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Abstract

The monoclonal antibody (mAb) has proven to be a good platform for designing specific
molecular imaging probes due to its superior binding specificity. Several optical imaging probes
have been developed for surgical navigation in patients and are in early phase clinical trials.
However, an inherent limitation of using the mAb is its pharmacokinetics which result in a
prolonged circulating half-life and slow clearance from the body. This results in undesirable target
to background ratios during imaging. In this review, we first describe the mAb as a platform
material for optical probe design and then discuss optimizing the design of monoclonal antibody-
based optical molecular imaging probes by focusing on chemistry, biology and pharmacology.
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Introduction

Over 100 years ago, Erhlich proposed the idea that antibodies could be the “magic bullet”
for detecting and treating disease. Now, there are more than 30 therapeutic antibodies,
antibody-drug conjugates, antibody fragments, antibody-based imaging probes, and
combined imaging and therapy antibody-based probes that have been approved by the FDA.
Numerous others are in clinical trials or in earlier stages of development. Antibodies and
their fragments can be engineered to specifically target a wide variety of cell surface
proteins, either for diagnosis or to deliver localized therapy. [1] High specificity and target
accumulation make monoclonal antibodies promising scaffolds for molecular imaging.

The binding sites of naturally produced monoclonal antibodies and their genetically
engineered fragments can be modified to target a broad variety of cell surface epitopes.
Originally, targeted monoclonal antibodies were produced by immunizing mice with target
molecules. Then, antibody-producing murine B-cells were removed from the spleen and
fused with myeloma cells to develop immortal hybridomas which were capable of producing
monoclonal antibodies based on rearranged murine immunoglobulin genes. As a
consequence, these monoclonal antibodies consist of mouse proteins. However, when used
in humans, these monoclonal antibodies induce an immune response known as a human anti-
mouse antibody (HAMA) which limits their repeated use in most patients. Interestingly, the
HAMA response is less limiting in immunocompromised patients such as those with B-cell
lymphoma or hematologic malignancies. This problem was largely eliminated by creating
chimeric or humanized antibodies, which combine the variable region or the complimentary
determining regions (CDRs), respectively, of murine antibodies with the constant regions of
human antibodies, [2] Finally, large phage display libraries or humanized mice can be used
to produce fully human antibodies, though the latter method permits only a limited variety of
antibody production. (Figure 1).

Every antibody consists of two heavy chains (Cp) and two light chains (C(), each of which
contains a variable region (Vy or V), one to four constant regions (Cy1, CH2, CH3, CH4,
and Cy ), and sometimes a hinge region between the C1 and CH2 regions. As the name
suggests, the variable regions, which together compose the binding pocket, are extremely
heterogeneous and therefore recognize a multitude of epitopes. The constant regions of the
heavy chains interact with the host immune system and thus determine the antibody function
(blocking or immunostimulatory), method of immunogenicity, and class: IgM, IgD, IgG,
IgA, or IgE. Imaging probes are usually constructed with one of the four 1gG subclasses
(1gG1.4), which weigh ~150 kDa. [3] The vast majority of therapeutic monoclonal antibodies
are of the 1gG; subclass, and these are particularly good for opsonizing targets by antibody-
dependent cellular cytotoxicity (ADCC) or compliment-dependent cytotoxicity (CDC). [4]
Therefore, when these therapeutic antibodies are used as imaging probes and not as
therapeutic agents, the dose of the monoclonal antibody ranges from one fifth to one thirtieth
compared to the therapeutic dose.

In this review, we will focus on the synthesis of imaging probes based on clinically available
humanized or human monoclonal antibodies as the starting platform and review conjugation
methods to optimize probe design.
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Pharmacokinetic characteristics of monoclonal antibodies

The biodistribution and pharmacokinetics of antibody-based molecules determine their
safety and efficacy. The large size of intact antibodies (~150 kDa) results in slow clearance,
high background signal, and nonspecific accumulation. Technologies based on enzymatic or
genetic modifications of antibodies have been used to generate smaller antibody derivatives
with improved pharmacokinetic properties (Figure 2). For instance, antibody fragments and
other related constructs with sizes below the renal filtration threshold, clear rapidly, reducing
background signal but also result in less tumor uptake. Unfortunately, these conflicting
trends result in a trade-off between maximal target accumulation and minimal background
signal. [5] Constructs based on antibody fragments can be engineered to optimize these
parameters, although few antibody fragments have been FDA approved.

Enzymatic digestion of intact antibodies was first used to produce antibody fragments which
retained their targeting capabilities but also clear rapidly. Specifically, papain, pepsin or
fucin were used to produce Fab’ and F(ab”), fragments, which include one or two antigen
binding regions, respectively, each with a variable and constant domain (Vy, V|, Cnl, and
CL), respectively. These Fab fragments exhibit rapid renal clearance and increased tumor
penetration, particularly when compared to the whole antibody. Five Fab’ fragments have
been approved by the FDA, three of which are for SPECT imaging. [6] Unfortunately, these
fragments cannot be prepared from all subclasses of antibodies. Newer genetic engineering
technology has enabled the isolation and easy production of the variable region as a unit.
Single-chain variable fragments (scFv) contain only the antigen-binding variable regions
(VH and V| ) and a short peptide chain to link the C-terminus of one Fv region with the N-
terminus of the other (Figure 2). [7] As a result, they are quite small, weighing only 26 kDa.
Once designed, a single sequence codes the entire scFv. By including only variable regions,
this construct also avoids secondary immune responses normally induced by antibody
constant regions, particularly important for imaging applications where immunogenicity is a
disadvantage. The two variable regions can instead be linked by a genetically engineered
interchain disulfide bond, creating disulfide-stabilized Fv, or dsFv, or by both as in scdsFv
fragments. [8] An even smaller construct type, affibodies (~6 kDa) are phage-selected from a
library based on the Ig binding region of a staphylococcal protein with 13 randomized amino
acids. [9] Rapid clearance and decreased avidity for the target (due to one binding site rather
than two) of both scFv and affibodies, however, necessitate further alterations or strategies,
such as genetic modification to enhance affinity, multimerization, the addition of other
regions, or multistep targeting to achieve the necessary targeting.

A variety of methods use scFv molecules as building blocks for multivalent particles,
improving binding characteristics, lengthening serum half-lives, and increasing tumor
retention. For example, reduction of the peptide linker to 3-12 amino acids can force
dimerization leading to the formation of diabodies, while shorter chain lengths, differences
in composition and a switch in the V-domain orientation can induce the formation of
tribodies and tetrabodies. Other multimers can be generated by including an additional
covalent linker between units (sc(Fv),) or multimer-inducing protein domains. [10,11]
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Thoroughly investigated for therapeutic uses, scFv and multibodies are actively under
investigation for imaging applications. Additional genetic modifications can improve
specificity or multimerization. Monomeric, multibody and minibody constructs based on
scFv continue to be developed for targeting a variety of cancer epitopes including EGFR,
HER2/neu, PSMA, CEA, MUC1, Lewis Y, cMet, mindin/RG-1, and prostate specific stem
cell antigen (PSCA) etc. [11-13]

Other techniques can be used to alter the pharmacokinetic properties of antibodies and
antibody fragments. Other regions can be added to the antibody, such as a Cy3 region
(called a “minibody™), or the F¢ region. [5,14] The constant regions can be manipulated or
genetically engineered to alter the pharmacokinetic properties of the antibody. The neonatal
Fc receptor (FcRn) naturally maintains 1gG levels in the serum by promoting recycling
rather than degradation. As a result, antibodies with murine or human Fc regions will have
different clearance properties: Antibodies with murine Fc will clear slower in mice and
faster in humans while antibodies with human Fc will clear faster in mice and slower in
humans. [15] Murine antibodies can be used only in immunocompromised patients whose
HAMA response is minimal, to enable faster clearance but this strategy clearly limits the
utility of the antibody construct. Genetic modifications in the Fc region alter the binding
properties between FcRn and the antibody constant regions, with implications for the serum
half-life of the antibody. [16] This property was used to create a series of scFv-Fc antibody
fragments with serum half-lives ranging from 8 to 83 hours, compared to the 12 day half-life
of the wild-type fragment. In another method, human serum albumin was genetically added
to an anti-CEA scFv, resulting in more rapid and higher total tumor uptake than the bare
scFv. [17] A variety of other methods, such as post-translational modifications and
conjugation to peptides, carbohydrates or polymers have been used to extend the circulation
time of antibody fragments by increasing their hydrodynamic volume. [18]

Monoclonal antibody as a platform for conjugation chemistry

From the viewpoint of conjugation chemistry, each antibody varies not only in its variable
region but also in the subclass of the constant region. However, currently most clinically
used mADbs are genetically engineered. Specifically, most humanized antibodies use the IgGy
framework and then use grafted amino acid sequences, named CDRs, for producing specific
binding to each epitope. Therefore, since CDRs represent only an additional 2 % in number
of amino acids, genetically engineered mAbs have around 98% homology in amino acid
sequence and identical conformational protein structures. [19] Therefore, when bifunctional
molecules are conjugated with different humanized antibodies, an identical chemical
reaction can be achieved resulting in obtaining uniform products with similar yield.
Therefore, once an optimal reaction condition is determined, that method can be applied to
most humanized mAbs.

The most important consideration regarding altering the chemical characteristics of a mAb-
dye conjugate is the chemical characteristics of the dye. This can change the /n vivo
pharmacokinetics and tumor-to-background ratio. Small, hydrophilic dyes have the least
effect on pharmacokinetics of mAb-dye conjugates. Such dyes usually emit visible light of
short wavelength. [20] However, for in vivo imaging, near infrared (NIR) emission is
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preferred because of the low background autofluorescence and superior tissue penetration of
NIR light. Cyanine derivatives, for instance, are frequently used as near infrared fluorescent
dyes for in vivo fluorescence imaging. [21] There are several useful pointers in designing
optimal near infrared fluorescent cyanine dyes; 1. Charged residues on both aromatic rings
minimize non-covalent protein binding, [20] 2. Stable charges help the dye retain its
hydrophilicity, 3. Zwitterionic charge increases renal excretion of catabolites of mAb-dye
conjugates, [22] 4. C4-N-alkyl linkers minimize changes in pharmacokinetics after
conjugation of multiple dyes to a single mAb, 5. The symmetric structure of bifunctional
cyanine dyes lends itself to high yield synthesis. [23] Items 4 and 5 might become
particularly important from the regulatory and commercial perspective, when cyanine dyes
are used in clinical preparations. These 5 points only begin to cover the range of
considerations in preparing mAb-NIR dye conjugates.

Another important factor for achieving superior results with antibody-dye conjugates is the
choice of antibodies. Most 1gGs generally show similar pharmacokinetics. However, some
mAbs change their pharmacokinetics more readily upon modification than others.. For
example, both cetuximab and panitumumab recognize the same epitope on EGFR, yet show
different in vivo pharmacokinetics when conjugated with signaling moieties including
chelates for holding a radiometal for radionuclide imaging or fluorescent cyanine dyes for
fluorescence imaging. In this case, cetuximab is highly sensitive to the effects of conjugation
and its pharmacokinetics are drastically altered compared with the same alterations using
panitumumab. [24,25] Therefore, selection of a stable mAb that can withstand the effects of
conjugation will permit more consistent mAb-dye conjugates.

Activatable monoclonal antibody-based optical imaging probes

The conventional contrast agents used in computed tomography (CT), magnetic resonance
imaging (MRI), and angiography, continuously emit signals and hence are “always on”.
Although radionuclide imaging is targeted to a specific target the radioactive signaling
isotope is also “always on”. The fundamental disadvantage of “always on” probes is that
they emit signal regardless of their proximity or interaction with the target tissues, and as a
result, there is considerable background signal to contend with. In order to design superior
molecular imaging probes, one seeks to either (1) maximize signal from the target, (2)
minimize signal from the background, or (3) do both. Doing any of these leads to improved
target-to-background ratio (TBR), which, in turn, improves the sensitivity and specificity for
detecting a particular disease state with imaging. [26]

When using an “always on” imaging probe, the signal is dependent on the biodistribution of
the probe. However, because mAb-conjugates have slow clearance they tend to lower TBR.
Post-processing of imaging, including kinetic analysis, is a method to improve the detection
of specific binding. Kinetic analysis requires that an accurate quantitative readout be
obtained during radionuclide imaging. Using the time-activity curve in each image voxel,
kinetic parameters can be calculated that can depict the specific binding fraction as a map.
However, since optical imaging is not as quantitative as radionuclide imaging, parametric
analysis of this type is unreliable.
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In contrast to the “always on” probe used in most kinds of imaging, the fluorescence signal
is unique in that it can be suppressed or “turned on”. Optical imaging probes can be
designed so that they do not emit light prior to binding to their target, but generate light only
upon binding to their target molecules. The attribute of “turning on” only at the target has
been termed “activatable” or “smart”. Therefore, activatable agents have low to no
background signal and generate signal only after binding to the specific molecular target.
These activatable fluorescence probes maximize the target signal while minimizing the
background signal, thereby achieving the highest target-to-background ratios. When
employing the antibody as a platform for activatable imaging probes, the whole 1gG is
usually the best platform molecule because it demonstrates the highest accumulation and
binding to target cells due to its long lasting high input function. Therefore IgG-based
activatable probes typically yield both the highest signal (due to high binding) as well as
highest TBR (due to absent background signal). [26,27] (Figure 3)

Self-quenching with multiple fluorophores based on Forster resonance energy transfer
(FRET) or dimer formation enables a fluorophore to become activatable. In both
mechanisms, quenching of fluorescence signal relies on the distance between fluorophores.
[26] By increasing the distance between a quenched pair of fluorophores, fluorescence
signal can be turned back on. For instance, xanthene fluorophores, such as TAMRA, can be
made activatable by designing molecules so that the dye molecules form H-dimers, thus
quenching fluorescence. In this case, the fluorescence of mAb-TAMRA conjugate was
quenched before binding the target cell but was turned on only after binding to and
internalization within the target. As a result, target tumors were visualized with high TBR in
fluorescent images after injection of activatable mAb-TAMRA. However, not all
fluorophores are amenable to H-dimer formation. For instance, highly charged fluorophores,
such as AlexaFluor488, cannot be induced to form H-dimers and therefore remain as
unquenched “always on” probes even after the conjugation of multiple fluorophore
molecules. [28]

A drawback of activatable probes that utilize the self-quenching mechanism is that multiple
fluorophores are needed to achieve quenching. Multiple fluorophore conjugation could
interfere with the affinity of the antibody to its antigen, and furthermore, might alter the /n
vivo pharmacokinetics of the conjugate. For instance, conjugation of multiple molecules of
Cy5.5, which is a widely used NIR fluorophore both in vitro and in vivo, altered the kinetics
of the antibody and did not show specific accumulation in target tumors /n vivo due to loss
of specific binding affinity. In contrast, when a different NIR fluorophore with similar
fluorescence profile with Cy5.5, AlexaFluor680, was conjugated with the antibody, the
conjugates were activatable 7 vivo. In this case, the multiple fluorophore conjugation did
not alter the conjugate’s behavior either /in vitro or in vivo. [29] An explanation is that the
strongly anionic Cy5.5 likely changes the hydrophobicity of the conjugate, thus altering the
pharmacokinetics. (Figure 4)

Some dyes are particularly sensitive to quenching after conjugation. When only one
functionalized ICG dye was conjugated with a single antibody molecule the dye quenched.
Hydrophobic interaction between ICG and the antibody might explain this highly sensitive
fluorescence quenching. [30,31] Thus, Ab-ICG conjugates are capable of becoming
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activatable with conjugation ratios as low as 1:1 to 1.5:1, however, during purification
processes, complete removal of non-covalently associated ICG-derivative to antibody was
rather difficult. [32-34] An important caveat is that idiosyncratic biodistributions of mAb-
conjugates can defeat attempts to create an activatable probe. For instance when a diabody
(Db) was activatably labeled with ICG it was not a successful imaging agent. Radiolabeled
Db is rapidly cleared from the circulation through the kidney resulting in high tumor-to-
background ratio on radionuclide imaging. However, when Db-1CG was first tested it was
surprising that it did not yield a high tumor-to-background ratio. In reality, the tumor-to-
background ratio decreased because a large amount of injected Db-ICG probe rapidly
accumulated in the kidney and was catabolized and reabsorbed in the renal tubules. Small
unquenched ICG-derivatives were then released into the circulation. These fluorescing ICG-
derivatives were excreted through the liver into the bile to the intestine. Therefore, ICG
fluorescence signal remained high up to 2 days after injection of Db-ICG by which time
most of the catabolites had cleared from the intestine. Since the percentage of injected dose
of Db-ICG probe in the tumor was not high because of rapid clearance from the circulation
the conjugate had a low input function and the tumor-to-background ratio of Db-1CG probe
remained low at all time points. This low tumor-to-background ratio was not observed with
radionuclide labeling because radionuclides were not reabsorbed in the kidney and were
generally excreted into the urine. [32] Thus, when designing fluorescence imaging probe, it
is important to consider the excretion route and timing of activated catabolites.

Practical clinical applications of monoclonal antibody-based fluorescent

imaging probes

There are two scenarios in which mAb-based fluorescent probes could become clinically
useful. One is in fluorescence guided navigation to aid surgeons in detecting tiny lesions and
determining the margin between cancer and normal tissue. Another is in selecting patients
whose cancer cells express a sufficient amount of target on the cellular membrane to enable
molecularly targeted therapies such as antibody-drug conjugates (ADC) or antibody-photo-
absorber conjugates (APC) to be successful.

A first-in-human clinical trial of fluorescence guided navigation to aid surgery in head and
neck cancers is currently underway utilizing the cetuximab-IRDye800 conjugate that targets
EGFR which is commonly overexpressed on head and neck cancers. [35,36] This agent
depicted the extent of squamous cell carcinoma in patients undergoing surgery. It was noted
that the conjugation of the IRDye800 significantly shortened the circulating half-life of
cetuximab even though a low antibody-to-dye conjugation ratio (approximately 1) was
chosen. [36] Rapid clearance of mAb-dye conjugates might help lower the background
signal, but at the same time it can also compromise tumor accumulation due to decreasing
input function. Taken together, these alterations could lower the performance of the agent.

When performing NIR-PIT, the photo-absorber, IRDye700DX, typically results in an
“always on” type of fluorescence signal. [37] Therefore, fluorescence signal of
IRDye700DX in the cancer tissue permits the estimation of the accumulation of mAb-
IRDye700DX in the tumor. However, the signal cannot differentiate between bound and
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unbound mAb-IRDye700DX. In order to show sufficient expression of target molecules,
activatable fluorescent probes would be useful for selecting eligible patients who could be
efficiently treated with an ADC or APC such as in NIR-PIT.

Conclusions

In this review, we have focused on designing and synthesizing optimal mAb-based
fluorescent imaging probes for clinical application especially from the conjugation
chemistry point of view. Designing appropriate fluorescent dyes and conjugating them with
stable humanized mAbs ideally will not alter in vivo pharmacokinetics of conjugate
compared with the parental mAb. Having the conjugate behave similarly to the unconjugated
antibody helps in achieving regulatory approval and, therefore, clinical translation. When it
is possible to design them, activatable fluorescent imaging probes yield higher target-to-
background ratios than “always on” probes, thereby improving sensitivity and specificity for
detecting cancers.
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Highlights

Monoclonal antibody is a good platform for designing optical molecular
imaging probe

Conjugation reaction to humanized can be similarly performed
Optimal florescent dyes do not alter in vivo pharmacokinetics of conjugates

Charge and hydrophilicity of fluorescent dyes should be considered for the
selection

Antibody-based fluorescent probes has started to be used for clinical trials
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Figure 1.
Protein structures of mouse, chimeric, humanized and entirely human antibodies. Parts

derived from murine protein are shown in red.
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The different types of enzymatically (upper) and genetically (lower) produced antibody
fragments. Small fragments that are smaller than 60 kD are generally excreted through the
kidneys, resulting in rapid blood clearance. The tumor uptake is generally higher in long
circulating antibodies and their fragments due to superior input function.
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Always-ON Activatable

ICG
anti-HER2 antibody anti-HER2 antibody

Figure 3.
Comparison of molecular (HER2) target images using always-ON and activatable probes.

Radiolabeled trastuzumab that emits always-ON signal depicts both bound and unbound
agents (left and right tumors) resulting in poor TBR. In contrast, the activatable fluorescent
probe, ICG-labeled trastuzumab, depicts only a target-expressing tumor (right tumor)
without background signal resulting in superior TBR.
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Figure 4.
Chemical properties of fluorescent dyes affect the in vivo pharmacokinetics of mAb-dye

conjugates. Target-specific tumor detection was successful only when self-quenched
Alexa680-Ab (activatable probe) was employed.
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