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ABSTRACT:

A33 is a cell surface glycoprotein of colon epithelium with a long clinical history
as a target in antibody-based cancer therapy. Despite being present in normal colon,
radiolabeled antibodies against A33 are selectively retained by tumors at long time
points. Accordingly, we have studied the trafficking and kinetic properties of the antigen
to determine its promise in multi-step, pretargeted immunotherapy.

In vitro, the localization, mobility, and persistence of the antigen were
investigated, and this work has demonstrated that the antigen is both highly immobile and
extremely persistent, properties which may contribute to the prolonged retention of the
clinically administered antibodies, and their uncommon ability to penetrate solid tumors.

Secondly, because poor tissue penetration is a significant obstacle to the
development of successful antibody drugs for immunotherapy of solid tumors, we assess
the contribution of antigen density and turnover rate by evaluating the distance to which
antibodies penetrate spheroids when these properties are systematically varied. The
results agree well with the quantitative modeling predictions, and demonstrate that dosing
distal regions of tumors is best achieved by selecting slowly internalized targets that are
not expressed above the level necessary for recruiting a toxic dose of therapeutic.

Lastly, we describe the in vitro characteristics and report the promising in vivo
biodistribution of a multi-step tumor targeting therapy utilizing a novel bispecific
antibody which recognizes both the A33 antigen and a small molecule radiometal chelate.

Following these studies, several protein engineering techniques are presented.
First, a new method of conducting de novo protein engineering utilizing highly avid
magnetic beads is described, in which extremely weak interactions can be captured from
large library populations. Secondly, an in vitro assay which utilizes these highly avid
magnetic beads is used to score the clinical immunogenicity of therapeutic protein drugs
is presented. Finally, the use of sortase A as a means to generate fusion proteins post-
translationally is described. Taken together, this additional work demonstrates a
productive intersection of basic research and protein engineering methods.

Thesis Advisor: K. Dane Wittrup
Title: C.P. Dubbs Professor of Chemical Engineering & Biological Engineering
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Chapter 1: Background and Introduction
1.1 Abstract
Immunotherapy is a promising mode of cancer treatment which utilizes antibodies
to achieve the twin goals of systemic exposure and specific action. Here, we present a
case study of immunotherapy, in which we have selected a tumor antigen, examined its
clinical history and in vitro properties, used this information to determine an appropriate
targeting strategy, and investigated this altered protocol in a mouse model. This rational

approach to improving cancer therapy has lead to significant gains in in vivo studies.

1.2 Immunotherapy

Traditional cancer therapies are limited to highly specific treatments such as
surgery and external beam radiation, which have excellent ability to ablate primary
tumors; and systemic therapies such as chemotherapeutic drugs, which allow treatment of
metastatic and residual disease. However, chemotherapy has limited specificity, causing
significant toxicity to normal tissue, and surgery does not provide systemic exposure,
leaving a high probability of recurrence; whereas, the ideal treatment would offer
systemic exposure but possess highly specific action to eliminate the pathologic state of
cancer. When framing the design criteria for novel therapies in this way, it becomes
apparent that improved cancer therapies would mimic the function of the immune system,
which functions to differentiate self from sinister with a remarkable capacity to detect
and destroy pathogenic states.

However, when compared to the role of the immune system in combating

infectious disease, the problem with cancer is one of detection limits—how is
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differentiation of self from sinister possible when the sinister cells are of self origin, and
consequently bear much antigenic similarity to normal tissue. Interestingly, there is
evidence that our immune systems do have an existing capacity to provide tumor
surveillance in that individuals with autoimmune diseases have a lower incidence of
cancer, but when such individuals get cancer, their autoimmune disease tends to
subside—that is, individuals with more sensitive or reactive immune systems do a better
job at detecting cancer and destroying these misregulated self cells.

Though the bar for detection is set higher, it is perhaps similar to the immune
system’s ability to detect the altered behavior of cells infected by a pathogen. Changes in
cellular behavior and expression patterns, even subtle changes in normal phenotypes can
function as molecular markers of disease. In this way, at this molecular level, each
transformative mutation allowing the altered growth profile of the cancer cell is a distinct
difference between tumor and normal tissue, and can function as a molecular marker of
cancer.

The premise behind immunotherapy is that these molecular markers of cancer can
be exploited as therapeutic targets. In fact, there are two general ways to use the immune
system to treat cancer. The first is antigen, or target driven, and includes cancer vaccine
strategies, which consist of training the immune system to recognize and eliminate
tumors. While promising, there are no approved therapies utilizing this cancer vaccine
strategy. The second type of immunotherapy is antibody driven, and relies on the
superior molecular recognition properties of antibodies to detect and treat cancer.
Antibodies have a long history as drugs dating back to the use of antiserums against

snake venoms, and antibody driven immunotherapy of cancer has been particularly
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fruitful. There are currently 9 FDA approved antibodies for cancer therapy—and many
other antibodies approved for the treatment of other diseases.

The differential success between antigen and antibody driven immunotherapy
may be partially explained by advances in antibody technology. These advances include:
hybridoma technology, which allows a single antibody specificity to be isolated and
produced—in stark contrast to the horse serum antibody products used previously; new
production systems that allow large yields of protein; and lastly, due to protein evolution
technologies such as yeast display, which allow the binding interaction between the
cancer target and the antibody to be engineered in vitro. The ability to evolve protein
drugs is particularly important because it means that therapy is not limited to use of
antibodies naturally generated by the immune system, but the binding properties of these
antibodies can be improved one-million-fold quite easily. Combined, these technologies
have made possible what Paul Ehrlich hoped some 100 years ago, that antibodies may be
used as “magic bullets” to specifically treat cancer. They may be administered
intravenously to achieve systemic circulation, but have specific action on tumors where
they bind their target antigen, decorate the surface of these cells, and interact with

immune system to trigger a cytotoxic response.

1.3 Mechanisms of antibody action

Interestingly, the ability to manipulate antibody properties in vitro has not only
allowed their binding, or detection functions to be improved, but also their destructive
properties. Naturally, antibodies act by two mechanisms. First, their conserved Fc

domains interact with complement proteins in the blood in what has been termed the
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complement cascade. Activation of complement factors results in formation of pores in
the cell membrane, resulting in cellular rupture. Second, the Fc interacts with receptors
on immune effector cells such as natural Kkiller cells, which can likewise trigger
destruction of the antibody-coated cell. Much effort has gone into engineering Fc
variants that have improved abilities to initiate the complement cascade or activate
effector cells via improved interactions with activating Fcy receptors’ ™.

However, antibodies can also utilize modes of action that are independent of
interactions with complement or effector cells. Such independence can be achieved by
utilizing an antibody which targets a cell surface marker and disrupts cellular signaling,
such as antibodies against some growth receptors do™®.  However, because this
mechanism requires the tumor marker to be necessary for growth, a simpler strategy is to
design the antibody to carry a toxin. Numerous approaches to incorporating a toxic
component to an antibody have been explored, including fusion to radionuclides,
nanoparticles that can be heat activated, toxic enzymes, enzymes which convert pro-
drugs into active drug, and even DNA encoding cell-killing proteins'®'>,

The appeal of these approaches is that they do not require activation of the
patient’s own immune system in order to kill tumor cells because both targeting and toxic
functions are fully incorporated into a single molecule. While each of the different toxins
claims certain advantages over the others, enzyme fusions alter the pharmacokinetic
behavior of the antibody by increasing its size, the use of a foreign, generally bacterial
enzyme can lead to an immune response against the therapeutic, and some toxins require

not only internalization but also escape from the endosome to cause toxicity. Similarly,

fusion to nanoparticles, or liposomes encapsulating DNA increases size dramatically, and
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the specificity derived from the antibody may be dominated by passive size effects.
Radioactive antibodies, however, have a number of appealing attributes.

First, radiation is a well-established mode of cell killing. Secondly, radioactive
conjugation is a small perturbation to antibody size and structure, allowing the
pharmacokinetic behavior of the antibody to remain unaltered. Third, numerous
radioactive isotopes are available, ranging from alpha emitters with can achieve cell
killing with a single particle decay, to long range beta emitters which possess the ability
to kill cells at a distance by depositing their decay energy as much as a centimeter away,
allowing tumors to be fully irradiated without requiring that each cell be coated with
antibody. Given certain characteristics of the tumor microenvironment that disfavor the
penetration of antibody throughout solid tumors as will be discussed later, this cross-fire,
or bystander effect can be a significant advantage. Lastly, the specific localization of the
radioactive particle, whether intracellular or surface localized has less of an impact on
therapy. Accordingly, this work will focus on the use of radiation as the mode of cell

killing.

1.4 Limitations to antibody therapies

However, there are some drawbacks to antibody-based therapies. The first is the
strict requirement for a cancer-specific tumor antigen—a cell surface protein that is the
target of the antibody drug. Additionally, beyond simple tumor specificity, the cellular
target antigen must have the right profile in terms of other properties for the mode of
toxicity being used. For example, the cancer antigen must be expressed at a sufficient

level to recruit a toxic dose of therapeutic. For toxins that act intracellularly, it must be
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internalized at a sufficient rate, wheareas for some more complicated treatment regimens
such as multi-step therapies, it must remain surface accessible. Here, however, the
number of different toxins or radionuclides that can be used is an advantage, and allows
thoughtfully pairing of the mode of toxicity or decay properties given the properties of
the target antigen. This flexibility provides room for significant improvement in efficacy
given proper study of tumor susceptibility and target antigen properties. In fact, the first
line therapy for non-Hodgkin’s lymphoma (NHL) is a radiolabeled antibody, which
performs significantly better than its non-radioactive variant—suggesting that in vitro
improvements to the natural binding (detection) and toxic (destruction) properties of
antibodies can allow substantial improvements in the clinic.

Unfortunately, there are a number of barriers to access in terms of localizing
antibody drugs to tumors. Of the antibody drugs currently approved for cancer, almost
all treat blood cancers while very few treat solid tumors, and those that are approved for
solid tumors have had disappointingly limited efficacy. Perhaps the most influential
barriers in localization are the transport phenomenon related to antibody access to solid
tumors. First, the antibody must extravasate from the blood through the vasculature. The
rate of vascular escape is highly unfavorable and can lead to a thousand fold decrease in
antibody concentration in solid tissue relative to the blood. For a directly radiolabeled
antibody this leads to a huge dose of radiation to the blood and bone marrow. Beyond
this barrier, the interstitial pressure in solid tumors is high, and the extracellular matrix is
dense, disfavoring flow through the tumor, and leaving diffusion down a concentration

gradient as the predominant mode of transport.
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The effect of these barriers is strikingly apparent when the typical antibody
distribution within a solid tumor is observed. Generally, the antibody only penetrates the
tumor for a few cell layers—leaving whole regions of the tumor completely untargeted
and unexposed to antibody drug. Quantitative models of the relevant transport and
kinetic processes, which capture these effects have been developed and are highly useful

1621 The success of radioactive

in terms of identifying the best ways to improve therapy
antibodies in treating NHL suggests that if we can identify and rationally engineer our
way around some of these limits we could generate successful therapies for solid tumors
as well. Short of these strategies, which include increasing vascular permeability, and
altering the affinity and valency of the antibodies used, selecting the right tumor target

and using an appropriate targeting strategy can circumvent some of these tumor

physiology-based limits.

1.5 Pre-targeted radioimmunotherapy

The recent success of several radioimmunotherapeutics has demonstrated proof of
principle for this type of targeted cancer therapy’”. Unfortunately, in many potential
applications, bone marrow toxicity limits therapy. In order to circumvent this toxicity, a
two-step strategy, known as pretargeted immunotherapy (PRIT) has been proposed, in
which the targeting construct and radionuclide are separated into two distinct dosing
steps. In this way, one preserves the specificity of antibody binding in tumor targeting,
but eliminates the toxic effects of long-lived, directly labeled antibodies. When compared
to single step therapies using directly labeled antibodies, PRIT has generally lead to

lower toxicity and better efficacy”>>. However, the addition of a separate step constrains
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the desirable kinetic attributes of the cellular target in comparison with direct RIT,
immunotoxin therapy, or approaches relying on effector functions. In PRIT, the
competing interests of target saturation, clearance of unbound construct from circulation,
availability of the construct to chelated radionuclide, sufficient proximity to the nucleus
relative to decay pathlength, and the halflife of the radionuclide must all be taken into
consideration. This study seeks to determine if the A33 antigen, a member of the
immunoglobulin superfamily (IGSF) with homology to cell adhesion?® and tight junction-

associated (TJ) proteins, possesses the properties particularly suited for PRIT.

1.6 A33 antigen as a tumor target

The A33 antigen is an abundant cell surface protein expressed in 95% of colon
tumors, but not in other organs®’. This restricted expression pattern led to interest in use
of the A33 antigen in radioimmunotherapy, and directly 125311 radiolabeled A33
antibodies were administered to patients with colon cancer in a series of phase I and II

. . 28-
clinical trials?®>

. The results of these trials were mixed from a therapeutic perspective,
as some patients developed an anti-antibody response, and there was dose-limiting bone
marrow toxicity. Alternatively, they were also quite promising in that they exhibited a
startlingly localized persistence of radiolabel. A33 was constitutively expressed in the
entire colon, and evenly throughout the entire crypt®. Provocatively, however, it was
found that after an initial period of time in which the therapeutic conjugate bound the

entire colon, after a period of a week, staining was present only in tumors®® and whole

body scans revealed labeling even 6 weeks after antibody administration*’.
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Significant work has gone into investigation of the tissue specific expression of
A33%% whose promoter has now been used to drive colon-specific expression of

38

transgenes®"; the glycosylation pattern of the antigen®**°

, and its regulation by
PPARgamma*'. Despite homology to proteins of the tight junction, the cellular role of
A33 is unclear. Nonetheless, in addition to the human clinical studies cited already,
investigation into a number of novel formats including layer-by-layer polymer particles
and capsules, polyethylene glycol fusions, carboxypeptidase and cytosine deaminase
enzyme fusions, trivalent antibody fragments, and scFv ***” have been utilized in vifro
and in mouse models. Similarly, the use of numerous radiologic agents have been
investigate:d“S"‘g'5 ! including lutetium, astatine, yttrium, bromine, and various iodine

isotopes.
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1.7 Thesis overview

A33 is a cell surface glycoprotein of colon epithelium with homology to tight
junction-associated proteins of the immunoglobulin superfamily, including CAR and
JAM. Its restricted tissue localization and high level of expression have led to its use as a
target in colon cancer immunotherapy. Although the antigen is also present in normal
colon, radiolabeled antibodies against A33 are selectively retained by tumors in the gut as
well as in metastatic lesions for as long as 6 weeks*®. Accordingly, we have studied the
trafficking and Kinetic properties of the antigen to determine its promise in two-step,
pretargeted therapies, and have considered this target at 3 different levels: at cells
cultured in vitro—allowing study of the basic biology of A33; at spheroids, an in vitro
tumor models—allowing higher order study of antibody diffusion and binding; and in
vivo in a mouse tumor model where we can fully explore this 2 step strategy.

In vitro, the localization, mobility, and persistence of the antigen were
investigated, and this work has demonstrated that the antigen is both highly immobile and
extremely persistent—retaining its surface localization for a turnover halflife of greater
than 2 days. In order to explain these unusual properties, we explored the possibility that
A33 is a component of the tight junction. The simple property of surface persistence,
described here, may contribute to the prolonged retention of the clinically administered
antibodies, and their uncommon ability to penetrate solid tumors™-.

Poor tissue penetration is a significant obstacle to the development of successful
antibody drugs for immunotherapy of solid tumors, and diverse alterations to the

properties of antibody drugs have been made to improve penetration and homogeneity of

exposure. However, in addition to properties of the antibody drug, mathematical models

15



of antibody transport'’>*

predict that the antigen expression level and turnover rate
significantly influence penetration. As intrinsic antigen properties are likely to be
difficult to modify, they may set inherent limits to penetration. Accordingly, in our
spheroid studies we assess their contribution by evaluating the distance to which
antibodies penetrate spheroids when these antigen properties are systematically varied.
Additionally, the penetration profiles of antibodies against CEA and A33, two targets of
clinical interest, are compared. The results agree well with the quantitative predictions of
the model, and demonstrate that dosing distal regions of tumors is best achieved by
selecting slowly internalized targets that are not expressed above the level necessary for
recruiting a toxic dose of therapeutic. Each antibody-bound antigen molecule that is
turned over or present in excess incurs a real cost in terms of penetration depth—a
limiting factor in the development of effective therapies for treating solid tumors>*.
Lastly, we describe the in vitro characterization and irn vivo biodistribution of a
multi-step tumor targeting therapy utilizing a novel bispecific antibody which recognizes
both the A33 antigen and a small molecule radiometal chelate. This bispecific antibody
consists of a typical IgG molecule with an additional scFv domain fused to the C
terminus of the IgG light chain, generating a tetravalent molecule capable of recognizing
2 copies of the A33 tumor antigen, and 2 small molecule radiometal chelates. Following
in vitro testing, the A33 bispecific was administered to mice bearing SW1222 xenograft
tumors and its biodistribution was determined. Subsequent preliminary experiments have

characterized the effect of a clearing step utilized to block and eliminate the remaining

blood pool fraction of bispecific prior to administration of a radioactive DOTA chelate
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and determinations of its biodistribution and tumor uptake. These studies strongly
support further investigation of the A33 antigen as a target in multi-step immunotherapy.
Following these studies of the A33 antigen in terms of its basic cell biology, its
characteristics in a spheroid tumor model, and its use in a multistep strategy in a mouse
xenograft model, several protein engineering techniques are presented. First, a new
method of conducting de novo protein engineering utilizing highly avid magnetic beads is
described, in which even very weak interactions can be captured from large library
populations™. Secondly, an in vitro assay which utilizes these highly avid magnetic
beads is used to predict the clinical immunogenicity of therapeutic protein drugs is
presented. And finally, the use of sortase A as a means to generate fusion proteins post-
translationally is described. Taken together, this additional work demonstrates a

productive intersection of basic research and protein engineering methods.
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Chapter 2: A33 antigen displays persistent surface expression

2.1 Abstract

A33 is a cell surface glycoprotein of colon epithelium with homology to tight
junction-associated proteins of the immunoglobulin superfamily, including CAR and
JAM. Its restricted tissue localization and high level of expression have led to its use as a
target in colon cancer immunotherapy. Although the antigen is also present in normal
colon, radiolabeled antibodies against A33 are selectively retained by tumors in the gut as
well as in metastatic lesions for as long as 6 weeks'. Accordingly, we have studied the
trafficking and kinetic properties of the antigen to determine its promise in two-step,
pretargeted therapies. The localization, mobility, and persistence of the antigen were
investigated, and this work has demonstrated that the antigen is both highly immobile and
extremely persistent—retaining its surface localization for a turnover halflife of greater
than 2 days. In order to explain these unusual properties, we explored the possibility that
A33 is a component of the tight junction. The simple property of surface persistence,
described here, may contribute to the prolonged retention of the clinically administered

antibodies, and their uncommon ability to penetrate solid tumors.

S
Major portions of this chapter were previously published in:

Ackerman ME, Chalouni C, Schmidt MM, Raman VV, Ritter G, Old LJ, Mellman I, Wittrup KD. “A33
antigen displays persistent surface expression” Cancer Immunol Immunother. 2008 Jul;57(7)1017-27.
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2.2 Background

The recent success of several radioimmunotherapeutics has demonstrated proof of
principle for this type of targeted cancer therapy’. Unfortunately, in many potential
applications, bone marrow toxicity limits therapy. In order to circumvent this toxicity, a
two-step strategy, known as pretargeted immunotherapy (PRIT) has been proposed, in
which the targeting construct and radionuclide are separated into two distinct dosing
steps. In this way, one preserves the specificity of antibody binding in tumor targeting,
but eliminates the toxic effects of long-lived directly labeled antibodies. When compared
to single step therapies using directly labeled antibodies, PRIT has generally lead to lower
toxicity and better efficacy >°. However, the addition of a separate step constrains the
desirable kinetic attributes of the cellular target in comparison with direct RIT,
immuno