and plasma cells with restricted Ig receptor repertoire”*7". Further,

higher numbers of B cells and plasma cells are observed in the CNS of patients with pathologically

26
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active progressive MS compared with normal controls, and active and slowly expanding lesions
contain greater number of B cells and plasma cells than the normal white matter in MS patients®’®.
Importantly, antibodies in the serum and CSF of MS patients have been shown to bind CNS
antigens such as myelin oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP),
proteolipid protein (PLP), Myelin-associated glycoprotein (MAG) and neuroaxonal proteins!’®-182,
A more convincing demonstration of the pathogenic potential of MS autoantibodies is
derived from clinical observations involving therapeutic application of plasma exchange and
immunoadsorption. Plasma exchange involves removal of plasma from patient blood and its
replacement with human albumin or donor plasma, whereas immunoadsorption involves specific
removal of antibodies from patient blood. Therapeutic application of either of these apheresis
techniques have been shown to provide clinical benefit in steroid-unresponsive MS patients®3-18°,
Importantly, in a retrospective study, therapeutic plasma exchange was shown to improve the
neurological functioning in MS patients with pattern 11 lesions (characterized by immunoglobulin
and complement deposition) but not in patients with pattern I or 111 lesions®’: 18, Another study
tested the encephalitogenicity or pathogenic potential of IgG purified from a MS patient responsive
to immunoadsorption using an animal model of MS, experimental autoimmune encephalomyelitis
(EAE), which was induced by immunizing SJL/J mice with a low dose of proteolipid protein
(PLP)139-151 peptide. Administration of patient-derived 1gG to immunized mice on the day of
disease onset exacerbated the disease symptoms and increased demyelination and inflammation in
the CNS, however, such effects were absent when control 1gG was administered to the mice8®,
Autoantibodies targeting nearly all CNS cell types are formed in MS8 however, MOG is
considered as one of the most important target of autoantibodies in MS, due to its favorable (for

antibody binding) localization in the outermost layers of the myelin sheath as well as the cell body
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and processes of mature oligodendrocytes!®® 1. Importantly, demyelinating antibodies specific
for MOG can contribute to pathogenesis in MS and EAE models® 182, For example, in an in vitro
study, incubation of MS patient-derived serum (positive for anti-MOG antibody) with a
glioblastoma cell line, which has been transduced using a lentiviral vector to stably express MOG,
strongly decreased the cell number, but such an effect was not seen when cells transduced with an
empty vector were used'’®. In addition, transfer of concentrated anti-MOG antibody-containing
MS patient sera into MBP72-85-immunized rats on the day of disease onset did not affect the EAE
score but significantly increased demyelination and axonal loss'’®. Correspondingly, transfer of
mouse monoclonal (8-18C5) or polyclonal anti-MOG antibody into SJL/J mice immunized with a
low dose of PLP139-151 led to significant increase in EAE severity!®2,

The above observations indicate that agents that specifically lower 1gG levels in vivo could
be potential therapies for MS. Several different classes of reagents that decrease antibody levels in
vivo by inhibiting the MHC Class I-related receptor, FcRn, have been described? 30 140. 144, 146, 147,
193 Although these agents have been shown to be efficacious in animal models of autoantibody-
dependent myasthenia gravis'*® and rheumatoid arthritis** 1% it is unknown whether these FcRn-
targeted agents can ameliorate EAE. Therefore, the current study is directed towards analyzing the
therapeutic effects of an FcRn inhibitor in a mouse model of EAE that is both T cell and antibody
dependent®®,

Neonatal Fc receptor, FCRn, regulates the levels and transport of antibodies by binding and
recycling or by transcytosing 1gG molecules, thereby preventing their lysosomal degradation®: 2.
Thereby, FcRn blockade (inhibiting its binding to IgG) leads to degradation of 1gG that has been
taken up into cells by fluid phase pinocytosis® 2. With this aim, a novel class of antibody-based

inhibitors of FCRn were generated that are engineered to bind FcRn through their Fc regions with
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increased affinity in the pH range of 6.0-7.4°. These inhibitors, called Abdegs (‘antibodies that
enhance IgG degradation’), can efficiently enter the cells in a FcRn-dependent fashion and
compete with endogenous 1gGs for binding to FcRn, thus diverting them to the degradative,
lysosomal pathway within cells® *® (Fig. 2-1). Consequently, Abdegs can be used to induce a rapid
decrease in endogenous 1gG levels in the body® 127141, As such, in the current study, Abedgs were
shown to reduce the levels of an exogenously delivered encephalitogenic antibody in mice with
EAE. This effect translated to decreased accumulation of autoantibody in the CNS which in turn

led to reduced disease severity.
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Figure 2-1. Abdeg-mediated degradation of endogenous IgG. In the absence of Abdegs
(normal FcRn function; left panel), endocytosed wild type (WT) IgG binds to FcRn in the
endosomes and is subsequently recycled to the cell surface where WT IgG is released from
FcRn into the extracellular fluid. In contrast, in the presence of Abdegs (right panel), the
interaction of endocytosed WT 1gG with FcRn in the endosomes is blocked and
consequently, unbound WT 1gG is trafficked to the lysosomes for degradation. The
stoichiometry of the interaction between FcRn and 1gG is 2:1 (refer to section 1.2.1),
however, for simplicity a stoichiometry of 1:1 is shown in the figure.
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2.2 RESULTS

2.2.1 Development and characterization of an antibody-dependent EAE model

To study the effect of (auto)antibody depletion on EAE, we used a model recently developed
in our laboratory in which encephalitogenic anti-MOG antibodies exacerbate EAE®*. This model
involves the immunization of wild type (WT)!* rather than B cell deficient'*®, mice with a weakly
encephalitogenic peptide (residues 35-55 of human MOG, hMOG35-55), followed by the transfer
of the demyelinating, MOG-specific monoclonal antibody (mAb), 8-18C5 197 Delivery of 8-
18C5 into hMOG35-55 immunized mice at day 15 post-immunization exacerbates EAE relative
to the disease activity observed in phosphate-buffered saline (PBS) vehicle-treated mice (Fig. 2-
2A). In addition, treatment with isotype control (mouse 1gG1), anti-lysozyme antibody D1.31%
does not exacerbate EAE®. In order to confirm and determine the dynamics of localization of 8-
18C5 in the CNS following its administration into immunized mice, fluorescently labeled 8-18C5
was employed. Following injection, the accumulation and binding of 8-18C5 can be detected in
spinal cord sections at two hours post-delivery, and the levels of this mAb in the CNS increase at
six hours post-delivery (Fig. 2-2B). This EAE model is therefore instructive for the analysis of the

effects of decreasing (auto)antibody levels in vivo.

2.2.2 Abdegs efficiently deplete administered autoantibody from blood, whole
body and CNS tissues

To investigate the effects of MST-HN (M252Y/S254T/T256E/ H433K/N434F) Abdeg®
delivery on the clearance of 8-18C5 in mice with EAE, hMOG35-55 immunized mice were divided

into equivalent groups with similar mean and median clinical scores and injected with radiolabeled
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Figure 2-2. Exacerbation of EAE by transfer of 8-18C5 mAb into hMOG35-55-
immunized C57BL/6J mice. C57BL/6J mice were immunized with hMOG35-55 and
treated with 200 ng pertussis toxin on days 0 and 2. (A) On day 15, mice were sorted into
equivalent groups (n = 10 mice/group; mean disease score of ~1.5) and were injected
intravenously with 200 pg 8-18C5 or PBS vehicle. Mice were scored daily. Error bars
indicate SEM. Significant differences (p < 0.05; two-tailed Student’s t-test for pairwise
comparison of groups) between 8-18C5 and PBS treated mice are indicated by a bar. (B) On
day 15, mice were sorted into equivalent groups (n = 6 mice/group for 8-18C5 and 2
mice/group for PBS) and were treated as in (A), except that 200 ug Alexa 647-labeled 8-
18C5 or PBS vehicle was injected on day 15. Spinal cords were harvested at 2 or 6 hours
post-delivery of 8-18C5 or PBS, stained with anti-PLP antibody (pseudocolored red) and
imaged. Cropped images of representative data are shown. Alexa 647-labeled 8-18C5 and
DAPI stained nuclei are pseudocolored green and blue, respectively. For the PBS-injected
group the upper and lower images correspond to spinal cord harvested at 2 hours and 6 hours
post-delivery, respectively. The upper and lower panels in the 8-18C5 treated groups
correspond to spinal cord harvested at either 2 hours (middle column) or 6 hours (right
column) post-delivery. Bar =50 um.
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(1%1) 8-18C5 on day 17 post-immunization. The mean clinical score for each mouse group at the
time of 8-18C5 injection was ~1.5. Two hours later, mice were injected with Abdeg (human 1gG1-
derived) or, as controls, WT human IgG1 or PBS vehicle. A dose of 1.5 mg Abdeg (or WT 1gG1)
per mouse was chosen since the delivery of 1-2 mg MST-HN Abdeg per mouse induces a
maximum decrease in endogenous 1gG levels!*!, The levels of labeled 8-18C5 remaining in the
mice were determined by measuring radioactivity in blood samples, CNS tissue and whole body
(Fig. 2-3A,B). Abdeg delivery induces a rapid decrease in *?I-labeled 8-18C5 levels in the blood
and whole body relative to the slower clearance observed in control mice treated with WT 1gG1
or PBS vehicle. Importantly, 12I-labeled 8-18C5 levels in the spinal cord and brain were also lower
in mice following Abdeg delivery relative to those in WT IgG1-treated mice (Fig. 2-3C). Thus,

Abdegs are effective in reducing accumulation of this encephalitogenic mAb in the CNS.

2.2.3 Abdegs ameliorate autoantibody-induced exacerbation of EAE symptoms

We next assessed the effect of Abdeg delivery on 8-18C5-mediated exacerbation of EAE.
In initial experiments, the anti-lysozyme human IgG1 antibody?® that differs from the Abdeg at the
MST-HN mutation sites was used as a control. In contrast with our earlier studies in an arthritis
model**!, however, delivery of this antibody resulted in a slight exacerbation of disease relative to
control, vehicle-treated mice (data not shown). Trastuzumab, a human IgG1 anti-HER2 mAb that
does not recognize mouse HER2, was therefore used as a WT 1gG1 control. Mice were immunized
with 100 ug hMOG35-55 and, at day 15, divided into groups with similar mean and median clinical
scores (mean clinical score for each group ~2) and disease history prior to day 15. Two hours
following the delivery of 8-18C5, when this mADb is detectable in the CNS (Fig. 2-2B), mice were

treated with 1.5 mg MST-HN, or as controls, WT 1gG1 or PBS vehicle. The data presented in
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Figure 2-4 demonstrate that Abdeg delivery results in amelioration of EAE. The positive effect of
the Abdeg on disease activity is rapid and is observed within one day of treatment, consistent with
the dynamics of Abdeg-mediated clearance of 8-18C5 (Fig. 2-3). Although the delivery of WT
IgG1 into mice results in reduced disease activity relative to vehicle-treated mice, possibly due to
anti-inflammatory effects analogous to those described for high dose intravenous
immunoglobulins (IVIG)'*® 2%, the differences between WT IgG1- and PBS-treated mouse groups

are not significant for the majority of days post-treatment (Fig. 2-4).
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Figure 2-3. MST-HN Abdeg treatment induces a rapid decrease in the levels of 8-18C5
mMADb in vivo. Mice were immunized with hMOG35-55 as in Figure 2-2, sorted into
equivalent groups (n = 4-6 mice/group; mean disease score ~1.5) on day 17 and injected with
a mixture of 1?°I-labeled 8-18C5 and unlabeled 8-18C5 (total of 200 ng mAb/mouse). Two
hours later, mice were injected with 1.5 mg MST-HN, 1.5 mg WT IgGl or PBS.
Radioactivity levels were analyzed in blood (A) or by whole body counting (B) at the
indicated times. (C) 48 hours post-delivery of MST-HN or WT IgG1, mice were perfused
with heparin/PBS and CNS tissue (brains and spinal cords) isolated. Radioactivity levels in
these tissues were determined and mean values for each group are shown. Error bars indicate
SEM and in panels (A) and (B) are obscured by the symbols. Significant differences (p <
0.05; two-tailed Student’s t-test for pairwise comparison of groups) between MST-HN and
WT IgG1/PBS treated mice are indicated by *.
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Figure 2-4. Delivery of the MST-HN Abdeg ameliorates EAE. Mice were immunized with
hMOG35-55 as in Figure 2-2, sorted into equivalent groups (n = 8-9 mice/group; mean
disease score ~2) on day 15 and injected with 200 pg 8-18C5. Two hours later, mice in each
group were treated with 1.5 mg MST-HN, 1.5 mg WT IgG1 or PBS vehicle. Mice were
scored daily for disease activity. Data are combined from two independent experiments,
totaling 17-18 mice for each treatment group. Error bars indicate SEM. Significant
differences (p < 0.05; two-tailed Student’s t-test for pairwise comparison of groups) are
indicated by bars (MST-HN vs. PBS treated mice) and * (WT IgG1 vs. PBS treated mice).
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2.3 DISCUSSION AND CONCLUSION

This work has demonstrated that inhibition of FCRn function reduces the accumulation of
(auto)antibodies in the CNS and ameliorates disease in a mouse model of EAE in which antibodies
contribute to pathogenesis. Our studies indicate that FCRn blockade could have beneficial effects
in MS, given the evidence to support a role for antibodies in pathogenesis® 8 187, Currently
available treatments that lower 1gG levels are the use of IVIG'®®?%! plasmapheresis'® and
immunoadsorption?2, IVIG contains enriched preparations of serum IgG derived from several
human donors and it induces degradation of endogenous IgG by saturating FcRn% 2%, However,
the relatively low competitive activity of IVIG for FCRn necessitates the use of doses approaching
the whole body load of IgG (i.e. ~1-2 g/Kg body weight)14% 293, By contrast, Abdegs inhibit FcRn
at comparatively low doses (~50-100 mg/Kg)* ! due to their increased binding affinity for this
receptor. Further, IVIG is limited by supply?®*. Both plasmapheresis and immunoadsorption can
lead to side effects such as catheter-related bloodstream infections, catheter occlusion, deep vein
thrombosis and internal bleeding?®®>2%”. Immunoadsorption can be modified to remove only
antigen-specific antibodies from the patient serum, however, this approach has been shown to
suffer from several issues such as inefficient (adsorption) column due to low affinity of
autoantibodies, presence of autoantibodies that are specific to unidentified antigen or epitope,
etc?%2, Although B cells are the source for plasma cells that produce antibodies, B cell-depleting
anti-CD20 antibodies (rituximab and ocrelizumab), which have shown efficacy in treating MS, do
not delete long-lived, CD20-negative plasma cells and antibody levels remain unaffected?°8-212,

Several engineered or monoclonal 1gG-based therapies that target FCRn have been

developed and have shown promise in treating animal models of autoimmune diseases. These can
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be classified into three categories based on their binding properties for FcRn at physiological and
acidic pH. One category includes Fc-engineered 1gG that binds to FcRn with increased affinity at
acidic or endosomal pH, but has low affinity (comparable to WT antibody) towards FcRn at near
neutral or physiological pH. One such engineered IgG was shown to reduce ankle swelling in a
mouse model of arthritis, which was induced by administering human plasma from an RA
patient!®3. Antibodies belonging to this category do not enter the endosomes efficiently (i.e., poor
FcRn-mediated uptake into cells) due to low affinity for FcRn at physiological pH, as a result,
offer limited competition for binding to FcRn in the endosomes and require high or frequent dosing
to be efficacious'®®. A second category of FcRn blockers includes monoclonal antibodies that
block FcRn through their Fragment antigen binding (Fab) arms and inhibit recycling or salvage of
IgGs. Antibodies belonging to this category bind to FcRn with similarly high affinity at both acidic
and physiological pH*1%_ 1G3 is one such anti-FcRn antibody that has been shown to block
disease development and reduce disease symptoms in a passive and active rat model of myasthenia
gravis, respectively'#®. However, due to its high affinity towards FcRn at physiological pH, 1G3
has very short serum half-life (< 24 hours) in rats'*®. In contrast, Abdegs, which belong to the third
category of FcRn blockers, retain high but significantly lower affinity (higher than antibodies in
the first category but lower than antibodies in the second category) at pH 7.4 in comparison to pH
6.0%. In addition, Abdegs exhibit tight binding to FcRn at pH 6.03, similar to the antibodies in the
other two categories. These properties aid Abdegs to efficiently reach endosomes and compete
with endogenous WT 1gG and also retain relatively long half-life (~ 40 hours)? in comparison to
the antibodies that block FcRn through their Fab arms.

In the EAE model employed in this study, the disease exacerbation observed after antibody

administration is both anti-MOG antibody- and MOG-specific T cell-mediated — i) administration
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of anti-MOG antibody into ovalbumin-immunized mice does not induce EAE?*® (Priyanka Khare,
E. Sally Ward, unpublished) and ii) anti-MOG antibodies that show binding to mouse CNS
sections exacerbate the disease and the ones that do not recognize MOG in CNS sections are unable
to exacerbate the disease in this model*®. It is currently not known whether the T cells are required
for increasing the permeability of the blood-brain barrier to facilitate the entry of anti-MOG
antibodies into the CNS or for recruiting innate immune cells into the CNS that can mediate
antibody-dependent demyelination or both. An alternative, but not mutually exclusive mechanism
includes antibody-mediated activation or reactivation (in the CNS) of T cells. This mechanism is
supported by two recent reports?** 215, Specifically, anti-MOG antibodies have been demonstrated
to facilitate uptake of extremely low levels of endogenous MOG into antigen presenting cells
(APCs) in an Fc-dependent manner resulting in activation of MOG-specific T cells and EAE?!4,
Similarly, anti-MOG antibodies following diffusion into the CNS have been shown to enhance
antigen presentation by CNS-resident APCs, consequently leading to enhanced activation of
incoming effector T cells which in turn boosted immune cell recruitment and aggravated the
clinical disease?®. It will be of interest to analyze the effects of Abdeg-mediated autoantibody
depletion on T cell activation and immune cell infiltration into the CNS in EAE.

In conclusion, inhibition of FCRn using Abdegs provides a new potential treatment for MS
that, in combination with T cell-targeted treatments, could hold considerable promise for

ameliorating this complex disease.
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2.4 MATERIALS AND METHODS

2.4.1 Mice

Female C57BL/6J mice were purchased from the Jackson Laboratory and used at 9-10 weeks
of age. Mice were housed in the animal facility at University of Texas (UT) Southwestern Medical
Center and handled according to protocols approved by the Institutional Animal Care and Use

Committee.

2.4.2 Recombinant antibodies and MOG

Clinical grade WT human IgG1 trastuzumab (Herceptin®) was obtained from the pharmacy
at UT Southwestern Medical Center. NSO transfectants expressing WT humanized (IgG1) anti-
hen egg lysozyme antibody?*® and the MST-HN mutant derivative® (M252Y/S254T/T256E/
H433K/N434F) were cultured and antibodies were purified using lysozyme-Sepharose as
described previously?'®. The MST-HN mutant was also scaled up in a bioreactor by BioXCell
(West Lebanon, NH). Mouse 1gG1 (anti-hen egg lysozyme, D1.3'%) was purified using lysozyme-
Sepharose from hybridoma culture supernatants.

The Vi and V. domain genes of the 8-18C5 mAb (PDB code, 1PKQ)?!" were synthesized
(Genscript USA, Piscataway, NJ) and used to generate full-length (mouse 1gG1, kappa) expression
constructs with codons encoding the leader peptide of the immunoglobulin heavy
(MAVLVLFLCLVAFPSCVLS) and light (MKLPVRLLVLMFWIPASSS) chain genes of the
anti-lysozyme D1.3 hybridoma!® appended by PCR to the 5’ ends of the Vi and V. genes,

respectively. PCR products encoding the complete 8-18C5 heavy and light chain genes were
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cloned into pOptiVEC-TOPO and pcDNA 3.3-TOPO (OptiCHO™ antibody express kit, Life
Technologies, Grand Island, NY), respectively.

Stable CHO DG44 transfectants were generated by first transfecting the 8-18C5 light chain
expression construct and selecting the clone expressing the highest levels of light chain by ELISA.
This clone was then transfected with the 8-18C5 heavy chain expression plasmid. Stably
transfected clones were selected in Opti-CHO medium (Life Technologies, Grand Island, NY)
containing 500 pg/ml geneticin. The CHO DG44 clones expressing the highest levels of antibody
were identified by ELISAs using 96-well plates coated with recombinant mouse MOG and rabbit
anti-mouse immunoglobulin conjugated to HRPO (Life Technologies, Grand Island, NY) for
detection, and cultured in increasing concentrations of methotrexate (MTX, 50 nM-4 uM). For
large scale production of 8-18C5 mADb, transfectants were expanded and antibody purified using
protein G-Sepharose by BioXCell (West Lebanon, NH).

The extracellular domain (residues 1-121) of mouse MOG was expressed in recombinant
form in baculovirus-infected High Five ™ insect cells (Life Technologies, Grand Island, NY) using
an analogous construct design to that described previously for the production of recombinant
human MOG!% 218 except that codons encoding the honey bee melittin leader peptide sequence?'®

were appended to the 5” end of the gene.

2.4.3 Antibody labeling
The 8-18C5 mAb was labeled with Alexa Fluor 647 (Alexa 647) carboxylic acid
(succinimidyl ester; Life Technologies, Grand Island, NY) using methods recommended by the

manufacturer. lodination (*21) of 8-18C5 was carried out using lodogen as previously described?%.
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The activity of the labeled 8-18C5 was verified by carrying out surface plasmon resonance

(BlAcore) analyses.

2.4.4 EAE exacerbation, pharmacokinetics and treatment

C57BL/6J mice were immunized subcutaneously at four sites in the flanks with 100 ug
hMOG35-55 peptide (MEVGWYRPPFSRVVHLYRNGK; CS Bio, Menlo Park, CA) emulsified
with complete Freund's adjuvant (Sigma-Aldrich, St. Louis, MO) containing an additional 4 mg/ml
heat-inactivated Mycobacterium tuberculosis (strain H37Ra, Becton-Dickinson, San Jose, CA).
200 ng of pertussis toxin (List Biological Laboratories, Campbell, CA) was injected i.p. on days 0
and 2 to disrupt the blood-brain barrier. Mice were monitored daily for disease, and at day 15 were
sorted into equivalent groups using a cost function (implemented in MATLAB) based on EAE
scores prior to and including day 15. This cost function takes into account the similarity (in average
scores and covariance) and the standard deviation of the disease scores. On day 15, mice were
injected intravenously with 200 pg of Alexa 647-labeled or unlabeled 8-18C5 for
immunofluorescence and treatment, respectively. For immunofluorescence, one group of mice was
also injected with PBS as a control. Two or six hours later, mice in both groups were perfused with
heparin/PBS and spinal cords isolated. For treatment, groups of mice were injected 2 hours
following 8-18C5 delivery with MST-HN (1.5 mg/mouse), WT human IgG1 (1.5 mg/mouse) or
PBS vehicle. Clinical signs of EAE were assessed for up to 30 days after immunization. Scoring
of disease activity was as follows: 0, no paralysis; 1, limp tail; 2, moderate hind limb weakness; 3,
severe hind limb weakness; 4, complete hind limb paralysis; 5, quadriplegia; and 6, death due to

disease.
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To analyze the effects of MST-HN delivery on the levels of 8-18C5, mice were immunized
as above and were fed 0.1% Lugol (Sigma-Aldrich, St. Louis, MO) in water from day 14 onwards.
At day 17, the mice were sorted into equivalent groups and each mouse injected with a mixture of
15 pg #I-labeled 8-18C5 and 185 ug unlabeled 8-18C5. Two hours later, groups of mice were
injected with MST-HN (1.5 mg/mouse), WT human IgG1 (trastuzumab; 1.5 mg/mouse) or PBS
vehicle. Levels of radioactivity were determined at the indicated times in 10 ul blood samples by
gamma counting and by whole body counting using Atom Lab 100 dose calibrator (Biodex
Medical Systems, Shirley, NY). To determine the levels of radioactivity in the CNS, mice were
perfused with heparin/PBS 48 hours following the delivery of MST-HN or WT human IgGL1.
Following perfusion, brains and spinal cords were isolated and the levels of 1%1-labeled 8-18C5 in

these tissues were determined by gamma counting.

2.4.5 Immunofluorescence analyses

Spinal cord tissue was embedded in Tissue-Tek® OCT compound (Sakura Finetek USA,
Torrance, CA), sectioned (5 um thick) using a Leica cryotome and stored at -80°C. Frozen sections
were fixed in acetone (-20°C) and air-dried overnight. After washing with PBS, sections were
blocked using 5% goat serum, followed by incubation with polyclonal rabbit anti-mouse
proteolipid protein (PLP) antibody (Abcam, Cambridge, MA). Bound anti-PLP antibody was
detected using Alexa 555-labeled goat anti-rabbit IgG (Life Technologies, Grand Island, NY).
Following washing, coverslips were mounted using Vectashield mounting medium containing
DAPI (Vector Laboratories, Burlingame, CA).

Sections were imaged using a Zeiss Axiovert 200M inverted microscope equipped with a

Zeiss 20X, 0.5 NA Plan-Neofluar objective and an ORCA CCD camera (Hamamatsu). Images
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were acquired with filtersets specific for Alexa 555 Fluor (TRITC-B-000-ZERO; Semrock), Alexa
647 Fluor (Cy5-4040C-ZERO; Semrock) and DAPI (Part No 31013v2; Chroma Technologies).
The data were processed and displayed using the microscopy image analysis tool (MIATool)
software package (www4.utsouthwestern.edu/wardlab/miatool.asp) in MATLAB (Mathworks,
Natick, MA). The acquired images were embedded in 16-bit grayscale format and overlaid for
presentation. For comparative purposes, the intensities of the Alexa 647 Fluor channel were
adjusted in an analogous manner across the datasets. Images were exported into Adobe Photoshop

CS6 for final composition of the figures.

2.4.6 Statistical analyses

Statistical analyses were carried out using two-tailed Student’s t-test in the statistics toolbox

of MATLAB (Mathworks, Natick, MA). p values of less than 0.05 were taken to be significant.



CHAPTER THREE
FcRn-targeted antibody engineering to treat disease in a T cell-dependent
animal model of multiple sclerosis

This study has been published in the Journal of Autoimmunity [Challa, D.K., Mi, W., Lo, S.T.,
Ober, R.J. & Ward, E.S. Antigen dynamics govern the induction of CD4* T cell tolerance during
autoimmunity. J. Autoimmun. 72, 84-94 (2016)]. It is reproduced here under the terms of the

Creative Commons license (CC BY-NC-ND 4.0).

3.1 INTRODUCTION

Multiple sclerosis (MS) is a chronic, demyelinating disease of the central nervous system
(CNS) that represents a major cause of physical disability in young adults®, It is well established
that the aberrant activation of autoreactive CD4* T cells is a driver of MS®. Currently approved
therapies for MS that broadly target such cells include the depletion of lymphocyte subsets, the
targeting of lymphocyte activation and proliferation or the inhibition of leukocyte trafficking” 22,
However, these approaches can result in adverse side effects such as systemic toxicities and
increased risk for infection or cancer” ??*. Consequently, a need for the development of treatments,
such as tolerance induction, to selectively target autoantigen-specific T cells persists.

Induction of antigen-specific CD4" T cell tolerance involves the presentation or exposure of
the antigen (usually immunodominant peptides from the autoantigenic protein) to T cells in
tolerogenic rather than immunogenic conditions. Different protocols have been employed in the
past to achieve peptide-specific T cell tolerance. Altered peptide ligand (APL)-induced tolerance

is one such protocol, in which altered versions of native autoantigenic peptides are employed as
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tolerogens. APLs act as antagonist or partial agonist for native autoantigen-specific CD4" T cells,
leading to T cell anergy or immune deviation from highly encephalitogenic T helper (Th)1 or Th17
to poorly encephalitogenic Th2 responses, respectively??> 22, Consequently, APLs have been
shown to prevent or ameliorate disease in multiple animal models of MS#422", However, two
separate MS phase 11 clinical trials of myelin basic protein (MBP)83-99 were discontinued due to
severe adverse reactions, which either included exacerbations of MS or hypersensitivity
reactions??® 22°, Another protocol for inducing antigen-specific CD4* T cell tolerance involves the
administration of native autoantigenic peptides through mucosal (oral or nasal) route. Oral
administration of high dose of antigen into mice results in anergy or deletion of antigen-specific
CD4* T cells®* 2! whereas administration of low dose of antigen leads to bystander suppression
or activation of regulatory T cells (Tregs), which secrete suppressive cytokines such as
transforming growth factor-p (TGFp), IL-4 and IL-10%22%_In contrast, intranasal delivery of
single dose of antigen results in (incomplete) deletion of antigen-specific CD4" T cells and
multiple intranasal doses downregulate the capacity of antigen-specific CD4* T cells to produce
IL-2, interferon (IFN)-y and IL-4, but increases the production of IL-10 by these T cells?®. In both
prophylactic and therapeutic EAE studies, oral delivery of high or low dose of antigen has been
shown to suppress EAE in few studies, but not in other studies?*®-?*1, In contrast, nasal delivery of
single or multiple doses of antigen before EAE induction had a protective effect in most studies**
240244 however, treatment of ongoing EAE with nasal delivery of antigen has provided mixed
results including exacerbation of EAE?*1:243, Importantly, in MS clinical trials, oral administration
of whole bovine MBP provided no clinical benefit in comparison with the placebo group?*® 24°
An alternative cell-based protocol for inducing antigen-specific CD4" T cell tolerance is the

intravenous administration of antigen-coupled, ethylene carbodiimide (ECDI)-fixed splenocytes,
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referred to as antigen-coupled cells (Ag-SPs). Protein or peptide fixation to splenocytes using
ECDI involves the formation of peptide bonds between free amino and carboxyl groups®*'.
Multiple mechanisms have been shown to contribute to Ag-SP-induced tolerance. Peptide-coupled
Ag-SPs can directly present peptide:major histocompatibility complex (MHC) class Il complexes
to target CD4* T cells in the absence of costimulation to induce anergy?*®. Further, it was
demonstrated that uptake of intravenously delivered Ag-SPs by splenic marginal zone
macrophages induces production of 1L-10, which upregulates the expression of the
immunomodulatory co-inhibitory molecule programmed death-ligand 1 (PD-L1)?*°. Ag-SP
delivery also induces the generation of Tregs?*. Consequently, Ag-SPs were found to prevent
onset of EAE and ameliorate ongoing EAE?* 24 However, due to difficulties associated with
isolating isologous leukocytes and peptide coupling under good manufacturing practices,
polystyrene and poly(lactide-co-glycolide) (PLG) microparticles bearing encephalitogenic
peptides have been developed®™°. Upon intravenous delivery, microparticles coupled to
encephalitogenic myelin epitopes are taken up by splenic marginal zone MARCO™ macrophages,
subsequently resulting in antigen-specific T-cell anergy and generation of Tregs, thereby
preventing and treating EAE?. Although microparticle-based approach is a promising strategy
for T cell tolerance induction, it is associated with several limitations that are discussed later in
this chapter.

One of the most extensively explored protocol for the induction of antigen-specific CD4™ T
cell tolerance is to use multiple high doses (few micrograms to milligrams) of soluble
immunodominant peptides to delete or anergize autoreactive T cells in mice®> 2!, Exposure of T
cells to cognate antigen induces them to proliferate, but further T cell receptor (TCR) engagement

can stimulate the T cells to proliferate, become nonresponsive to antigen (anergic), or to
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apoptose/die (activation-induced cell death). The latter two prevail at high concentrations of
antigen® 19252 Several studies have shown efficacy of multiple high doses of antigen in protecting
against disease onset or reducing disease in animal models of MS&14, however, the translation of
such therapies into humans has been unsuccessful'® ¢, For example, in a phase 11 trial using an
MBP peptide in relapsing-remitting MS (RRMS) patients, the treatment showed no significant
benefit over the placebo-treatment, except for a subset of patients who were HLA DR2" and/or
DR4*%3, In a phase Il study with the same MBP peptide in secondary progressive multiple
sclerosis (SPMS) patients (HLA DR2* or DR4"), the treatment did not provide clinical benefit
compared with placebo®*. Further, there are significant safety concerns due to reports of fatal
anaphylaxis in many animal models of MS following the delivery of relatively high doses
(necessitated by rapid renal clearance!’) of autoantigenic peptides during ongoing disease!® 1°. A
longstanding, unsolved challenge is therefore to develop effective tolerizing agents that are safe
for the therapy of autoimmunity.

Chronic exposure to autoantigens during autoimmunity results in reduced disease severity,
with mouse studies indicating that this phenomenon results from Treg activation®®. In addition,
low dose, persistent antigen presentation during chronic viral infections can lead to CD4" T cell
exhaustion or dysfunction in an antigen-specific manner®®. We therefore reasoned that the
development of delivery vehicles to enable persistence of low levels of antigen could represent an
effective approach to induce antigen-specific T cell tolerance. However, the generation of antigen
delivery strategies to achieve such immune homeostasis is challenging due to the limited
understanding of the complex interplay between antigen longevity and intracellular trafficking

behavior, which in turn determine the efficiency of antigen presentation by APCs.
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Our Fc engineering studies indicate that antigenic peptide epitopes expressed as
immunoglobulin Fc-epitope fusions can be tuned to have different pharmacokinetics by
modulating their binding properties for the neonatal Fc receptor (FcRn)%’. The majority of
naturally occurring antibodies of the immunoglobulin G (1gG) class bind to FcRn at acidic pH (pH
6.0) but with an affinity that is negligible at near neutral pH*. Consequently, following entry into
cells bathed at pH 7.3-7.4 by fluid phase processes, 1gG can bind to FcRn in early acidic endosomes
and undergo recycling or transcytosis ** . These endosomal sorting pathways regulate the
homeostasis and transport of IgG in the body. Further, FcRn is expressed in all professional APCs
and is involved in antigen presentation®, In the current study, this knowledge has been used to
inform the design of a panel of Fc-epitope fusions comprising the N-terminal epitope of myelin
basic protein (MBP1-9) linked to engineered Fc regions with the goal of defining the requirements
for tolerance induction in a low antigen dose setting. Specifically, we have generated a panel of
Fc-MBP fusions with different subcellular trafficking behavior and in vivo clearance properties.
The effects of these engineered proteins on both the prophylactic blockade and treatment of disease
in an EAE model involving the immunization of B10.PL (H-2") mice with the immunodominant
epitope, MBP1-9 (with N-terminal acetylation) have been investigated.

By using Fc-engineering to tune antigen dynamics, we have established the design
requirements for antigen delivery vehicles that result in T cell tolerance and amelioration of
ongoing autoimmune disease. Importantly, these studies have been carried out using doses (1
ug/mouse; ~50 pg/kg) that are at least ~450-fold lower than those used previously as either soluble
antigen or peptides coupled to microparticles for the treatment of autoimmunity®* 2%, reducing
the risk of anaphylactic shock. Our analyses have defined a remarkably stringent threshold of

antigen persistence that is necessary to induce tolerance prior to disease induction and during
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ongoing disease. In these two settings, although the threshold for antigen persistence is the same,
the pathways of tolerance induction are mechanistically distinct: under prophylactic conditions,
antigen-specific T cells are deleted or anergized whereas during ongoing EAE, tolerance involves
the downregulation of T-bet and CD40L on antigen-specific T cells, combined with the induction
of regulatory Foxp3™ T cells. Our studies demonstrate that the delivery of low doses of Fc-epitope
fusions represents a promising strategy for the treatment of autoimmunity and other pathological,

T cell-mediated conditions.
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3.2 RESULTS

3.2.1 Generation of Fc-antigen fusion proteins with different in vivo dynamics

The binding of WT mouse 1gG1 or corresponding Fc fragment to mouse FcRn is highly pH-
dependent, with binding at pH 5.5 - 6 (early-late endosomes) that becomes negligible at pH 7 -
7.41. Engineered 1gGs with higher binding affinity than WT 1gG1 for FcRn at both acidic and near-
neutral pH confers increased (receptor-mediated) uptake of the antibody, limited exocytic release
during recycling, entry into lysosomes and reduced persistence® 2°. Two sets of Fc mutations that
alter FcRn binding were selected for this study: mutation-set (m-set)-1 (T252L/T254S/T256F/
E380A/H433K/N434F)* 122127 gand m-set-2 (T252Y/T256E/HA433K/N434F)%. Based on the
effects of these mutations on the equilibrium dissociation constants (Kps) of the interactions of
mouse lgG1-derived Fc-hinge fragments with mouse FcRn (Table 3-1), Fc fragments or 1gG
molecules harboring m-set-1 and m-set-2 mutations would be predicted to have distinct dynamic
properties in vivol. To confirm this, the pharmacokinetics of full length mouse IgG1 molecules
harboring m-set-1 and m-set-2 mutations were compared with their WT counterpart in mice (Fig.
3-1A). The exposure to these proteins (area under the curve, or AUC, of injected dose vs. time)
decreases in the following order: WT >> m-set-1 > m-set-2 (Fig. 3-1B).

We next generated Fc-MBP fusions comprising WT or mutated Fc fragments linked to
MBP1-9. Although multiple studies have demonstrated that this MBP peptide requires N-terminal
acetylation for T cell recognition, the replacement of the acetyl group with glycine generates an
analogous epitope?®®. Further, the fusion proteins contain the ‘4Y’ analog [MBP1-9(4Y)] of this
peptide, in which lysine at position 4 is substituted by tyrosine. This analog has higher binding

affinity for 1-AY than its parent peptide whilst retaining recognition by autoreactive T cells?>® 260,



Table 3-1. Binding properties of mouse Fc fragments

Binding to FcRn

Fc fragment (Ko, nM)
pH 6.0 | pH 7.4
WT 2182 | NB.”
m-set-1 2.6 114.6
m-set-2 11 20.4

“N.B. = no detectable binding.
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Figure 3-1. 1gGs or Fc-MBP fusions containing m-set-1 and m-set-2 mutations are
cleared more rapidly in mice compared with their WT counterparts. B10.PL mice (n =
4-5 mice/group) were injected with *?°I-labeled 1gGs (A, B) or Fc-MBP fusion (C). (A)
Remaining radioactivity levels in blood samples. (B, C) Areas under the curve (AUCs, cpm
h), calculated for fitted data following extrapolation to 1% injected dose. Error bars indicate
SEM and significant differences (p < 0.05; two-tailed Student's t-test) are indicated by *.
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The pharmacokinetics of the Fc-MBP fusions were analyzed in mice (Fig. 3-1C). Despite the lower
persistence of the Fc fusions compared with the corresponding parent 1gGs, most likely due to the
binding of the epitope extending from the CH3 domain of the Fc fragment to the MHC Class 11
molecule, 1-AU?52 the in vivo exposure (AUC) to the proteins decreased in the same order (Fig. 3-
1C). Throughout these studies, fusion proteins containing WT or Fc fragments with m-set-1 and
m-set-2 mutations were therefore designated Fc(long)-MBP, Fc(short)-MBP and Fc(v.short)-
MBP, respectively. Although the difference in exposure (AUC) between Fc(short)-MBP and
Fc(v.short)-MBP was significant, this difference was much lower than that for Fc(short)-MBP
compared with Fc(long)-MBP (Fig. 3-1C). Consistent with the differences in exposure for the Fc-
MBP fusions, the percentage remaining of the injected dose after one hour was 16.33 + 0.63% and
9.62 + 0.28 % for Fc(short)-MBP and Fc(v.short)-MBP, respectively, whereas for Fc(long)-MBP,

10.54 + 0.5 % of the injected dose remained after 118 hours.

3.2.2 Antigen persistence affects the proliferation of antigen-specific T cells in
Vivo

The effect of the distinct properties of the Fc-MBP fusions on the in vivo proliferation of
MBP1-9:1-At-specific CD4" T cells was next investigated. CFSE-labeled, purified CD4" T cells
isolated from MBP1-9:1-A"-specific TCR (VB8*) transgenic mice were used in adoptive transfers.
Prior to T cell transfer into WT B10.PL (I-AY) mice, 1 ug Fc-MBP fusion was injected into
recipients on different days (day -5, -3 and 0, referring to 5, 3 and 0 days before the cell transfer,
respectively, Fig. 3-2A). The percentage of divided CD4*CFSE*VB8* T cells was assessed in the
spleen and lymph nodes (LNs) three days following T cell transfer. As a control throughout these
studies, an Fc-MBP fusion in which the T cell contact residues, GIn3 and Pro6, of the MBP

peptide®®? are replaced by Ala [Fc(long)-MBP(3A6A)] was used. Fc(long)-MBP induced higher
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levels of proliferation in the spleens and LNs than Fc(short)-MBP for all treatments (Fig. 3-2B).
We have previously characterized the properties of Fc(v.short)-MBP in analogous assays®’, and
the behavior of Fc(short)-MBP is very similar (Fig. 3-2B). As expected, Fc(long)-MBP(3A6A)
induced no detectable proliferative response. Collectively, the data indicate that the increased
affinity for FcRn at near neutral pH of Fc(short)-MBP and Fc(v.short)-MBP confers decreased in
vivo persistence relative to Fc(long)-MBP, which in turn results in lower T cell responses in vivo

(Fig. 3-2B).

3.2.3 The induction of tolerance under prophylactic conditions is regulated by
antigen persistence

We next investigated the activity of low doses (1 pg/mouse; ~50 pg/kg) of the Fc-MBP
fusions in inducing T cell tolerance in a prophylactic setting. These low doses of fusion protein do
not affect the activity of FcRn in regulating 1gG half-life (Fig. 3-3). B10.PL mice were pretreated
with 1 ug Fc-MBP fusion and immunized 7 days later to induce EAE. Fc(long)-MBP(3A6A) was
used as a control. The majority of mice developed either no, or low grade, disease following
pretreatment with Fc(long)-MBP (Fig. 3-4A). Treatment of mice with Fc(short)-MBP was less
effective in ameliorating EAE, whereas Fc(v.short)-MBP treatment had no protective effect (Fig.
3-4A). Thus, low dose antigen induces prophylactic tolerance, but only if antigen persists above a
threshold level.

In addition to the shorter half-life of Fc(v.short)-MBP, the inability of Fc(v.short)-MBP to
induce tolerance (Fig. 3-4A) could be due to differences between this fusion and Fc(long)-MBP in
endolysosomal trafficking behavior which influences antigen presentation by FcRn-expressing
APCs%®:257 Specifically, the binding of engineered Fc fragments to FCRn at near neutral pH results

in efficient receptor (FCRn)-mediated uptake and accumulation in the endolysosomal pathway in
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Figure 3-2. In vivo persistence governs the response of cognate T cells to Fc-MBP
fusions. (A) Flow chart describing the experimental design. B10.PL mice were injected with
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Figure 3-3. Fc-MBP fusions do not affect the clearance rate of mouse 1gG1. B10.PL mice
(n = 4-5 mice/group) were injected with *?°I-labeled mouse 1gG1. 24 hours later (indicated
by arrow in panel A), the mice were injected with DPBS or 1 pg Fc-MBP fusion. (A)
Remaining radioactivity levels in blood samples. (B) B-phase half-lives of mouse 1gG1,
calculated for fitted data. Error bars indicate SEM. N.S., no significant difference (p > 0.05;
two-tailed Student's t-test).
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FcRn-expressing cells, by contrast with WT Fc fragments that enter cells by fluid-phase pinocytic
processes®. Consequently, using FcRn-transfected B lymphoblastoid (PL8:FcRn)?*’ cells as APCs,
Fc(short)-MBP induced significantly higher IL-2 production by cognate T cell hybridoma (#4625%)
cells than Fc(long)-MBP (Fig. 3-4B), whereas in the presence of PL8 cells (that do not express
FcRn), the Fc-MBP fusions induced similar levels of cytokine production (Fig. 3-4B;%7).
Analogously, in earlier studies we observed that Fc(v.short)-MBP stimulates T cells at around 600-
3,000 fold lower concentrations than Fc(long)-MBP in the presence of PL8:FcRn cells?®’. To
investigate whether this behavior contributed to the inability of a single dose of Fc(v.short)-MBP
to induce tolerance (Fig. 3-4A), we therefore compared the tolerogenic activity of five doses of 1
ug Fc(v.short)-MBP at 36 hour intervals, starting at 7 days prior to immunization, with a single,
equivalent bolus dose (5 ng) delivered at 7 days prior to EAE induction. Importantly, treatment
with multiple doses of Fc(v.short)-MBP offered partial protection against EAE, whereas bolus
administration of a five-fold higher dose of this Fc-MBP fusion did not affect disease activity (Fig.
3-4C). These observations indicate that antigen longevity, rather than endolysosomal trafficking
behavior, is a dominant factor governing T cell tolerance. In addition, given the relatively small
difference in the pharmacokinetic behavior of Fc(short)-MBP and Fc(v.short)-MBP in mice (Fig.

3-1C), the threshold of antigen persistence necessary for effective prophylaxis is stringent.

3.2.4 Antigen specific T cell numbers are reduced during prophylactic T cell
tolerance

To investigate the mechanism of prophylactic tolerance induction, Fc-MBP fusions were
delivered prophylactically and splenic antigen-specific T cells quantitated using fluorescently
labeled MBP1-9(4Y)-I-AY tetramers®'® ten days following immunization with MBP1-9. Antigen-

specific T cell numbers in the treated mice decreased in the order: Fc(v.short)-MBP (similar to
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Figure 3-4. Prophylactic tolerance induction is determined by antigen persistence. (A)
B10.PL mice were pretreated with 1 pg Fc-MBP fusion and immunized seven days later with
MBP1-9 to induce EAE. Mean clinical scores are shown. Data are combined from at least
two independent experiments (n = 13-30 mice/group). (B) IL-2 production by antigen-
specific T cell hybridoma (#46%%%) cells in response to the Fc-MBP fusions in the presence
of I-At-expressing PL8 or PL8:FCRn?>" cells. Data is representative of at least two
independent experiments. (C) B10.PL mice were pretreated with either 5 doses of 1 pg of
Fc(v.short)-MBP (starting at 7 days prior to immunization, at 36 hour intervals) or with a
single bolus dose of 5 pg of Fc(v.short)-MBP and immunized seven days later to induce
EAE. Mean clinical scores are shown. Data are combined from at least two independent
experiments (n = 18-26 mice/group). Error bars indicate SEM and significant differences (p
< 0.05; linear mixed effects model) are indicated by *.
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control mice) > Fc(short)-MBP > Fc(long)-MBP (Fig. 3-5A,B). In addition, prophylactic delivery
of a single dose of 5 ug Fc(v.short)-MBP resulted in higher numbers of antigen-specific T cells
compared with treatment using five repeated doses (1 ug/dose) of this Fc-MBP fusion (Fig. 3-5C).
Further, there were no significant differences between the numbers of CD4"Foxp3* Tregs in mice
treated with the different Fc-MBP fusions (Fig. 3-6). Consequently, there is a correlation between

antigen longevity, disease blockade and reduction in antigen-specific T cell numbers.

3.2.5 Antigen persistence regulates T cell tolerance induction during ongoing
disease

To assess therapeutic tolerance induction, mice were immunized with MBP1-9 to induce
EAE and treated with the different fusion proteins (1 ug/mouse; ~50 ug/kg) following the onset
of disease (EAE score of 1-2). Severe disease was observed in the control group of mice within 4-
5 days of disease onset, whereas treatment with Fc(long)-MBP resulted in either almost complete
recovery or lowered disease to a score of 1-2 following a transient increase in disease score (Fig.
3-7A). The therapeutic effect of Fc(short)-MBP was analogous to that of Fc(long)-MBP, whereas
by analogy with prophylactic tolerance, the treatment of mice with Fc(v.short)-MBP had no effect
on ongoing disease. This indicates a requirement for the Fc-MBP fusion to reach a threshold level
of persistence for therapeutic tolerance, with the threshold being tightly bounded by the in vivo
dynamics of Fc(short)-MBP and Fc(v.short)-MBP (Fig. 3-1C). Importantly, the delivery of a molar
equivalent of MBP1-9(4Y) peptide (33 ng/mouse), which is expected to be rapidly cleared (~ 2-
30 minutes!’) by renal filtration, was less effective in treating EAE than Fc(long)-MBP (Fig. 3-

7B).
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Figure 3-5. Prophylactic tolerance induction is accompanied by lower numbers of
antigen-specific T cells. (A, B, C) Quantitation of antigen-specific T cells in the spleens of
mice using fluorescently labeled MBP1-9(4Y):I-A" tetramers ten days following
immunization. % (boxed, A) and total numbers of CD4*tetramer* T cells (B, C) are shown.
Percentages (+ SEM) of CD4* T cells for mice treated with the Fc-MBP fusions were:
Fc(long)-MBP, 10.5 £ 0.9; Fc(short)-MBP, 11.4 + 0.3; Fc(v.short)-MBP, 12.4 £ 0.8;
Fc(long)-MBP(3A6A), 10.3 + 0.6; 5 ug Fc(v.short)-MBP, 10.6 £ 0.7; 5 x 1 pug Fc(v.short)-
MBP, 11.2 + 0.4. Dot plots show data for one representative mouse within each group (A),
and data in (B) and (C) are derived from 4-7 mice/group. Error bars indicate SEM and
significant differences (p < 0.05; two-tailed Student's t-test) are indicated by *. N.S., no

significant difference.
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Figure 3-6. Prophylactic tolerance induction does not result in increased numbers of
CD4*Foxp3* T cells. B10.PL mice were treated as in Fig. 3-4. (A, B) Numbers of
CD4"Foxp3* T cells in the spleens were determined using flow cytometry ten days following
immunization of mice with MBP1-9. Data are derived from 4-7 mice per treatment group.
Error bars indicate SEM. N.S., no significant difference (p > 0.05; two-tailed Student's t-
test).
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Figure 3-7. A threshold persistence level of Fc-MBP fusion is necessary for the
treatment of EAE. (A, B) B10.PL mice were immunized with MBP1-9 and treated with 1
ug Fc-MBP fusion or 33 ng MBP1-9(4Y) peptide following the onset of disease symptoms
(EAE score of 1-2). Mean clinical scores are shown. Data are combined from at least two
independent experiments (n = 9-26 mice/group). Error bars indicate SEM and significant
differences (p < 0.05; linear mixed effects model) are indicated by *.
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3.2.6 The mechanisms of prophylactic and therapeutic tolerance induction are
distinct

To elucidate the mechanism through which Fc-MBP fusions induce therapeutic tolerance,
cells from spleens and draining LNs were analyzed in mice from Fc(long)-MBP and control
treatment groups six days following treatment. Unexpectedly, and by marked contrast with the
prophylactic setting, the numbers of antigen-specific CD4" T cells in the spleens and LNs of
tolerized mice were approximately 10- and 4-fold higher, respectively, than in control mice (Fig.
3-8A). By contrast, quantitation of the antigen-specific T cells in the brain and spinal cord revealed
around 10-fold lower numbers in the spinal cord of Fc(long)-MBP-treated mice, whereas similar
numbers were detected in the brain (Fig. 3-8B). In the majority of murine EAE models,
inflammation predominates in the spinal cord rather than the brain?“. Also, MBP1-9-induced EAE
in B10.PL mice is primarily Thl cell-mediated®? 2% and it is well established that Th1 cells
promote the accumulation of macrophages in the CNS during EAE2%®. Consistent with the reduced
T cell infiltrates in the spinal cords of tolerized mice, macrophage numbers were also decreased at
this site (Fig. 3-8C).

The increased numbers of antigen-specific T cells in the periphery of tolerized mice,
combined with their reduced numbers in the CNS, prompted us to further characterize these cells
by quantitating their levels of the following markers: CXCR3, a4p1, a4p7, LFA-1, CTLA-4, PD-
1 and CDA4O0L. In addition, the intracellular levels of the master regulator of Thl lineage
development, T-bet, were analyzed. T-bet and CD40L were the only molecules that were
differentially expressed between the groups. T-bet levels were significantly lower in splenic
antigen-specific T cells obtained from mice treated with Fc(long)-MBP (Fig. 3-8D). This trend
was also seen in antigen-specific T cells obtained from draining LNs (constituting only ~ 20% of

the total number of antigen-specific T cells isolated from both spleen and LNs), but the difference
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was not statistically significant (Fig. 3-8D). Further, approximately threefold lower numbers of
splenic antigen-specific T cells were CD40L" in Fc(long)-MBP-treated mice by comparison with
T cells obtained from control mice (Fig. 3-8E). Importantly, mice treated with Fc(long)-MBP had
higher numbers of CD4"Foxp3* Tregs in the spleen and draining LNs (Fig. 3-8F) which did not
bind to MBP1-9(4Y):1-A" tetramers. The increase in CD4"Foxp3" Tregs, combined with decrease
in CD4"T-bet" antigen-specific (Th1) T cells, resulted in higher Treg:Th1 ratios in tolerized mice
(Fig. 3-8G). The treatment of mice with Fc(short)-MBP resulted in similar effects on splenic
antigen-specific T cell numbers, their phenotype and CD4*Foxp3* Treg numbers (Fig. 3-9),
demonstrating antigen-specific tolerance of splenic T cells combined with the amplification of

Tregs in tolerized mice.
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Figure 3-8. Tolerance induction during ongoing EAE results in increased numbers of
peripheral antigen-specific CD4" T cells with downregulated T-bet and CD40L levels
combined with reduced inflammatory infiltrates in the CNS. B10.PL mice were
immunized and treated with Fc(long)-MBP as in Fig. 3-7. Six days following treatment, mice
were sacrificed and tissues isolated for flow cytometry analyses to determine: (A) % (in
spleens) and total numbers (in spleens, LNs) of CD4"tetramer™ T cells; (B, C) % (in spinal
cords) and total numbers (in brains, spinal cords) of mononuclear infiltrates that are
CD4"tetramer® T cells (B) or F4/80*CD45" macrophages (C); (D) MFI levels for T-bet
amongst CD4*tetramer® T cells in spleens and LNs; (E) % CD4*tetramer*CD40L" T cells in
spleens; (F) % (in spleens) and total numbers (in spleens, LNs) of CD4"Foxp3* T cells; (G)
Treg (CD4"Foxp3* T cells):Th1l (CD4*tetramer*T-bet™ T cells) ratios in spleens and LNs. For
A-F, left panels show data for one representative mouse from each group. For A-C, F,
populations of interest are indicated in dot plots by solid circles or boxes. Percentages (+
SEM) of CD4" T cells for mice treated with the Fc-MBP fusions were: Fc(long)-MBP, 8.8 +
0.4 (spleens) and 34.8 + 1.5 (LNs); Fc(long)-MBP(3A6A), 14.7 =+ 0.9 (spleens) and 37.5 £
2.4 (LNs). Data are combined from at least two independent experiments (n = 5-8
mice/group; right panels). Error bars indicate SEM and significant differences (p < 0.05; two-
tailed Student's t-test) are indicated by *.
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Figure 3-9. Tolerance induction during ongoing EAE results in increased numbers of
peripheral antigen-specific CD4" T cells with downregulated T-bet and CD40L levels
combined with reduced inflammatory infiltrates in the CNS. B10.PL mice were
immunized and treated with Fc(short)-MBP as in Fig. 3-7. Six days following treatment,
mice were sacrificed and tissues isolated for flow cytometry analyses to determine: (A) %
(in spleens) and total numbers (in spleens, LNs) of CD4 tetramer™ T cells; (B, C) % and total
numbers of mononuclear infiltrates in the spinal cords that are CD4 tetramer™ T cells (B) or
F4/80*CD45" macrophages (C); (D) MFI levels for T-bet amongst CD4*tetramer* T cells in
spleens and LNs; (E) % CD4*tetramer* CD40L" T cells in spleens; (F) % (in spleens) and
total numbers (in spleens, LNs) of CD4"Foxp3* T cells; (G) Treg (CD4"Foxp3* T cells):Thl
(CDA4"tetramer*T-bet* T cells) ratios in spleens and LNs. For A-F, data for one representative
mouse from each treatment group is presented in the left panels. For A-C, F, populations of
interest are indicated in dot plots by solid circles or boxes. Percentages (+ SEM) of CD4* T
cells for mice treated with the Fc-MBP fusions were: Fc(short)-MBP, 9.5 + 0.8 (spleens) and
28.8 + 0.8 (LNSs); Fc(long)-MBP(3A6A), 11.5 + 0.6 (spleens) and 19.7 £ 2.7 (LNs). Data are
derived from 3-4 mice/group (A-C, E-G) or 7 mice/group (D). Error bars indicate SEM and
significant differences (p < 0.05; two-tailed Student's t-test) are indicated by *.
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3.3 DISCUSSION AND CONCLUSION

The induction of antigen-specific T cell tolerance represents a highly specific approach for
the treatment of autoimmunity. However, despite extensive preclinical analyses of the efficacy of
immunodominant peptides in tolerance induction, this strategy has met with limited success in the
clinic??8 247. 253,254 1mportantly, the short half-lives of peptides necessitate the use of relatively
high doses that can provoke anaphylaxis®® 1% 267, Here we have investigated the role of antigen
dynamics in tolerance induction, by determining the tolerogenic activity of low doses (~50 ng/kg)
of Fc fusions comprising an immunodominant MBP epitope linked to engineered Fc fragments
with different binding properties for FcRn. These mutated Fc fragments are designed to endow
different pharmacokinetic behavior on the appended antigen. Using this approach, we have
established that the in vivo persistence of antigen is critical for tolerance induction and, in addition,
have identified a requirement for a stringent threshold of persistence to achieve tolerance in both
prophylactic and therapeutic settings (Fig. 3-10).

The in vivo persistence of Fc-MBP fusions is governed by their interactions with FCRn in
endothelial cells and/or hematopoietic cells?. Amongst hematopoietic cells, all professional APCs
express FCRn?L 36 257.258 \/ariations in interactions between Fc-MBP fusions and FcRn therefore
also regulate epitope loading onto MHC class Il molecules and cognate T cell activation.
Consistent with our earlier study?’, Fc-MBP fusions that are recycled efficiently out of FcRn-
expressing cells lead to poor antigen presentation in vitro, whereas fusions such as Fc(short)-MBP
or Fc(v.short)-MBP that bind to FcRn with high affinity at near neutral and acidic pH accumulate
to relatively high levels in APCs and are efficiently presented. However, recycled Fc-MBP fusions

have prolonged in vivo persistence, whereas those that accumulate in FcRn-expressing cells have



72

A

Fc-MBP fusions engineered Pharmacokinetic behavior Prophylactic effect in EAE
at FcRn interaction sites

Above antigen

persistence threshold >

. Protective effect

'Y a A &

[ ] | (1] [ 1 A

B e R

{4 oy (L] Reduced inflammation
‘I‘\K:I‘ I"x‘\l x.‘ A in spleen

[ [ | (N N —

|§|\|‘S‘ |3“E‘| ‘ “3‘ Antigen )'

‘ L 4 ] v ___ persistence threshold >

No effect on

" - n 3 =z inflammation in spleen
Long-ived Shortdived V.shortived - - Below antigen fa y p!
persistence threshold 3 a— » — *

No protective effect

Fc-MBP fusions engineered Pharmacokinetic behavior Therapeutic effect in EAE
at FcRn interaction sites (
: )ﬁ Above antigen }

Therapeutic benefit

persistence threshold >

Reduced |nﬂ’-1mmatorv
infiltrates in spinal cord

Antigen
persistence threshold >

No effect on

O’ inflammatory infiltrates
Below antlgen (\ § in spmal cord
perS|sience threshold

No therapeuluc benefit

Figure 3-10. Effects of engineered Fc-MBP fusions on EAE. In a prophylactic setting (A),
delivery of long-lived and short-lived Fc-MBP fusion proteins results in reduced numbers of
antigen-specific CD4" T cells in the spleen and protection against the disease, whereas in a
therapeutic setting (B), delivery of these fusion proteins results in reduced numbers of antigen-
specific CD4* T cells and macrophages in the spinal cord and amelioration of the disease. In
contrast, delivery of very short (v.short)-lived Fc-MBP fusion protein does not have an effect
on inflammation and disease in either settings, indicating a requirement for stringent threshold
of antigen persistence for tolerance induction.
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comparatively short half-lives. Importantly, the induction of tolerance by five doses of Fc(v.short)-
MBP delivered over a seven day period prior to EAE induction, combined with the lack of efficacy
of an equivalent bolus dose of this fusion protein, demonstrate that the endolysosomal trafficking
properties of this protein do not mitigate tolerance induction if antigen persistence is prolonged.
In addition, the lack of protection by a single dose of this Fc-MBP fusion indicates a minimum
threshold of persistence of low dose antigen for tolerance induction that is tightly bounded by the
pharmacokinetic behavior of Fc(short)-MBP and Fc(v.short)-MBP.

Although the benefit of tolerance induction during ongoing disease is obvious, there are also
clinical situations where prophylactic T cell tolerance has potential applications such as the
prevention of transplant rejection and reduction of immune responses against protein-based
therapeutics?®®-27°, In addition, epitope spreading has been observed in patients and animal models
of MS?"%272 and T cells specific for spread epitopes can induce EAE relapses®’3. Consequently,
prophylactic tolerization of naive autoreactive T cells specific to potential ‘spreading’ epitopes
combined with tolerization of activated autoreactive T cells may result in effective treatment.

By analogy with prophylactic tolerance induction, a threshold of antigen persistence that is
delimited by the behavior of Fc(short)-MBP and Fc(v.short)-MBP is also a requirement for the
amelioration of ongoing disease. Analyses of the effects of Fc-MBP fusions reveal that although a
fusion protein with a shorter persistence (Fc(short)-MBP) is less effective as a tolerogen in the
prophylactic setting than its longer lived counterpart, Fc(long)-MBP, both fusion proteins have
similar therapeutic activity during EAE. This is possibly due to the different sensitivities of naive
and primed T cells to antigenic stimulation?’*. In addition, the mechanisms of prophylactic and
therapeutic tolerance are distinct: prophylactic tolerance induction results in reduced numbers of

antigen-specific CD4" T cells in the periphery, indicating T cell deletion or anergy. By contrast,
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in a therapeutic setting tolerance is unexpectedly accompanied by increased numbers of peripheral
antigen-specific CD4" T cells. This contrasts with the induction of T cell apoptosis in mice
following the delivery of multiple high doses (400 pug/mouse) of acetylated MBP1-11 following
the adoptive transfer of autoreactive CD4* T cells®.

Importantly, we observe that the increased numbers of splenic antigen-specific T cells in the
tolerized mice harbor significantly reduced levels of T-bet, which is essential for the
encephalitogenicity of Thl cells?”® and has been reported to be downregulated in tolerized Thl
cells?®. In addition, CD40L levels are substantially lower in the majority of splenic antigen-
specific T cells in the tolerized mice. Studies using both CD40L knockout mice and anti-CD40L
blocking antibodies support a critical role for this molecule in T cell activation and EAE induction
or progression®’” 28, Importantly, the downregulation of T-bet could be a downstream effect of
reduced CD40L levels, since CD40L is required for the induction of co-stimulatory molecules
such as B7.1 and B7.2 on APCs?’’. Our observation that tolerance induction during active EAE is
accompanied by amplification of CD4"Foxp3* Tregs, combined with reports that durable tolerance
is dependent on the expansion of Tregs?*® 2%, suggest that Fc-epitope fusions will have long term
effects.

Earlier studies have demonstrated that the delivery of relatively high doses of hapten-1gG
conjugates can result in immunological tolerance, although the molecular mechanism was not
defined?’®. More recent analyses have revealed the presence of conserved T cell epitopes, or
Tregitopes, in 1gGs that activate regulatory T cells?®. Importantly, the Tregitope sequences
identified to date are not altered by the Fc mutations used to generate shorter-lived Fc-MBP fusions
in the current study. However, the doses of Tregitopes typically used are substantially higher than

those of Fc-MBP fusions. Although we cannot exclude a contribution of the tolerogenic properties
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of Tregitopes to the amelioration of EAE, our results show that antigen persistence is a crucial
factor for tolerance induction.

Polystyrene or PLG microparticles coupled with antigenic peptides have also been used to
induce tolerance under both prophylactic and therapeutic conditions in murine EAE?. This
approach has also been used with less success in an islet transplant model (e.g. administration of
donor antigen-coupled PLGA microparticles induced tolerance in about 20% of recipient mice)?.
Tolerance induction using Fc-peptide fusions differs from microparticle-based approach in several
important respects: first, the amount of peptide in Fc-MBP fusions is around ~450-600-fold lower
than that used with peptide-coupled microparticles. This low dose is expected to reduce the risk of
anaphylactic shock and disease exacerbation. Second, the microparticles are injected intravenously
and were reported to be ineffective when delivered subcutaneously®®. By contrast, the established
use of this pathway for the delivery of therapeutic antibodies or Fc fusions?2-28 indicate that
tolerogenic Fc-peptide fusions can be effectively delivered via this route. Third, the persistence of
Fc-antigen fusions can be modulated and even increased by Fc engineering!?? 123 127 to optimize
tolerogenic effects (the requirements for tolerance induction are predicted to vary in different
pathological conditions), whereas for microparticles such tuning is not readily achievable.

MS is a very heterogeneous disease in terms of clinical course, the characteristics of
demyelinating lesions and response to therapy*’®. Nevertheless, in the active lesions corresponding
to the different disease types (pattern I-111), T cells and macrophages predominate in the
inflammatory infiltrates’®. Hence, in the current study we employed an EAE model for which
autoreactive T cells and macrophages are drivers of demyelination?#? 2%, By contrast with the
immunodominance of acetylated MBP1-9 in B10.PL mice®®, T cells specific for multiple

neuroantigen-derived epitopes contribute to pathology in MS?™* 272 |mportantly, Fc fusions
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harboring multiple peptides can be readily generated. In combination with the emergence of
approaches to define T cell epitopes for pathological or protective immune responses in
individuals®’, this provides support for the clinical translation of tolerance induction using long-
lived Fc fusions.

In summary, by using Fc engineering to tune antigen dynamics, this study reveals that a
stringent threshold of antigen persistence is a prerequisite for antigen-specific T cell tolerance
induction. Low doses of relatively long-lived, Fc-epitope fusions are effective in ameliorating EAE
in both prophylactic and therapeutic settings. Our observations not only provide mechanistic
insight into tolerance induction, but also have direct relevance to the development of tunable,

efficient and safer tolerogens.
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3.4 MATERIALS AND METHODS

3.4.1 Mice

B10.PL (H-2") mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice
that transgenically express the 1934.4 TCR (1934.4 tg mice?®®) or clone 19 TCR (T/R* tg mice?®)
were kindly provided by Dr. Hugh McDevitt (Stanford University, CA) and Dr. Juan Lafaille (New
York University School of Medicine, NY), respectively. Both the 1934.4 and clone 19 TCRs are
specific for MBP1-9 complexed with 1-A428. 289 and have similar affinities for antigen®®. Mice
were bred in a specific pathogen-free facility at the University of Texas Southwestern Medical
Center or Texas A&M University and were handled in compliance with institutional policies and
protocols approved by the Institutional Animal Care and Use Committees. 6-10 week old male or

female mice were used in experiments.

3.4.2 Peptides
The N-terminal, acetylated peptide of MBP (MBP1-9, Ac-ASQKRPSQR) and MBP1-9(4Y)

(Ac-ASQYRPSQR) were purchased from CS Bio (Menlo Park, CA).

3.4.3 Production of recombinant proteins

Expression constructs for the production of full length anti-lysozyme antibodies (WT, m-
set-1 and m-set-2) were generated by isolating the cDNA encoding the heavy chain and light chain
from the D1.3 hybridoma (mouse 1gG1, anti-hen egg lysozyme)'®8. The mutations were inserted
into the WT heavy chain gene using splicing by overlap extension and cloned into pOptiVEC™.-

TOPO® vector (Life Technologies, Grand Island, NY) for expression. The light chain gene was
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cloned into pcDNA™3.3-TOPO® vector (Life Technologies, Grand Island, NY). Complete
sequences of expression plasmids are available upon request. The light chain expression construct
was transfected into CHO DGA44 cells by electroporation. Stable clones of CHO DG44 cells were
selected for light chain expression using previously described methods!®. The light chain
transfectant expressing the highest levels of recombinant protein was used as a recipient for the
heavy chain constructs. Clones expressing the highest levels of anti-lysozyme antibody were
selected and recombinant antibodies purified from culture supernatants using lysozyme-
Sepharose?'®. Mouse IgG1 (anti-hen egg lysozyme, D1.3'%®) was purified using lysozyme-
Sepharose?'® from hybridoma culture supernatants.

Expression plasmids encoding WT or mutated (m-set-2) mouse IgGl-derived Fc-hinge
connected at the C-termini through a Gly-Ser-Gly-Gly linker to codons encoding the MBP1-9(4Y)
epitope or MBP1-9(4Y) epitope with residues 3 and 6 of the peptide replaced by alanine have been
described previously®’. The glycine at the N-terminus of the peptide mimics the acetyl group that
is necessary for T cell recognition of the MBP epitope?®. The m-set-1 mutations were inserted
into the WT Fc-MBP fusion construct using splicing by overlap extension and designed
oligonucleotide primers. All Fc-MBP fusion genes were cloned into pEF6/V5-His vector (Life
Technologies, Grand Island, NY). Fc-MBP fusion constructs were transfected into CHO-S cells,
stable transfectants selected and recombinant proteins purified from culture supernatants as
described previously®’. Analogous methods were used to generate Fc-hinge variants (WT, m-set-
1, m-set-2) without the C-terminal MBP1-9 epitope. Complete sequences of expression constructs

are available upon request.
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3.4.4 Recombinant peptide-MHC complexes
Soluble, recombinant MBP1-9(4Y):1-A" complexes were generated using baculovirus-
infected High Five insect cells and purified as described previously?'®. The complexes were site-

specifically biotinylated and multimeric complexes (“tetramers”) were generated using PE-labeled

ExtrAvidin (Sigma-Aldrich, St. Louis, MO).

3.4.5 Cell lines

The MBP1-9:1-A-specific T cell hybridoma #46 has been described previously?®3. The I-
A'-expressing B lymphoblastoid line PL8 was generously provided by Dr. David Wraith
(University of Bristol, Bristol, U.K.). PL8:FcRn cells were generated by stably transfecting PL8
cells with an expression construct encoding mouse FcRn tagged at the C-terminus with

GFP, followed by selection with G418 (600 pg/ml, Life Technologies, Grand Island, NY)%’.

3.4.6 Surface plasmon resonance analyses

Equilibrium dissociation constants of WT and mutated mouse Fc-hinge fragments (IgG1-
derived) for binding to recombinant mouse FcRn were determined using surface plasmon
resonance and a BlAcore 2000. Mouse Fc-hinge fragments were immobilized by amine coupling
chemistry (to a density of ~250-850 RU) and BlAcore experiments carried out as described
previously, using soluble mouse FcRn in phosphate-buffered saline (PBS) plus 0.01% Tween pH
6.0 or 7.4 as analyte?®*. FcRn binds to two sites on IgG that are not equivalent?®. This results in
Kb estimates for two dissociation constants, and the values for the higher affinity interaction sites

are presented. The data were processed as described previously?®*.
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3.4.7 T cell stimulation assay

Fc-MBP fusions were added to 96-well plates containing PL-8 or PL-8:FcRn cells (5 x
10* cells/well) and MBP1-9:1-At-specific T cell hybridoma #46 cells (5 x 10* cells/well). I1L-2
levels in culture supernatants following 24 hours of incubation were assessed using a sandwich
ELISA with the following reagents: rat anti-mouse IL-2 capture antibody (clone, JES6-1A12;
Becton-Dickinson, San Jose, CA), biotinylated rat anti-mouse IL-2 detection antibody (clone,
JES6-5H4; Becton-Dickinson, San Jose, CA) and ExtrAvidin-Peroxidase (Sigma-Aldrich, St.

Louis, MO).

3.4.8 Pharmacokinetic experiments

6-10 week old female B10.PL mice were fed 0.1% Lugol (Sigma-Aldrich, St. Louis, MO)
in water starting at 72 h before i.v. injection in the tail vein with 1%I-labeled (using lodogen as
described previously??) IgGs or Fc-MBP fusions (10-15 pg per mouse). Levels of radioactivity
in 10 ul blood samples were determined at the indicated times by gamma counting. To determine
the AUC for IgGs and Fc-MBP fusion proteins, data were fitted to a bi-exponential decay model
using custom software written in MATLAB (Mathworks, Natick, MA). The area under each of
these bi-exponential model curves between time t = 0 and the time at which the extrapolated curve
reaches 1% of the injected dose was calculated.

To investigate whether the Fc-MBP fusions affected the activity of FcRn in regulating the
clearance rate of IgG, 6-10 week old male B10.PL mice were fed 0.1% Lugol (Sigma-Aldrich, St.
Louis, MO) in drinking water for 72 h prior to i.v. injection with 10-15 pg of %°I-labeled mouse
IgG1 (anti-hen egg lysozyme, D1.3). 24 hours later, the mice were i.v. injected with 1 ug Fc-MBP

fusion or vehicle (PBS) control. Levels of radioactivity in 10 pl blood samples were analyzed at
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the indicated times by gamma counting and -phase half-lives following injection of Fc-MBP

fusion or vehicle determined as described previously?°.

3.4.9 Analyses of proliferative responses of transferred antigen-specific T cells

Antigen-specific CD4* T cells were isolated from the splenocytes of MBP1-9:1-A"-specific
TCR transgenic mice (1934.4 tg?® and T/R* tg?®°) through negative selection using a MACS CD4*
T cell isolation kit (Miltenyi Biotec, San Diego, CA). Female B10.PL mice were i.v. injected with
1 pug Fc-MBP fusion. One hour (‘Day 0°), 3 or 5 days following Fc-MBP fusion delivery, 5x10°
CFSE-labeled CD4" T cells were injected i.v. into the mice. Three days later, splenocytes and LN

cells were isolated for flow cytometry analyses.

3.4.10 Induction of EAE

8-10 week old male B10.PL mice were immunized subcutaneously at four sites in the flanks
with 200 pg acetylated MBP1-9 (CS Bio, Menlo Park, CA) emulsified with complete Freund’s
adjuvant (Sigma Aldrich, St. Louis, MO) containing an additional 4 mg/ml heat-inactivated
Mycobacterium tuberculosis (strain H37Ra, Becton-Dickinson, San Jose, CA). In addition, 200 ng
pertussis toxin (List Biological Laboratories, Campbell, CA) was injected i.p. on days 0 (0 h) and
2 (45 h).

Scoring of disease activity was as follows: 0, no paralysis; 1, limp tail; 2, moderate hind limb
weakness; 3, severe hind limb weakness; 4, complete hind limb paralysis; 5, quadriplegia; and 6,

death due to disease. Clinical signs of EAE were assessed for up to 30 days after immunization.
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3.4.11 Prophylactic and therapeutic treatment of mice with Fc-MBP fusions
For tolerance induction in a prophylactic setting, male B10.PL mice were injected i.v. with
1 ng Fc-MBP fusion and seven days later, immunized with MBP1-9 and treated with pertussis
toxin to induce EAE. In some experiments, mice were treated with 5 doses of 1 pg Fc(v.short)-
MBP (starting at 7 days prior to immunization, at 36 hour intervals) or with a single dose of 5 ng
Fc(v.short)-MBP delivered 7 days prior to immunization. For tolerance induction during ongoing
disease, mice were injected i.v. with 1 pg Fc-MBP fusion at the onset of EAE (mean clinical score

of 1-2).

3.4.12 Antibodies and flow cytometry analyses

Single cell suspensions from spleen, draining LNs (axillary, brachial and inguinal), brain
and spinal cord were obtained by mechanical disruption and forcing through 70 pum cell strainers
(Becton-Dickinson, San Jose, CA). For experiments involving analyses of immune cells in the
CNS, mice were perfused with heparinized PBS before collecting the organs. Splenic cell
suspensions were depleted of erythrocytes using red blood cell lysis buffer.

Mononuclear cells from CNS cell suspensions were obtained using Percoll (1131 g/ml, GE
Healthcare) gradients. Briefly, cells were washed with 37% Percoll and suspended in 30% Percoll
which was then layered over 70% Percoll and centrifuged at 2118 g. Following centrifugation, the
cells at the interface were collected, washed with PBS and used for flow cytometry analyses.

For intracellular staining to detect Foxp3 and T-bet, cells were initially surface-stained,
followed by fixation and permeabilization using Foxp3 staining buffer set (eBioscience, San
Diego, CA). Permeabilized cells were incubated with fluorescently labeled anti-Foxp3 or anti-T-

bet antibodies and washed with PBS.
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To detect antigen-specific CD4" T cells, single cell suspensions from spleens and LNs were
incubated with PE-labeled MBP1-9(4Y):1-A" tetramers for 90 minutes at 12°C, followed by
washing with PBS.

Flow cytometry analyses were performed using a FACSCalibur (Becton-Dickinson, San
Jose, CA) or LSRFortessa (Becton-Dickinson, San Jose, CA) and data analyzed using FlowJo
(Tree Star, Ashland, OR). Antibodies specific for the following were purchased from either
Becton-Dickinson (San Jose, CA), eBioscience (San Diego, CA) or Biolegend (San Diego, CA):
CD4 (RM4-5), Foxp3 (FIK-16s), T-bet (4B10), CD40L (MR1), F4/80 (BM8), PD-1 (29F.1A12),
CTLA-4 (UC10-4B9), LFA-1 (H155-78), CXCR3 (CXCR3-173), 04 (R1-2), 1 (HMP1-1), 04B7

(DATK32) and CD45 (30-F11).

3.4.13 Statistical analyses

Tests for statistical significance for flow cytometric analyses of cell numbers and
pharmacokinetic data were carried out using two-tailed Student's t-test in the statistics toolbox of
MATLAB (Mathworks, Natick, MA). Due to the longitudinal nature of the measures of clinical
scores over time, we compared the clinical score profiles between the groups of mice in disease
experiments using the linear mixed effects model with AR(1) covariance structure with Statistical
Analysis System software (SAS Institute Inc., Cary, NC). p values of less than 0.05 were taken to

be significant.



CHAPTER FOUR
Macrophages represent an important site of FcRn-mediated 1gG homeostasis

4.1 INTRODUCTION

The regulation of the levels and transport of antibodies of the immunoglobulin G (IgG) class
in the body represents a fundamental aspect of humoral immunity that also has direct relevance to
the effective delivery of antibody-based therapeutics and diagnostics. Although it is established
that the neonatal Fc receptor, FcRn, plays a central role in these processes, the sites of FCRn activity
at the organ and tissue level remain poorly defined. FCRn is a recycling or transcytotic receptor
that binds to the majority of naturally occurring 1gGs at acidic, endosomal pH, but with negligible
affinity at near neutral pH*. Consequently, ligand uptake into cells bathed at physiological pH (7.3-
7.4) is dependent on fluid phase rather than receptor-mediated pathways. The activity of FCRn in
different cell types is therefore expected to not only to depend on FcRn expression levels and
recycling or transcytotic rates, but also on pinocytic activity and local concentrations of 19gG. The
challenges associated with distinguishing these different factors in an in vivo setting have to date
limited definition of the cell types that contribute to IgG homeostasis. In the current study, we have
used a combination of ex vivo and in vivo approaches, including mouse strains that conditionally
lack FcRn, to resolve these issues.

Although studies have demonstrated that FCRn in hematopoietic cells (HCs) and endothelial
cells (ECs) contributes to 1gG homeostasis®® 24 8 92 the contribution of individual cell types to
this process has not been delineated. Of the HCs, monocytes, macrophages, B cells and dendritic

cells (DCs) express functional FcRn?°. The expression of FcRn in these HCs is of particular
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relevance to IgG homeostasis for the following reasons: firstly, the HCs in the circulation
(monocytes and B cells) are exposed to relatively high concentrations of IgG, similar to vascular
ECs. Secondly, macrophages, monocytes and dendritic cells are characterized by avid
pinocytosis?®2, Lastly, macrophages are ubiquitous and constitute a significant fraction of cells in
most organs in the body?%32%, Further, hyperproliferative disorders that dysregulate HC numbers
will modulate IgG homeostasis if the affected cell type represents a significant depot of FCRn
activity. Apparently, in chronic myelomonocytic leukemia an increase in cells of the myeloid
lineage (monocytosis and leukocytosis with monocytes and granulocytes in the bone marrow) is
accompanied by abnormally high IgG levels in the absence of plasmacytosis?®” 2%, suggesting that
one or more cell types belonging to the myeloid lineage contribute to the regulation of 1gG
concentrations. Understanding how FcRn regulates 1gG levels in different disease states through
alterations in the levels of cell types with FcRn activity therefore represents an important step
toward understanding pathogenesis.

Inflammation and microbial products can modulate FcRn expression in HCs. For example,
tumor necrosis factor (TNF)-a, interleukin-13, CpG oligodeoxynucleotide, lipopolysaccharide
enhance the expression of FcRn in HCs of human origin®®. In contrast, interferon-y treatment
downregulates FCcRn expression in HCs of both mouse and human origin®. These observations
indicate that IgG homeostasis mediated by FcRn in HCs might differ between steady state and
inflammatory conditions. Understanding these differences would require mice that conditionally
lack (or express) FcRn and could reveal new therapeutic pathways to modulate FCRn activity in
pathological conditions. Further, alterations in 1IgG homeostasis (due to a pathological condition)
can have implications for T cell-mediated immune responses since in vivo 1gG levels or local

concentrations of 1gG can affect the formation of IgG-based immune complexes, which in turn
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deliver the antigen to antigen presenting cells (APCs). FcRn, in combination with the classical
FcyRs, also plays a role in the trafficking of immune complexes to antigen processing
compartments involved in both MHC Class | and 1l loading in APCs, aiding T cell stimulation®®,
Observations made using mice that overexpress FCRn supports these effects of FcRn levels on the
regulation of T cell immunity?9® 3%,

In the current study, multiple strains of mice were generated that conditionally lack FcRn in
monocytes/macrophages, B cells and DCs using the Cre/loxP technology. Importantly, the
specificity of FcRn deletion was verified using an assay that indicates the levels of functional FcRn
in different cell types. The effect of site-specific deletion of FCRn on IgG pharmacokinetics and
steady state levels was assessed, which demonstrates that macrophages are an important site for
IgG homeostasis. Interestingly, depletion of splenic macrophages does not affect IgG homeostasis
but whole body depletion of macrophages significantly reduces IgG half-life. In this context, in
FcRn knockout (KO) mice, alveolar macrophages and to lesser extent macrophages in the skin and
liver accumulate higher levels of exogenously delivered 1gG compared with macrophages in
kidney, intestine, muscle, spleen and lymph nodes. Importantly, alveolar macrophages from FcRn-

sufficient mice are efficient in recycling 1gG in an ex vivo assay.
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4.2 RESULTS

4.2.1 Generation and characterization of cell type-specific FCRn KO mice
Amongst HCs, FcRn is expressed in monocytes, macrophages, DCs and B cells?® 2%, To
investigate the role of FCRn in regulating IgG homeostasis in these cells, we intercrossed FCRn-
floxed mice?® with mice transgenic for LysM-Cre*°*, CD11c-Cre3?? and CD19-Cre3®® with the goal
of generating macrophage-, DC- and B cell-specific FcRn KO mice, respectively. To determine
the specificity of FcRn deletion in these conditional FcRn KO mice, flow cytometry was used to
assess the accumulation of a mutated human IgG1l (MST-HN,
M252Y/S254T/T256E/H433K/N434F)® that binds to mouse FcRn with increased affinity at acidic
and near-neutral pH (Kq = 1.2 nM at pH 6.0; K¢ = 7.4 nM at pH 7.2)3. This mutated human IgG1
is efficiently endocytosed into FcRn-expressing cells by receptor-mediated uptake® 3. As a control
for both fluid phase accumulation and FcyR-mediated endocytosis, a mutated human 1gG1 variant
(H435A) that has substantially reduced affinity for FcRn relative to its wild type parent antibody*®*
was used. Loss of FcRn was specific to monocytes/macrophages in LysM-Cre-FcRn1o¥flox mice
(M-KO mice; Fig. 4-1A,B, 4-2). By contrast with the restriction of FcRn deletion to macrophages
in M-KO mice, however, in both CD11c-Cre-FcRnfofox and CD19-Cre-FcRnffo* mice FcRn
deletion was not specific to DCs and B cells, respectively. In CD11c-Cre-FcRn /M mice, FcRn
activity was lost in all HCs and liver ECs (data not shown), whereas in CD19-Cre-FcRn"¥™* mjce
(B-DC-KO mice), FcRn deletion occurred in both DCs and B cells (Fig. 4-1A,B). Consequently,
CD11c-Cre-FcRnfox mice were not used in these studies, whereas B-DC-KO mice provided a

model for selective loss of FcRn in both B cell and DCs.
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Figure 4-1. Specificity of FcRn deletion in different FCRn KO mice. (A) Splenocytes were
isolated, pooled (from 2-3 mice/genotype) and incubated with anti-FcyRIIB/III (2.4G2)
antibody at 4°C followed by Alexa 647-labeled MST-HN or H435A mutant at 37°C to assess
FcRn-mediated uptake. (B) Summary of FcRn expression data shown in (A). Data shown is
representative of at least two independent experiments. M-KO, LysM-Cre-FcRn1o¥flox: M-Het,
LysM-Cre-FcRn"/*: B-DC-KO, CD19-Cre-FcRnfl¥flox: B_.DC-Het, CD19-Cre-FcRnf*;
Tie2e-KO, Tie2e-Cre-FcRnfo¥oX: Tie2e-Het, Tie2e-Cre-FcRn"™*: G-KO, FcRn’; |,
reduced; ||, greatly reduced; WT, wild type.
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To further explore the expression of FCRn in macrophages in M-KO mice, we investigated
the expression of FCRn in both F4/80P"9"CD11b'" [fetal hematopoietic stem cell (HSC)- or yolk
sac erythro-myeloid precursors (EMPs)-derived] and F4/80'°“CD11b"%" [bone marrow HSC-
derived] macrophages®*+3% in lung, kidney and liver (Fig. 4-3). Both cell subsets at these sites
expressed FcRn in the control mice, and deletion of FcRn was observed in these cells in M-KO
mice, with the exception of F4/80P"9"CD11b'" macrophages in the liver.

Earlier studies in our laboratory demonstrated that the intercrossing of Tie2-Cre mice with
FcRn-floxed mice resulted in a mouse strain lacking FcRn expression in all ECs and HCs?,
consistent with the observations of others that Tie2 promoter activity is not specific to EC
subsets®973%, With the goal of assessing the contribution of ECs to the regulation of IgG levels,
we therefore crossed the FcRn-floxed mice with Tie2e-Cre mice, for which Cre expression has
been reported to be EC-specific®®. However, Tie2e-Cre-FcRnf™/Mo* (Tig2e-KO) mice exhibited
partial or complete deletion of FcRn in macrophages, B cells, DCs and heart ECs although this
activity was retained in lung ECs (Fig. 4-1A,B, 4-2). In addition, these mice exhibited similar
activity of FCRn in monocytes compared with the corresponding control mice, Tie2e-FcRnf/*
(Tie2e-Het; Fig. 4-1A,B). As an alternative approach toward achieving EC-specific deletion,
intercrossing of the FcRn-floxed mice with tamoxifen-inducible Cdh5(PAC)-CreERT2 mice3!!
resulted in only partial loss of FcRn in ECs (data not shown). Consequently, we were not able to

obtain a mouse strain in which deletion of FcRn was restricted to ECs.

4.2.2 Macrophages are the predominant cell type among HCs that contribute
to FcRn-mediated 1gG homeostasis

We next analyzed the pharmacokinetics of mouse 1gG1 (migG1) in M-KO, Tie2e-KO, B-

DC-KO, their corresponding controls and, as a comparator, global FcRn KO (G-KO™) and wild
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Figure 4-2. ECs express normal levels of FcRn in M-KO mice and reduced levels of
FcRn in Tie2e-KO mice. Single cell suspensions from heart and lung were isolated, pooled
(from 3-4 mice/genotype) and incubated with anti-FcyRIIB/III (2.4G2) antibody at 4°C
followed by Alexa 647-labeled MST-HN or H435A mutant at 37°C to assess FCRn-mediated
uptake. Data shown is representative of at least two independent experiments.
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Figure 4-3. Tissue resident macrophages in M-KO mice are FcRn-deficient. Single cell
suspensions from kidney, lung and liver were isolated, pooled (from 3-4 mice/genotype) and
incubated with anti-FcyRIIB/IIT (2.4G2) antibody at 4°C followed by Alexa 647-labeled
MST-HN or H435A mutant at 37°C to assess FcRn-mediated uptake. Data shown is
representative of at least two independent experiments.
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type (WT) C57BL/6J mice. The B-phase half-life of migG1l was the longest in C57BL/6J mice
(~295 h). Surprisingly, the B-phase half-life of migG1 in M-KO mice (~42 h) was substantially
reduced compared with that in control mice [LysM-Cre-FcRn/* (M-Het), ~248 h], but was only
slightly longer than that observed in G-KO mice (~36 h) (Fig. 4-4). In addition, the half-life of
migGL1l in Tie2e-KO mice (~48 h) which have normal levels of FcRn in monocytes (in comparison
to their corresponding controls), but greatly reduced levels in macrophages was substantially lower
compared with that in control mice (Tie2e-Het, ~175 h) and was only slightly higher in comparison
to M-KO mice (Fig. 4-4). By contrast, the half-life of mIgG1 in B-DC-KO mice (~203 h) was not
statistically different from that observed in the control mice [CD19-Cre-FcRn"* (B-DC-Het),
~228 h] (Fig. 4-4).

The steady state levels of 1gG and albumin in the serum of the different mouse strains were
also determined. The IgG levels in M-KO and G-KO mice were ~0.5 mg/ml and ~0.15 mg/ml,
respectively, compared with ~1.45 mg/ml in the control mice (M-Het) (Fig. 4-5A). The 1gG levels
in Tie2e-KO mice were ~0.55 mg/ml in comparison to 1.35 mg/ml in the control mice (Tie2e-Het)
which is indicative of slightly higher IgG levels in comparison with M-KO mice (Figure 4-5A).
Similar observations were made for the serum albumin levels in different conditional FcRn KO
mice to those for serum IgG levels, except that the decrease in the levels relative to corresponding
controls was lower (Fig. 4-5B). This difference is possibly due to feedback regulation of albumin
synthesis rates®'?. These observations indicate that macrophages are a dominant cell type in
regulating 1gG homeostasis. In addition, the higher steady state IgG levels in M-KO mice relative
to G-KO mice are most likely due to salvage of IgG by other cells such as ECs and/or epithelial
cells, although the absence of an EC or epithelial cell specific KO mouse precluded direct analysis

of the role of these cell types.
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Figure 4-4. 1gG1 has a short half-life in M-KO mice that is only slightly longer than the
half-life in G-KO mice. (A) FcRn KO and control mice (3-6 mice/genotype) were injected
(i.v.) with ®1-labeled mouse WT IgG1 and whole body radioactivity levels assessed at the
indicated times. Data shown is representative of at least two independent experiments, except
for C57BL/6J mice. (B) Half-lives and B-phase half-lives of mlgG1 in different FcRn KO and
control mice are shown which were obtained by fitting the whole body pharmacokinetic data
to a decaying mono-exponential (M-KO, Tie2e-KO and G-KO) or bi-exponential model (M-
Het, Tie2e-Het, B-DC-Het, B-DC-KO and C57BL/6J), respectively. Data shown is combined
from at least two independent experiments (n = 7-14 mice/group), except for C57BL/6J mice
(n=3mice). Error bars indicate SEM [obscured by the symbols in (A)]. Significant differences
(*, p<0.05; **, p<0.01; *** p <0.001; one-way ANOVA) between the groups are indicated.
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Figure 4-5. M-KO mice have reduced serum IgG and albumin levels. Serum 1gG (A) and
albumin (B) levels were determined using ELISA. Data shown is representative of 5-13
mice/genotype. Error bars indicate SEM. Significant differences (*, p < 0.05; **, p < 0.01,;
*** p <0.001; one-way ANOVA) between the groups are indicated.
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To investigate further the residual activity of FcRn in M-KO mice, serum IgG levels in M-
KO, control FcRn-sufficient and G-KO mice were determined following the treatment of mice
with the MST-HN mutant (Abdeg) that inhibits FCRn binding to wild type IgGs and as such,
enhances the degradation of endogenous antibodies when delivered into mice3. As expected, MST-
HN treatment did not modulate serum IgG levels in G-KO mice (Fig. 4-6). By contrast, serum IgG
levels in control, M-Het mice were reduced by ~35% and ~67% at 6 h and 24 h post-treatment,
respectively and the IgG levels recovered to only ~55% of that observed in untreated mice at 120
h post-treatment. Importantly, in M-KO mice, a significant drop in serum IgG levels (~38%) was

only observed at 24 h post-treatment (Fig. 4-6).

4.2.3 Systemic depletion of macrophages and depletion of splenic macrophages
alone have different effects on IgG homeostasis

The deletion of FcRn in both splenic and tissue-resident macrophages in M-KO mice (Fig.
4-1A,B, 4-3), prompted us to further investigate the role of these different macrophage types in
FcRn-mediated 1gG homeostasis. We therefore employed the following models to systemically
deplete macrophages or deplete only splenic macrophages: first, macrophage Fas-induced
apoptosis (MaFIA) transgenic mice which represent the only well characterized model in which
systemic macrophage depletion has been demonstrated®®. Second, the treatment of mice with
clodronate liposomes to specifically deplete splenic macrophages. MaFIA mice harbor a transgene
for a cytoplasmic membrane-bound fusion of two consecutive copies of FK506 binding protein
(FKBP) and cytoplasmic domain of Fas under the control of macrophage-specific macrophage
colony-stimulating factor receptor (c-fms) promoter. FKBP preferentially binds the dimerization
drug AP20187 and following the administration of AP20187 70-95% of macrophages undergo

313

Fas-mediated apoptosis in various tissues®*°. The clearance rate of mlgG1 was significantly faster
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in AP20187-treated MaFIA mice in comparison with control animals (Fig. 4-7A,B). By contrast,
the pharmacokinetics of mlgG1 was not affected in mice following clodronate liposome treatment
(Fig. 4-8A,B), which resulted in ~90-99% reductions in splenic macrophage numbers (Fig. 4-8C)

and partial macrophage depletion in the liver (data not shown).

4.2.4 High pinocytic rates enable macrophages to play an important role in
FcRn-mediated 1gG recycling

We next wanted to determine the mechanism(s) through which macrophages are superior to
ECs with respect to 1IgG homeostasis, especially because ECs also express FCRn and are present
throughout the body. IgG destined for degradation or recycling is taken into the cells through fluid
phase uptake/pinocytosis. Hence, the pinocytic rate is a critical factor that could govern the ability
or efficiency with which the cells participate in the 1gG-recycling process. We hypothesized that
macrophages perform higher pinocytic uptake of IgG in comparison with ECs?®? which enable
them to play a major role in IgG homeostasis. To test this hypothesis, we studied the accumulation
of fluorescently-labeled, intravenously-injected mlgG1 in ECs and macrophages of various tissues
(lung, kidney, liver, skin, muscle, spleen and lymph nodes) in G-KO mice. migG1 accumulated to
very high levels within macrophages of lung (localized in the alveolus) and to lesser extent in
macrophages of skin and liver (Fig. 4-9). In addition, mlgG1 accumulation was also observed
within few macrophages of kidney, intestine, spleen and lymph nodes (data not shown). In
contrast, liver was the only organ in which mlgG1 accumulated to detectable levels within ECs
(sinusoidal) (Fig. 4-10). The accumulation of mlgG1 (on a per-cell basis) observed in sinusoidal
ECs was lower in comparison with that in lung macrophages (Fig. 4-9, 4-10). Importantly, primary
alveolar macrophages isolated from C57BL/6J mice efficiently accumulated and recycled migG1

following in vitro pulse and chase incubations, respectively (Fig. 4-11). In contrast, although
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alveolar macrophages from G-KO mice accumulated 1gG, they did not recycle this ligand (Fig. 4-
11), indicating that the recycling observed in macrophages from C57BL/6J mice is FcRn-
mediated. These observations confirm that macrophages are highly efficient in non-specific uptake

of 1gG, allowing them to make an important contribution to IgG homeostasis.
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Figure 4-6. M-KO mice have very low levels of functionally active FcRn. M-KO and
control mice (4-5 mice/genotype) were treated (i.v.) with 1.5 mg of MST-HN mutant
(Abdegs) and serum IgG levels were determined at indicated times using ELISA. Data shown
is representative of two independent experiments. Error bars indicate SEM. Significant
differences (*, p < 0.05; **, p <0.01; ***, p < 0.001; one-way ANOVA) between the groups
are indicated.
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Figure 4-7. Systemic macrophage depletion results in significantly reduced persistence
of mlgG1. MaFIA mice (8 mice/group) were treated with AP20187 [10 mg/kg (i.v.) on days
0,1, 2,3 and 4 and 1 mg/kg (i.p.) on days 7, 10, 13 and 16] or mock alone and %I-labeled
mIlgG1 was injected (i.v.) on day 5. (A) Whole body radioactivity levels were assessed at the
indicated times. (B) B-phase half-lives of migG1 in different mice are shown which were
obtained by fitting the data in (A) to a decaying bi-exponential model. Data shown is
representative of two independent experiments. Error bars indicate SEM [obscured by the
symbols in (A)]. Significant difference (***, p < 0.001; two-tailed Student’s t-test) between
the groups is indicated.
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Figure 4-8. Splenic macrophage depletion does not affect the persistence of migG1l. (A)
C57BL/6J mice (5-6 mice/group) were intravenously treated with clodronate (1.5 mg/dose)
or PBS (control) liposomes at 0 h and 48 h and *?I-labeled mIgG1 was injected (i.v.) at 18
h, following which whole body radioactivity levels were assessed at the indicated times post-
antibody injection. (B) B-phase half-lives of mlgG1 in different mice are shown which were
obtained by fitting the data in (A) to a decaying bi-exponential model. (C) C57BL/6J mice
(3 mice/group) were treated with clodronate or control liposomes as in (A) and splenocytes
isolated at 60 h following the second injection of liposomes to quantitate the efficiency of
macrophage depletion using flow cytometry. % (boxed) of F4/80°"9"CD11b"" and
F4/80"°“CD11b"9" macrophages are shown. Monocytes were gated out for this analysis. Data
shown is representative of two independent experiments. Error bars indicate SEM [obscured
by the symbols in (A)]. N.S., no significant difference (p > 0.05; two-tailed Student's t-test).
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Figure 4-9. Macrophages in lung, and to a lesser degree in skin and liver, are very active
in performing fluid phase uptake of intravenously injected migG1. G-KO mouse was
injected (i.v.) with 1.5 mg of Alexa 647-labeled mlgG1 and after 50 h the mouse was
perfused and different organs collected for immunohistochemistry. The localization of the
injected antibody (psuedocolored in green) within macrophages (psuedocolored in red) was
studied using F4/80 immunostaining. Scale bar = 20 pm. Data shown is representative of at
least two independent experiments.
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Figure 4-10. ECs in the liver pinocytose intravenously injected migGl. G-KO mouse
was injected (i.v.) with 1.5 mg of Alexa 647-labeled migG1 and after 50 h the mouse was
perfused and different organs collected for immunohistochemistry. The localization of the
injected antibody (psuedocolored in green) within ECs (psuedocolored in red) was studied
using CD31 immunostaining. Scale bar = 20 um. Data shown is representative of at least two
independent experiments.
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Figure 4-11. Alveolar macrophages can efficiently recycle mlgGl ex vivo. (A)
Bronchoalveolar lavage cells were obtained from C57BL/6J and G-KO mice, pooled (from
4 mice/genotype) and pulsed with 200 pg/ml of Alexa 647-labeled migG1 for 10 minutes at
37°C. The cells were subsequently chased for 0 or 45 minutes at 37°C, followed by surface
staining for F4/80. Cell-associated fluorescence (Alexa 647) levels in F4/80" cells was
analyzed by flow cytometry and presented as histogram overlays. (B) Normalized (with

respect to 0’ chase values) mean fluorescence intensity (MFI) of mIgG1 for the data shown
in (A).
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4.3 DISCUSSION AND CONCLUSION

Monoclonal Abs, Fc-fusion protein therapeutics and Ab-drug/toxin conjugates have recently
become some of the most effective drugs to treat various types of cancers, autoimmune and
infectious diseases and prevent transplant rejection. One important factor responsible for the
success of Ab-based therapeutics (of the IgG class) is long in vivo half-life or persistence, which
is mediated by FcRn-dependent IgG recycling. Although the intracellular mechanism that governs
IgG recycling is well understood!, the sites of IgG homeostasis in vivo have not been
unambiguously identified. Studies carried out using cell type-specific FcRn KO (Tie2*FcRnfloX/flox)
mice indicated that ECs and HCs are the primary sites where FcRn-mediated 1gG recycling is
carried out®. In order to evaluate the contribution of FcRn in macrophages, DCs and B cells in
IgG salvage, we generated mice that conditionally lack FcRn in these cell types. Our results
indicate that FCRn in macrophages is indispensable for the long in vivo half-life of 19gG. These
observations were also confirmed using whole body macrophage depletion. Further, our results
indicate that receptor-independent uptake of IgG by FcRn-expressing cells is a crucial factor that
governs the relative contribution of these cells to FcRn-mediated IgG homeostasis. Importantly,
alveolar macrophages are very efficient in fluid phase uptake of intravenously-delivered 1gG and
are capable of performing FcRn-dependent IgG recycling. To our knowledge, this is the first study
to show an important role of macrophages in regulating 1gG persistence.

Cre-loxp technology was employed in the current study to generate cell type-specific FCRn
KO mice. Importantly, few recent publications have revealed problems with respect to the
specificity of cre expression in some of the commonly used mouse lines®** 3, Therefore, in order

to draw conclusions from experiments performed using these genetically modified mice, we
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employed a flow cytometry-based functional assay to verify the specificity and efficiency of knock
down of the gene product in various KOs we generated. This assay involves comparison of the
cellular uptake of an antibody has tight binding to FcRn at both acidic and near neutral pH with
the uptake of an antibody that does not bind to FcRn at either pH3 204445,

To generate macrophage-specific FcRn KO mice, LysM-Cre mice®*! were crossed with
FcRnM¥MX mice?, It has been shown that cre expression in LysM-Cre mice is limited to
macrophages and neutrophils®®t. However, neutrophils in C57BL/6J mice do not express FCRn?.
Analysis of FcRn deletion efficiency and specificity in LysM-Cre-FcRn /Mo mice revealed
almost complete deletion in splenic macrophages and partial deletion in monocytes. For generating
DC-specific FcRn KO mice, CD11c-Cre mice3%? were employed, however, the resultant mice
lacked FcRn in multiple cell types including all HCs and ECs. Although, CD11c-Cre mice have
been used in the past to delete genes of interest specifically in DCs, our results combined with
recently published results of others®4 indicate that CD11c is expressed in HCs other than DCs at
some stage of their development or differentiation. Further, cre-mediated recombination efficiency
depends on the level of recombinase activity and the size of the gene (i.e, the distance between the
loxp sites)®!® — modest cre expression might be inadequate for efficient deletion of a large gene.
Hence, the specificity of gene deletion using a particular cre strain might depend on the size of the
targeted gene. Interestingly, although no problems have been reported with regards to the
specificity of CD19-Cre mice3®, crossing these mice with FcRn-floxed mice lead to FcRn deletion
in both B cells and DCs. The observed FcRn deletion in DCs could be either due to CD19-Cre or
constitutive FcRn deletion in FcRnMfox Jine (different from the line used for generating M-KO
mice with respect to number of backcrossings to C57BL/6J mice) that was used for generating

these mice. Further studies have to be carried out to identify the cause of this deletion. Finally, for
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generating EC-specific FcRn KO mice, Tie2e-Cre mice®! and tamoxifen-dependent Cdh5(PAC)-
CreERT2 mice3!! were employed. Tie2e-Cre-FcRn¥fo* mice exhibited partial FcRn deletion in
heart ECs and also in all the HCs except monocytes. Although these mice cannot be used as EC-
specific KOs, these mice were used to evaluate the contribution of FCRn in monocytes in
conjunction with LysM-Cre-FcRn /M mjce, In tamoxifen-treated Cdh5(PAC)-CreERT2-
FcRnf¥X mice, partial FcRn deletion was observed in heart ECs but no deletion was observed in
the lung ECs. Hence, additional cre transgenic mice or different tamoxifen administration
protocols have to be tested in order to generate EC-specific FCRn KO mice.

To evaluate the contribution of FcRn in different cellular compartments of HCs, the whole
body pharmacokinetics of mlgG1 was studied in different cell type-specific FcRn KOs and G-KO
mice. Surprisingly, the half-life of mIlgG1 in M-KO mice was only slightly longer than that
observed in G-KO mice. Since, monocytes and classical DCs in M-KO mice exhibit partial FCRn
deletion it is not possible to evaluate the role of macrophages in FcRn-mediated 1gG homeostasis
using the M-KO mice alone. However, Tie2e-KO mice, in which many cell types including
macrophages exhibit marked reduction in FCRn expression, but monocytes harbor normal levels
of FcRn the half-life of migG1 is only slightly longer than that measured in M-KO mice. In
addition, specific deletion of FcRn in DCs and B cells (B-DC-KO) does not significantly affect
the half-life of mlgG1. Hence, in combination, these observations indicate that the contribution of
FcRn in macrophages to 1IgG homeostasis greatly surpass the contribution by this receptor in other
HCs. The lack of a major role for B cells in FcRn-mediated 1gG homeostasis could be due to low
pinocytic rate?®? and FcRn expression levels, whereas for DCs, the reason could be their relatively

low numbers in the body.
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Similar to the pharmacokinetic data, quantification of serum IgG and albumin levels in
different KO mice indicated that among HCs, macrophages are an important site of FCRn activity
in the context of 1gG and albumin homeostasis. Although the half-life of migG1 in M-KO mice
was only slightly different from that in G-KO mice, the steady state serum 1gG levels in M-KO
mice were only ~66% lower in comparison to the control mice as opposed to ~89% lower in GKO
mice. If the synthetic rate of 1gG is similar between M-KO and G-KO mice, this behavior can be
explained based on the presence of residual FcRn-mediated 1gG salvage activity in M-KO mice,
as confirmed by IgG depletion studies using MST-HN.

IgG pharmacokinetics has been studied in the past in bone marrow chimeras of G-KO and
WT mice to evaluate the relative contribution of the hematopoietic compartment and parenchymal
compartment to FcRn-mediated IgG homeostasis. One such study demonstrated that the
contribution of the hematopoietic compartment to IgG salvage is greater than that of the
parenchymal compartment®® &, in agreement with the results presented here. However, two other
studies based on a similar approach indicated that parenchymal cells and HCs play equal roles?*
92 These different results could be due to the fact that although the recovery of tissue resident
macrophages (after lethal irradiation and bone marrow transplantation) occurs mostly via donor
bone marrow-derived cells, the remaining irradiated host tissue resident macrophages retain the
capability to self-maintain by local proliferation®!’. Thereby, the donor chimerism among tissue
macrophages will not be 100%3!’. Importantly, a change in the effective irradiation dose (e.qg.,
lethal vs sublethal) and a change in the competition from donor-derived cells to repopulate the
tissues can affect the percentage of chimerism3!"-318_In this context, different protocols were used
for bone marrow transplantation in the above mentioned studies. Further, it was recently (several

years after reporting of bone marrow transplantation studies described above) confirmed that tissue
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resident macrophages, which self-maintain locally throughout adult life, are derived from fetal
HSCs or yolk sac-derived EMPs and not from bone marrow HSCs3% 308317 and the macrophages
derived from these different progenitor sources are phenotypically different®!8 31° These findings
indicate that bone marrow transplantation would lead to inefficient replacement of tissue
macrophages and/or modulate tissue macrophage function, thereby making this technique less
accurate in evaluating the contribution of myeloid cells versus parenchymal cells to a biological
process in which tissue resident macrophages participate, such as IgG homeostasis.

A role of systemic macrophages in FcRn-mediated IgG homeostasis was confirmed using
mice that underwent whole body macrophage depletion, in which mlgG1 had significantly reduced
half-life in comparison to control, macrophage-sufficient mice. This indicates that specific deletion
of FcRn in macrophages or systemic depletion of macrophages themselves negatively impact 19G
pharmacokinetics which leads to a possible hypothesis — macrophages act as a reservoir for IgG
which limits the concentration of this molecule in the microenvironment around the macrophages
thus minimizing the uptake and degradation of IgG by FcRn-ve cell types in that
microenvironment. Interestingly, migG1 half-life was not affected when macrophages were
depleted only from the spleen (and partially from liver) using clodronate liposomes. This lack of
effect could be due to fact that splenic macrophages form only a small fraction of total macrophage
count in the body?®3. Thereby, following splenic macrophage depletion, other macrophages in the
body compensate for their absence in regulating IgG half-life. Alternatively, in contrast to
macrophages in non-lymphoid tissues, splenic macrophages could be inefficient in IgG uptake and
as a result their presence or absence do not significantly affect 1gG salvage. Supporting this
possibility, intravenously-delivered, fluorescently-labeled mlgG1l accumulated primarily in

alveolar macrophages and to a lesser degree in skin macrophages and liver sinusoidal ECs and
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macrophages. In agreement with this, a study in the past had reported that the lung environment
enables mouse alveolar macrophages to exhibit high levels of spontaneous macropinocytosis®?°,
an endocytic process through which large volumes of extracellular fluid is ingested by the cell in
a receptor-independent manner®2, In addition, the lung is very well perfused and receives 100%
of the output from heart, whereas other tissues in the body receive only a fraction of this blood
supply!® which translates into relatively higher concentrations of blood-derived macromolecules
such as 1gG in the lung interstitial space and especially in the lung epithelial lining fluid (ELF)
where alveolar macrophages reside - the concentration of 1gG in the mouse and human ELF has
been reported to be ~200 and ~1600 pg/ml, respectively®22324, In combination with the in vitro
experiment showing efficient 1gG recycling by mouse alveolar macrophages, the above mentioned
lung-specific factors indicate that alveolar macrophages contribute to FcRn-mediated IgG
homeostasis. A recent report has shown that human alveolar macrophages express high levels of
FcRn32 which supports the clinical relevance of these findings.

In summary, this study underscores an important role for macrophages, that efficiently
accumulate IgG by fluid phase pinocytosis, in FcRn-dependent 1gG salvage. These findings not
only have relevance to understanding the sites of action of 1gG-based drugs and predicting their
pharmacokinetics but also to the understanding of pathogenesis of disorders that involve

dysregulation of macrophages.
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4.4 MATERIALS AND METHODS

4.4.1 Mice

FcRn”", LysM-Cre®t, CD11c-Cre®®?, CD19-Cre3® and MaFIA% mice on a C57BL/6J
background and C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
FcRn-floxed mice have been described previously?°. Tie2e-Cre mice'? and Cdh5(PAC)-CreERT2
mice®!! on a C57BL/6J background were a kind gift from Dr. Xiaoxia Li (Cleveland Clinic, OH)
and Dr. Ralf Adams (Max Planck Institute for Molecular Biomedicine, Munster, Germany),
respectively. Mice were bred in a specific pathogen-free facility at the University of Texas
Southwestern Medical Center or Texas A&M University and were handled in compliance with
institutional policies and protocols approved by the Institutional Animal Care and Use

Committees.

4.4.2 Production of antibodies

For all experiments except ex vivo 1gG recycling assays, mlgG1 (anti-hen egg lysozyme,
D1.3'%) was purified from hybridoma culture supernatants using lysozyme-Sepharose?®®.
Recombinant migG1 (anti-hen egg lysozyme) was used in ex vivo recycling assays. In order to
generate expression constructs for the production of recombinant migG1, cDNA encoding the
heavy chain and light chain was isolated from the D1.3 hybridoma'®®. The heavy and light chain
genes were subsequently cloned into pcDNA™3.4-TOPO® vector (Life Technologies, Grand
Island, NY) for expression. Expi293™ expression system kit (Life Technologies, Grand Island,
NY) was used for transient transfection of heavy and light chain expression constructs into

Expi293F ™ cells (Life Technologies, Grand Island, NY) and protein expression. The recombinant
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antibody was purified from culture supernatants using lysozyme-Sepharose?!®. Binding properties
of the antibodies were confirmed using surface plasmon resonance (BIAcore) analyses.

NSO transfectants expressing mutated derivatives of humanized anti-hen egg lysozyme 1gG1
(HuLys10)%, MST-HN (M252Y/S254T/T256E/ H433K/N434F) and H435A, were generated and
cultured as described previously® 1%, The recombinant antibodies were purified from culture

supernatants using lysozyme-Sepharose?:6.

4.4.3 Antibody labeling

lodination (1%1) of mIgG1 was carried out using lodogen as previously described??°. mlgG1,
MST-HN and H435A were labeled with Alexa Fluor 647 (Alexa 647) carboxylic acid (succimidyl
ester; Life Technologies, Grand Island, NY) using previously described methods®*. The activity of

Alexa 647-labeled antibodies was verified by carrying out BIAcore analyses.

4.4.4 Pharmacokinetic experiments

6-10 week old male and female mice were fed 0.1% Lugol (Sigma-Aldrich, St. Louis, MO)
in water starting at 72 h before i.v. injection in the tail vein with 1%°I-labeled mlgG1 (10-15 pg per
mouse). Levels of whole body radioactivity were measured at the indicated times using Atom Lab
100 dose calibrator (Biodex Medical Systems, Shirley, NY).

To analyze the effects of systemic depletion of macrophages on the pharmacokinetics of
mlgG1, the above described experimental procedure was followed except that MaFIA mice®!®
were treated with 10 mg/kg (i.v.) of AP20187 on days 0, 1, 2, 3 and 4, followed by 1 mg/kg (i.p.)
of AP20187 on days 7, 10, 13 and 16 and '%°I-labeled mIgG1 was injected (i.v.) on day 5. AP20187

was either a gift from ARIAD Pharmaceuticals or was purchased from Clontech (Mountain View,
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CA). Lyophilized AP20187 was dissolved in 100% ethanol at a concentration of 13.75 mg/ml, and
stored at -20°C in dark. All injections of AP20187 were carried out within 30 minutes after dilution
into injection vehicle (4% ethanol, 10% PEG-400, and 1.7% Tween in water). Control MaFIA
mice were treated with mock (4% ethanol, 10% PEG-400, and 1.7% Tween in water) only.

To investigate the effects of splenic macrophage depletion on migG1l pharmacokinetics,
C57BL/6J mice were intravenously injected with clodronate (1.5 mg/dose) or phosphate-buffered
saline (PBS; control) liposomes (Encapsula NanoSciences, Brentwood, TN) at 0 h and 48 h, and
125]-labeled mlgG1 was injected (i.v.) at 18 h, followed by above described experimental
procedure.

A two-compartment model is one of the most commonly used approaches for
pharmacokinetic modeling of antibodies in the plasma or circulation. In this model, one
compartment represents the plasma or circulation and the second compartment refers to the
interstitial space in the organs or tissues. The plasma antibody levels initially decrease rapidly due
to redistribution of the antibody from the plasma compartment to the tissue compartment and the
degradation of aggregated or misfolded antibody molecules or fragments, with the former usually
dominating. This phase is referred to as the a-phase and for antibodies typically lasts around 24
hours. Once the antibody distribution between the compartments reaches an equilibrium, the
decrease in plasma antibody levels is due to elimination from the body which is usually slower
relative to the clearance during the a-phase and is called the B-phase. In contrast to the above, the
pharmacokinetic modeling of antibodies in the whole body involves only one compartment (body).
However, the antibody clearance from the body also involves an initial rapid a-phase, followed by
a slower B-phase. The a-phase in this case is believed to be due to the degradation of aggregated

or misfolded antibody molecules or fragments.
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To calculate the half-lives of injected mIgG1 in mice that exhibit relatively slow clearance
of injected antibody (M-Het, Tie2e-Het, B-DC-Het, B-DC-KO, C57BL/6J and MaFIA), the whole
body counts (y) and times of their measurement (t) were fit to a biexponential (1) decay curve as
mentioned below. In mice that exhibit rapid physiological decay of injected migG1 (M-KO, Tie2e-
KO and G-KO), the a- and B-phases cannot be clearly defined. Consequently, the whole body
counts obtained from these mice and times of their measurement were fit to a monoexponential

(2) decay curve as mentioned below.

y = Cie~*1t 4 C e k2t (1)

y =Ce " (2)

The values of C and k that best fit these equations to the data are found using a non-linear
least squares minimization method implemented using custom scripts written in MATLAB
(Mathworks, Natick, MA). The half-life values for the phase(s) are then calculated from the k as

In(2)/k.

4.4.5 Antibodies and flow cytometry analyses

For analyzing functional FcRn levels in different hematopoietic cell types in the spleen, the
animals were euthanized and spleens harvested. Single cell suspensions from spleen were obtained
by mechanical disruption and forcing through 70 um cell strainers (Becton-Dickinson, San Jose,
CA). The cell suspensions were depleted of erythrocytes using red blood cell lysis buffer and
washed with PBS. Subsequently, the cells were incubated with anti-FcyRIIB/III (2.4G2) antibody

for 15 minutes at 4°C, followed by another incubation in IgG-depleted® phenol red-free cOMEM
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(pH 7.2) containing 5 pg/ml Alexa 647-labeled MST-HN or H435A mutants for 45 minutes at
37°C. Following a PBS wash, the cells were incubated on ice with fluorescently-labeled antibodies
to identify the following cell types: macrophages (F4/80°"9"CD11b'""), monocytes
(Ly6CM9I"CD11b™), classical DCs (CD11c*CD11b"), follicular B cells (CD23""CD21'%) and
neutrophils (Ly6C™CD11b"9M).

To evaluate functional FcRn levels in heart and lung ECs, modified version of a previously
described protocol®?® was followed to prepare single cell suspensions from these tissues. Briefly,
the animals were euthanized, heart and lungs harvested and washed with calcium- and magnesium-
free Hank's Balanced Salt Solution (HBSS; Life Technologies, Grand Island, NY) to remove
excess blood. The washed tissues were mechanically dissociated into small pieces and to obtain
single cell suspensions, the diced tissues were incubated in calcium- and magnesium-free HBSS
containing 1 mg/ml of collagenase type | (Worthington Biochemical Corp., Lakewood, NJ) and
2.4 mg/ml of dispase (Life Technologies, Grand Island, NY) for 45 minutes at 37°C. Following
incubation, the tissue homogenates were filtered through a 100 um cell strainer (Becton-Dickinson,
San Jose, CA) and resultant cell suspensions were depleted of erythrocytes using red blood cell
lysis buffer. After a wash with HBSS, the cells were incubated with anti-FcyRIIB/III (2.4G2)
antibody for 15 minutes at 4°C, followed by another incubation in IgG-depleted® phenol red-free
cDMEM (pH 7.2) containing 5 pg/ml Alexa 647-labeled MST-HN or H435A mutants for 45
minutes at 37°C. The cells were subsequently washed and stained with fluorescently-labeled
isolectin B4 (Vector Laboratories, Burlingame, CA) and antibodies to identify ECs
(CD31*CD105%isolectin B4*). Analysis of functional FcRn expression in tissue resident
macrophages was carried out using the protocol described above, except that the animals were

anesthetized and intracardially perfused with 10-20 mls of 10 U/ml heparin in PBS before the
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collection of organs (kidneys, lungs and liver) and all the washes were performed with calcium-
and magnesium-free PBS. Fetal HSC- (or yolk sac EMPs-) and bone marrow HSC-derived
macrophages were identified as CDA45'F4/80P"9"CD11b'™ and CD45'F4/80'°“CD11bM9",
respectively.

For ex vivo recycling assays, bronchoalveolar cells were obtained by performing
bronchoalveolar lavage with 4 x 1 ml of ice cold calcium- and magnesium-free PBS containing
0.6 mM of EDTA (Fisher Scientific, Fair Lawn, NJ) [PBS-EDTA]. Bronchoalveolar cells isolated
from multiple mice were pooled, treated with red blood cell lysis buffer to deplete erythrocytes
and washed with PBS-EDTA. The cells were then pulsed with 200 pg/ml of Alexa 647-labeled
mlgG1 in 1gG-depleted> phenol red-free cRPMI (pH 7.2) for 10 minutes at 37°C. Subsequently,
the cells were washed with PBS-EDTA and chased for 0 or 45 minutes at 37°C. After washing
with PBS-EDTA, the bronchoalveolar cells were surface stained on ice with F4/80 to identify
macrophages.

Flow cytometry analyses were performed using a FACSCalibur (Becton-Dickinson, San
Jose, CA) or LSRFortessa (Becton-Dickinson, San Jose, CA) and data analyzed using FlowJo
(Tree Star, Ashland, OR). Antibodies specific for the following were purchased from either
Becton-Dickinson (San Jose, CA), eBioscience (San Diego, CA) or Biolegend (San Diego, CA):
F4/80 (BM8), CD11b (M1/70), Ly6C (AL-21), CD11c (HL3), CD23 (B3B4), CD21 (7G6), CD31

(390), CD105 (MJ7/18) and CD45 (30-F11).

4.4.6 Quantification of serum IgG and albumin levels
Serum IgG and albumin levels were assessed using sandwich ELISAS using previously

described methods®. Coating antibodies included polyclonal rabbit anti-mouse IgG (gamma chain
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specific; Life Technologies, Grand Island, NY) and polyclonal goat anti-mouse albumin (Abacm,
Cambridge, MA). Secondary antibodies included horseradish peroxidase (HRP)-conjugated
polyclonal rabbit anti-mouse 1gG (heavy and light chain specific; Life Technologies, Grand Island,
NY) and HRP-conjugated polyclonal goat anti-mouse alboumin (Abacm, Cambridge, MA). Mouse
IgG and albumin standards were obtained from Jackson ImmunoResearch Laboratories (West

Grove, PA) and Sigma-Aldrich (St. Louis, MO), respectively.

4.4.7 Tissue collection, staining and immunofluorescence analyses

To analyze the accumulation of intravenously-administered migG1 in vivo, 6-10 weeks old
male and female mice were injected (i.v.) with 1.5 mg of Alexa 647-labeled mIigG1. 50 hours later,
mice were anesthetized and intracardially perfused with 10-20 mls of 10 U/ml heparin in PBS,
following which organs [lung, liver, kidney, skin (dorsal area), muscle (gastrocnemius, soleus and
plantaris), intestine (small and large), spleen and inguinal, mesenteric, axillary and brachial lymph
nodes] were excised. The tissues were immediately embedded in Tissue-Tek® OCT compound
(Sakura Finetek USA, Torrance, CA), flash-frozen in liquid N2 and stored at -80°C until sectioning.
Sections of 5 um thickness from different tissue depths were made and stored at -80°C for
subsequent staining. Frozen sections were fixed in acetone (-20°C) and air-dried overnight. After
washing with PBS, sections were blocked using 5% goat serum (Sigma-Aldrich, St. Louis, MO),
followed by incubation with rat anti-mouse CD31 (clone 390; Biolegend, San Diego, CA) or rat
anti-mouse F4/80 (clone CI:A3-1; Abcam, Cambridge, MA). Bound primary antibody was
detected using Alexa 555-labeled polyclonal goat anti-rabbit IgG (Life Technologies, Grand
Island, NY). Following washing, coverslips were mounted using Vectashield mounting medium

containing DAPI (Vector Laboratories, Burlingame, CA).
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Sections were imaged using a Zeiss Axiovert 200M inverted microscope equipped with a
Zeiss 20X, 0.5 NA Plan-Neofluar objective and an ORCA CCD camera (Hamamatsu). Images
were acquired with filtersets specific for Alexa 555 Fluor (TRITC-B-000-ZERO; Semrock), Alexa
647 Fluor (Cy5-4040C-ZERO; Semrock) and DAPI (Part No 31013v2; Chroma Technologies).
The data were processed and displayed using the microscopy image analysis tool (MIATool)
software package (www4.utsouthwestern.edu/wardlab/miatool.asp) in MATLAB (Mathworks).
The acquired images were embedded in 16-bit grayscale format and overlaid for presentation. For
comparative purposes, the intensities of the Alexa 647 Fluor channel were adjusted in an analogous
manner across the datasets. Images were exported into Inkscape for final composition of the

figures.

4.4.8 Statistical analyses
Statistical analyses of data were carried out using two-tailed Student’s t-test or one-way
ANOVA (GraphPad Software, La Jolla, CA). p values of less than 0.05 were taken to be

significant.



CHAPTER FIVE
Future studies and caveats

Studies described in Chapter Il demonstrate that FCRn-blockade using Abdegs is effective
in ameliorating disease in a passive, autoantibody-dependent EAE model. These studies
underscore the therapeutic potential of Abdegs for the treatment of MS or other autoimmune
diseases involving autoreactive antibodies. Importantly, MST-HN Abdegs bind to mouse FcRn
with higher affinity than to human FcRn at both pH 6.0 and 7.43. Thus, Abedgs would be expected
to result in reduced competition with endogenous 1gG in the presence of human FcRn, although
this behavior is expected to result in longer in vivo half-lives of Abdegs. Hence, a future study of
potential interest will include studying the effects of Abdegs on disease following the transfer of
humanized MOG-specific antibodies into mice that transgenically express human FcRn™. In
addition, it will be of interest to test the therapeutic effects of Abdegs in EAE models involving
the active or spontaneous generation of encephalitogenic antibodies. In this context, although, CNS
antigen-specific antibodies are generated in several EAE models, their role in disease pathogenesis
is limited or not well characterized!®? 327- 328 Hence, future studies will involve the identification
of a suitable actively-induced or spontaneous autoantibody-dependent EAE model, in which the
therapeutic effects of Abdegs will be tested. Finally, since the EAE model employed in this study
is dependent on both autoantibodies and autoreactive T cells, the effect of Abdegs on such T cells
will be evaluated.

As mentioned earlier, autoreactive CD4* T cells are drivers of autoimmune diseases®.
Consequently, safe and effective treatments for autoimmune diseases would include therapeutic
strategies that lead to specific deletion or inhibition of autoreactive T cell activity. Studies

presented in Chapter 111 demonstrate that administration of long-lived Fc-antigen fusion proteins
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tolerize autoreactive T cells and consequently ameliorate disease in an EAE model involving the
immunization of H-2" mice with the immunodominant epitope, MBP1-9. However, T cells
contributing to pathology in MS patients are specific for multiple epitopest* 32 3%, Further, the
specificity of these T cells can spread to additional epitopes during the progression of the
disease?’! 272, In the current study, Fc-epitope fusions containing MBP1-9 were employed, since
this is the only epitope relevant to disease in H-2" mice?®. Nevertheless, Fc fusions containing
multiple epitopes can be readily generated. For example, eight different epitopes could be linked
as epitope dimers to the N- and C-termini of a heterodimeric Fc fragment (using ‘knobs-into-holes’
technology*®! to produce Fc heterodimers). It will be of interest to test the efficacy of Fc-antigen
fusions containing more than one immunodominant epitope in relevant EAE models. Further,
MBP1-9-induced EAE in H-2" mice is primarily Thl cell-mediated with little or no contribution
from Th17 cells?*2332 which are believed to play an important role in disease in many EAE models
and MS®. However, the downregulation of T-bet in Th1 cells following the delivery of Fc-antigen
fusions observed in the current study, combined with a recent study indicating that T-bet
expression by encephalitogenic Th17 cells is required for their accumulation in the CNS33,
indicate that Fc-antigen fusions could be effective in ameliorating disease in Th17-mediated EAE
models. In addition to tolerization of antigen-specific T cells, Foxp3™ Treg numbers were amplified
by the delivery of Fc-antigen fusions. However, the relative contribution of Tregs in fusion protein-
induced amelioration of disease remains to be tested. Finally, therapeutic strategies combining
Abdegs and Fc-antigen fusions could lead to greater efficacy than either agent alone, especially in
patients with active lesions belonging to the type Il pattern of disease'* (refer to section 1.3.3).
Abdegs and Fc-antigen fusions both function by targeting FcRn. In order to gain an improved

understanding of the mechanism of action of these IgG-based therapeutics, it is essential to identify
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the sites of FcRn-mediated 1gG homeostasis. As a result, studies described in Chapter IV were
carried out which indicate that macrophages represent an important cell type responsible for FcRn-
mediated 1gG salvage. This conclusion is largely based on the IgG clearance rates and serum IgG
levels observed in macrophage-specific FcRn KO mice. A complementary study of potential
interest would include analysis of IgG pharmacokinetics and levels in mice that conditionally lack
FcRn in ECs. Previous attempts to generate such mice were unsuccessful due to the lack of
specificity and efficiency of cre-mediated gene deletion (refer to section 4.3). Therefore, future
studies will include the identification of a suitable transgenic mouse line harboring EC-specific
cre. Further, in contrast to the effect of systemic depletion of macrophages on 119G
pharmacokinetics, splenic depletion of macrophages in FcRn-sufficient mice did not affect the
half-life or 19gG. This lack of effect could be related to the relatively low contribution of splenic
macrophages to pinocytosis of IgG in comparison to macrophages at other sites in the body. To
investigate this, future studies will include pharmacokinetic studies of IgG in splenic macrophage-

depleted FcRn-deficient (G-KO) mice.
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