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Abstract

A water-soluble amine-reactive PEGylated analogue of near-infrared emitting dye indocyanine
green (5) was synthesized and used to label the anti-HER1 antibody panitumumab (Vectibix) at
various equivalents. These conjugates were compared with non-PEGylated analogue conjugate
products and the solution speciation analyzed with UV-Vis spectrophotometry, size exclusion
HPLC and SDS-PAGE. PEGylation of the bioconjugates was successful in preventing aggregation
in solution, a phenomenon observed with the non-PEGylated bioconjugates presumably due to the
hydrophobicity of indocyanine green. Competitive radioimmunoassay demonstrated that the
targeting moiety of the PEGylated bioconjugates was conserved. Fluorescence microscopy also
demonstrated membrane binding of the bioconjugate to HER1-expressing A431 cells. Hence,
these bioconjugates are suitable candidates for the in vivo optical imaging of HER1-expressing
tumors.

Introduction

There has been a great amount of interest in near-infrared (NIR) dyes as reporter groups for
bioconjugate probes as NIR light (700-1000 nm) is relatively transparent to tissue (1). The
many applications of NIR dyes for in vivo fluorescence biological imaging has been
reviewed in detail elsewhere (2-3). Chief among this class of reporter groups are the water-
soluble cyanine (Cy) dyes designed to react selectively with either sulfhydryl or amine
groups present on biomolecules (4-8).

However, excessive loading of Cy dye on proteins results in quenching of fluorescence, a
phenomenon more pronounced in the longer-chain cyanine dyes, such as Cy5 and Cy7 (9).
Indeed, dye-dye-mediated self-quenching was found to be more evident in the Cy dyes than
in other commercially available NIR dyes, such as the AlexaFluor dyes (10). This
phenomenon has led to the development of particular applications such as enzyme-
responsive NIR-protein bioconjugates which fluoresce upon enzymatic cleavage of the
bioconjugate (11-13). Cy dyes have also been used to label monoclonal antibodies (mAbs)
targeting tumor-associated antigens (14-17), with Cy7 demonstrating a fluorescence
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response with the deepest tissue penetration (14). More recently, mAbs labeled with both a
Cy dye and a radioactive reporter have been described towards the development of multi-
modal diagnostic agents (18-19).

Indocyanine green (ICG) (1) is an FDA-approved cyanine dye first described in the
construction of dilution curves for cardiovascular physiological studies (20). The absorption
and emission characteristics of this dye at the near-infrared end of the spectrum further
extended its application to fluorescence angiography (21), necessitating a thorough
investigation of the effects of solvent on the absorption and emission spectra of ICG in
blood plasma in comparison with ICG dissolved in commonly used laboratory solvents (22—
23). In general, it has been observed that dye-aggregation, whether due to the nature of the
solvent, the concentration of the dye, or combinations of both, results in the quenching of
ICG fluorescence.

Monoclonal antibody conjugates with amine-reactive ICG (24-25) (2 and 3) (Figure 1) have
been used in immunohistochemical staining of gastric microcancers (26-29) and as an in
vivo probe for tumor imaging (30-32). Interestingly, some examples of these ICG-mAb
bioconjugates were found to be non-fluorescent in PBS, but became fluorescent either in
vitro when in the presence of denaturing agents such as 5% SDS and p-mercaptoethanol (j-
ME), or upon internalization in tumor cells (31-32). The exact mechanism for this observed
fluorescence activation was not elucidated, though the authors suggest aggregation as the
cause of fluorescence quenching. Furthermore, these conjugates also exhibited significant
uptake and retention in the liver.

The studies herein describe an amine-reactive PEGylated ICG analogue (5) and its
conjugation to the mAb panitumumab. Panitumumab (Vectibix) is an FDA-approved mAb
which binds to HER1 (33), a surface antigen which is over-expressed in a variety of cancers.
These conjugates were compared with mAb conjugates of non-PEGylated analogues 2 and
3, their solution speciation characterized spectroscopically and chromatographically. The
immunoreactivity of the mAb post-modification was evaluated by radioimmunoassay using
purified antigen and by fluorescence microscopy. PEGylation was found to render ICG
water-soluble, thereby obviating the need for intermediary solvents such as DMSO or DMF
in the conjugation reaction. The PEGylated ICG-mAb was hypothesized to exhibit improved
solubility and pharmacokinetic characteristics, and to minimize or eliminate aggregation of
the conjugation product in comparison with the non-PEGylated analogue. Furthermore,
PEGylation of biologically active molecules, antibodies and antibody fragments has been
found to reduce their immunogenicity and improve in vivo clearance (34-35).

Materials and Methods

Compounds 2 and 3 were synthesized as previously described (24-25). NH,-PEG-CM-3400
(average molecular weight 3250) was purchased from Laysan Bio Inc. (Arab, AL). 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and 2-
mercaptothiazoline (ATT) were obtained from TCI America (Portland, OR) and 4-
dimethylaminopyridine (DMAP) was purchased from Sigma-Aldrich Chemical Company
(St. Louis, MO). Sephadex G-25 Medium was purchased from GE Healthcare (Piscataway,
NJ). Panitumumab (AMGEN Inc., Thousand Oaks, CA) was purchased through the
Veterinary Resources Pharmacy, NIH.

1H and 13C NMR spectra were obtained using a Bruker Avance 300 MHz instrument and
chemical shifts are reported in ppm on the & scale relative to TMS or residual solvent.
Proton chemical shifts are annotated as follows: ppm (multiplicity, coupling constant (Hz),

Bioconjug Chem. Author manuscript; available in PMC 2011 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Villaraza et al.

Page 3

integration). Reaction progress was also monitored by Silica Gel 60 thin layer
chromatography (Merck, Germany).

Absorbance spectra were recorded on an Agilent 8453 spectrophotometer (Santa Clara, CA).
Size exclusion HPLC (SE-HPLC) was performed on a Waters HPLC system (Milford, MA)
using a TOSOH TSK4000SW column (Tokyo, Japan) with 67 mM NagPO4/100 mM KCI
buffer (pH 6.8) as eluent (flow rate 0.5 mL/min). Radioactivity was measured using a
Wizard One Perkin Elmer y-scintillation counter (Shelton, CT).

ICG-PEG-COOH (4)

NH,-PEG-CM-3400 (1.0 g, 0.31 mmol) was dissolved in MeCN (50 mL) and stirred in the
presence of EtzN (50 pL, 0.36 mmol) over ice. Compound 3 (0.24 g, 0.34 mmol) was added,
and the solution stirred over ice for 1 h and 18 h at room temperature. The reaction mixture
was diluted with CHCI3 (50 mL) and washed with 0.1 M HCI (50 mL). The aqueous layer
was extracted further with CHCI3 (2 x 50 mL). The organic portions were pooled together
and dried over anhydrous MgSOy4. The mixture was filtered and the filtrate evaporated under
reduced pressure. The dye-polymer conjugate was purified by passing through a Sephadex
G-25 size exclusion column previously equilibrated with water. The volume of the pure
fraction was brought up to ~50 mL with water, acidified with 0.1 M HCI, and extracted into
CHClI3 (3 x 50 mL). The organic portions were pooled together, dried over anhydrous
MgSOy, filtered, and the filtrate evaporated under reduced pressure. The dark green oily
residue was triturated with diethyl ether, the supernatant decanted, the resulting solid
washed with more diethyl ether, and the residue dried under reduced pressure to yield a dark
green powder (0.91 g, 77%). Rs = 0.5 (CHCl3:MeOH::9:1); 1H NMR (CDCls, 300 MHz) &
1.5 (t, J=7.2 Hz, 3H), 1.6-2.4 (m, 6H), 2.0 (s, 12H), 3.4-3.5 (m, 5H), 3.6-3.8 (m, 307H),
3.9 (t,J=6.2 Hz, 3H), 4.1-4.4 (m, 4H), 4.2 (s, 2H), 6.3 (d, J = 13.1 Hz, 1H), 6.4 (d, J = 12.9
Hz, 1H), 6.8 (m, 2H), 7.3-8.2 (m, 15H); 13C NMR (CDCl3, 300 MHz) 312.74, 25.22, 26.50,
27.58, 36.15, 39.08, 44.66, 50.90, 59.53, 68.97, 69.72, 70.23, 71.27, 81.61, 110.09, 110.56,
122.18, 124.81, 124.99, 127.70, 128.20, 128.33, 130.00, 130.55, 130.66, 131.63, 131.78,
133.54, 133.75, 139.25, 139.53, 171.42, 173.08; Amax = 783 nm (PBS).

ICG-PEG-ATT (5)

Compounds 4 (0.76 g, 0.20 mmol) was dissolved in DCM (20 mL) and cooled over ice.
EDC (45 mg, 0.22 mmol) and DMAP (27 mg, 0.22 mmol) were added and the solution
stirred for 30 min. Afterwards, ATT (26 mg, 0.22 mmol) was added, and the reaction was
stirred over ice for 1 h and at room temperature for 18 h. The reaction mixture was then
washed successively with 0.1 M NaHCO3 (1 x 50 mL) and 0.1 M HCI (2 x 50 mL). The
organic portions were pooled together, dried over anhydrous MgSOy, filtered, and the
filtrate evaporated under reduced pressure. In a similar manner as with 4, the residue was
triturated with diethyl ether and then dried under reduced pressure to yield a dark green
powder (0.64 g, 84%). R¢ = 0.8 (CHCIl3:MeOH::9:1); TH NMR (CDCl3, 300 MHz) 1.5 (t, J
= 7.0 Hz, 3H), 1.6-2.4 (m, 6H), 2.0 (s, 12H), 3.4-3.5 (m, 5H), 3.6-3.8 (m, 295H), 3.9 (m,
3H), 4.0 (t, J = 7.8 Hz, 2H), 4.1-4.4 (m, 4H), 4.6 (t, J = 7.2 Hz, 2H), 5.1 (5, 2H), 6.3 (d, J =
13.1 Hz, 1H), 6.4 (d, J = 12.9 Hz, 1H), 6.8 (m, 2H), 7.3-8.2 (m, 15H); 13C NMR (CDCls,
300 MHz) 4 12.78, 25.27, 26.44, 27.61, 29.56, 33.75, 36.19, 39.12, 44.68, 50.92, 51.60,
55.48, 59.50, 60.00, 70.54, 74.00. 81.58, 110.16, 110.67, 122.22, 125.07, 127.77, 128.21,
130.03, 130.62, 131.64, 133.48, 133.71, 139.22, 139.51, 171.97, 173.12, 201.13; Amax = 783
nm (PBS).

Conjugation of Antibodies

Solutions of mADb (typically 10 mg, 66.7 nmol) were incubated with 2, 4, or 8 equivalents of
2,30r5in 0.1 M NaHCOg3 (pH 8.5) buffer for 1 h at 37 °C with stirring at 750 rpm. The
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mADb solution was vortexed as the amine-reactive dye was added dropwise to ensure
homogeneity of the reaction. All conjugation reactions were made up to a total volume of 1
mL. In particular, 5 was added as a 200 pL aliquot in buffer, while 2 and 3 were added as a
200 pL aliguot in DMSQO. After incubation, the reaction was transferred to a 3 mL Slide-A-
Lyzer Dialysis Cassette G2 (Thermo Fisher Scientific, Rockford, IL) and dialyzed against
PBS buffer at 4 °C for three days with nine buffer changes (9 L total). Protein recovery
during conjugation was determined by measuring the UV absorption at 280 nm.

Absorbance Measurements

The extinction coefficient of 3 was determined in DMF and in 9:1 PBS:DMF solution, while
the extinction coefficient of 5 was determined in DMF, in 9:1 PBS:DMF solution, and in
PBS. The absorbance spectra of 50 pg/mL samples of the bioconjugates were measured in
PBS and in 9:1 PBS/DMF. Based on a previously described procedure (22), the changes in
the shape of the spectra as a function of concentration were monitored by preparing 500,
100, 50 and 10 pug/mL samples of bioconjugate. The absorbance spectra of 500 pg/mL and
50 png/mL samples were measured in a 2 mm cuvette, while 1200ug/mL and 10 ug/mL
samples were measured in a 10 mm cuvette. The spectra of samples whose product of
concentration ¢ and pathlength b were the same (i.e. A = ebc where bc = constant) where
superimposed. These measurements were performed in PBS and in 8:2 PBS:DMSO.

Competition Radioimmunoassay (General Procedure)

The immunoreactivities of immunoconjugates were evaluated using a competition
radioimmunoassay. Fifty (50) ng of human epidermal growth factor receptor (hEGFR)
(Sigma-Aldrich, St. Louis, MO) in 50 uL of PBS containing Mg2* and Ca2* was added to
each well of a 96-well plate and incubated overnight at 4 °C. The excess antigen was
removed, 150 pL of 1% bovine serum albumin in PBS (BSA/PBS) was added to each well,
and the plate allowed to sit at ambient temperature for 1 h. The wells were then aspirated
and serial dilutions (1000-0.02 ng in 50 uL BSA/PBS) of the immunoconjugates were added
to the wells in triplicate (leaving one set of wells as a blank, i.e. no competitor), followed

by 125]-panitumumab (36) (~50,000 cpm in 50 uL BSA/PBS). The plate was then incubated
at 37 °C for 4 h. Afterwards, the wells were emptied and washed with BSA/PBS (3 x 200
pL), the bound radioactivity removed with 100 pL 0.2 M NaOH, absorbed into cotton filters,
placed in 12 x 75 mm tubes and counted in a y-scintillation counter. The percent inhibition
was calculated and plotted. Unconjugated panitumumab was included in the assay as well as
a negative mAb HuM195 (kindly provided by M. McDevitt, Memorial Sloan Kettering
Cancer Center), which reacts with human CD33.

SDS-Polyacrylamide Gel Electrophoresis

The immunoconjugates were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) both with and without reduction by B-ME using 4-20% pre-cast Tris-Glycine
polyacrylamide gels, respectively (Invitrogen, Carlsbad, CA). Five (5) ug of the
immunoconjugates were added to each lane and the gels were run according to the method
of Laemmli (37). Lanes containing 5 pg of panitumumab were included as a comparison.

Fluoresence microscopy

HER1-positive A431 cells were utilized for fluorescence microscopy to demonstrate tumor
targeting and specificity of the PEGylated panitumumab-I1CG conjugate. The cells were
obtained from ATCC (Manasass, VA) and grown in RPMI 1640 media (Lonza,
Walkersville, MD) supplemented with 10% FetalPlex (Gemini Bioproducts, Woodland,
CA), 1 mM non-essential amino acids and 2 mM glutamine. The fluorescence microscopy
study was performed by adding A431 cells (2.5 x 10%) to each chamber of an eight chamber
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slide and incubated for 72 h. The chambers were washed 3 times with phosphate-buffered
saline (PBS, pH 7.2) and fixed for 10 min at room temperature with 4% paraformaldehyde.
After three more washes with PBS, 0.5 mL of PBS containing 1% bovine serum albumin
was added to each chamber. Following 1 h incubation at ambient temperature, the 1% BSA/
PBS was removed and 1 pg of 12 or 15 (negative control) was added to a chamber and
incubated for 1 h at 37 °C. The chambers were then washed three times with PBS, the
chambers removed and the slide mounted with a coverslip using FluorSave (Calbiochem, La
Jolla, CA). Fluorescence microscopy was performed using an Olympus BX61 microscope
(Olympus America, Inc, Center Valley, PA) equipped with the following filters: excitation
wavelength 672.5 to 747.5 nm, emission wavelength 765 to 855 nm. Transmitted differential
interference contrast (DIC) images were also collected.

Results and Discussion

Amine-reactive ICG dyes 2 and 3 were synthesized in good yields. To produce ICG-PEG
conjugate 4, compound 2 was chosen to react with NH»-PEG-CM-3400 as the aminolysis of
3-acylthiazolidine-2-thione activated esters to form amides has been thoroughly
demonstrated to be efficient (38—-39). Furthermore, the reactivity of 2 itself has been tested
with a variety of amino acids and primary amines under different conditions and found to be
efficient (25). The benefits of PEGylating ICG were expected to be three-fold: firstly, the
dye-polymer conjugate 4 would be dramatically more water-soluble than 2; secondly, the
increase in molecular weight would promote simplified purification of the resulting dye-
polymer conjugate 4 by size-exclusion chromatography (indeed, due to the differences in
molecular weight and solubility between the starting materials and product, unreacted dye
was retained at the top of the Sephadex column while the dye-polymer eluted); thirdly, since
the molecular weight of the polymer is significantly greater than that of the dye, the
resulting mass of 4 is much higher relative to the amount of 2 used in the reaction, which
again facilitates handling. This bodes well if the same reaction scheme is to be applied to the
synthesis of dye-polymer conjugates using commercially-available Cy dyes, which are
relatively expensive and sold only in small amounts. Interestingly, 4 could, in fact, be
extracted back into chloroform upon slight acidification of the purified fraction. Synthesis of
activated ester 5 was chosen over a succinimidyl ester analogue in order to be able to
compare mADb labeling efficiencies with 2 (Scheme 1). The formation of the activated ester
was easily monitored by thin layer chromatography. Finally, both PEGylated and non-
PEGylated amine-reactive dyes were found to “stick” to the flask, but trituration in diethyl
ether dislodged both products, thereby maximizing reaction yields.

Amine-reactive dyes 2, 3 and 5 were added to panitumumab in increasing equivalents of 2, 4
and 8 per mADb to (1) compare their respective labeling efficiencies and (2) determine the
effect of increased labeling on the immunoreactivity of the resulting conjugates (Scheme 2).
As 5 proved to be water-soluble, the conjugation reaction was performed solely in buffered
aqueous solutions as described above. However, the insolubility of 2 and 3 in aqueous
solutions required dissolution in DMSO before addition to the buffered protein solution.
Prior to the conjugation reactions with the ICG compounds, the maximum percentage of
DMSO in buffer that panitumumab could tolerate without loss of immunoreactivity was
determined to be 25% DMSO in reaction buffer (data not shown). Hence, the conjugation
reactions involving 2 and 3 were performed with the desired equivalents being added as a
200 puL. DMSO solution to 800 uL buffered protein solution, resulting in a final reaction
volume of 1 mL. All conjugates were purified via extensive dialysis against PBS and
recovered in good yield on a protein basis.

A previous study on the UV-Vis absorption properties of ICG noted that: (1) the
characteristics of the absorbance spectrum of ICG are dependent upon its concentration in
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solution and the nature of the solvent, (2) at relatively low concentrations the absorbance
maximum of the dye is red-shifted when comparing spectra taken in water versus plasma,
and (3) a continuous increase in ICG concentration results in a collapse of the absorbance
maximum at ~780 nm accompanied by a simultaneous growth of a peak within the range of
700-720 nm (22). The presence of this peak is a clear indication of the formation of dye
aggregates in aqueous solvent due to the hydrophobicity of ICG (40). Indeed, analogous
solvent- and concentration-dependent formation of dye aggregates has been observed for
other cyanine dyes as well (41). The formation of aggregates alters the optical density of the
dye, and correspondingly, the extinction coefficient €. This change has profound
implications on the use of ICG as a fluorescent probe in biological applications, as the
optical density determines the fluorescence intensity. This occurrence is underlined by the
inconsistency of reported ICG quantum yields in the literature, which were also found to be
both solvent- and concentration-dependent (23,42).

The extinction coefficients of 3 and 5 were determined in different solvents at micromolar
concentrations. Compounds 3 was insoluble in PBS, but soluble in a 10% DMF in PBS
solution and in DMF alone. The calculated extinction coefficients were drastically different,
being a fifth lower in PBS/DMF than in just DMF. On the other hand, the calculated
extinction coefficients of 5 were independent of the three solvents used (Table 1). However,
a slight red-shift from 783 nm to 790 nm was observed when comparing the absorbance
maxima ranging from aqueous to organic solvent (Figure 2).

More critically, the effect of solvent on the extinction coefficient of the dye has important
implications in the determination of the dye-to-protein (D/P) ratio of resulting ICG-labeled
proteins. D/P ratios can be determined spectrophotometrically by calculating the
concentration of dye based on its absorbance at its Aynax, and likewise the protein
concentration from its absorbance at 280 nm. These calculations require the construction of
a calibration curve for each separate component (i.e., dye and protein) measured in an ideal
aqueous solvent such as PBS. As both 3 and 4 are insoluble in PBS, no such calibration
curve could be constructed, and therefore D/P ratios for proteins labeled with them cannot
be determined. On the other hand, a protein calibration curve in 9:1 PBS:DMF is
meaningless as this solvent combination does not mimic physiological conditions. Indeed, in
previous reports (31-32) the D/P ratios of a variety of ICG-labeled mAbs were determined
under denaturing conditions, i.e., in the presence of 5% SDS and p-mercaptoethanol.
Applying the same argument, such results and measurement are at best questionable as these
solvent conditions do not reflect the physiological state of the antibody conjugates under
study.

However, as the extinction coefficient of 5 is consistent throughout the range of solvents
described, the concentrations of panitumumab and ICG can be accurately determined from
the absorbances of the conjugates at 280 nm and 783 nm (Figure 3a) in PBS. Using this
method, the D/P ratios for the PEGylated dye-protein conjugates 12, 13 and 14 were
calculated to be 0.73, 1.74 and 3.38, respectively. HuM195 was also reacted with 5 to form
conjugate 15, and its D/P ratio was determined to be 1.05. The challenge of determining D/P
ratios in dye-labeled proteins is not limited to ICG conjugates; for example, it has been
addressed previously in antibody conjugates of rhodamine B, a relatively hydrophobic dye
(43-44). The importance of accurately establishing the D/P ratio of a fluorescently-labeled
antibody cannot be over-stated as high loading of dye molecules onto a single antibody has
been shown to result in fluorescence quenching rather than fluorescence enhancement,
observed especially in the longer-chain Cy dyes due to their relative hydrophobicity (9-10).

Absorption spectra of 50 ug/mL samples of all bioconjugates were measured; for brevity,
the spectral range corresponding to dye absorption of 8, 11, 14 are presented (Figure 3b and
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3c). As discussed earlier, the depression of the absorbance peak at 790 nm, the shift and
broadening of the Amax to around 800 nm, and the increase of the absorbance within the
700-720 nm range in the spectra of 8 and 11 in PBS are all indicators of dye aggregation in
these conjugates, characteristics which are much less pronounced in the spectrum of the
PEGylated conjugate 14 (Figure 3b). Similar to previously published absorption spectra of
ICG-mADb bioconjugates (27), the spectra of 8, 11 and 14 when measured in 9:1 PBS:DMF
show a suppression of the 720 peak and a growth in the 790 nm peak (Figure 3c) relative to
that measured in PBS alone, suggesting that the presence of DMF prevents or reduces dye
aggregation. Again, however, this solvent combination is not representative of physiological
conditions and therefore absorbance measurements performed in it do not reflect the true
absorption properties of these conjugates, particularly when translated to an in vivo
environment. On the other hand, the absorption spectra of the PEGylated conjugates suggest
that they are more stable against dye aggregation, a result of the increased hydrophilicity of
5 due to the water-soluble PEG polymer.

To determine if aggregation is an effect of concentration, the absorption spectrum of 11 was
measured at different concentrations (ranging from10 to 500 ng/mL) in PBS (Figures 4a and
4b). Furthermore, to determine if the solvent also had an effect, the same measurements
were performed in 20% DMSO in PBS (Figures 4c and 4d). No change was observed in the
spectra measured in PBS regardless of the sample concentration. However, for the samples
measured in 2:8 DMSQO:PBS, the data suggest that aggregation is reduced upon dilution of
the sample in the presence of an organic co-solvent, indicated once again by the suppression
of the peak at 720 nm and the growth of the peak at 790 nm.

The SE-HPLC data demonstrated that the aggregation occurs on a macromolecular level, as
evidenced by the formation of high molecular weight (HMW) species with conjugates 8-11
which were clearly observable by chromatography (Table 2). Aggregates were formed only
in those conjugates which were labeled with non-PEGylated dye. Furthermore, the degree of
aggregation is directly related to the amount of dye loaded onto the protein. Interestingly,
previous studies which describe the synthesis of ICG-mAb conjugates fail to report any SE-
HPLC data, stating only that purification of the conjugation reaction mixture involved
elution through a desalting PD-10 column (24,26-32) to remove any excess or unreacted
dye. However, this method is incapable of discriminating between the labeled mAb and any
aggregates. The assumptions were that the eluted fraction was a pure product. The SE-HPLC
analysis presented in this study demonstrates that this assumption cannot be made. The SE-
HPLC data clearly demonstrates that the PEGylated conjugates (12-14) were void of
aggregate formation. Indeed, it has been reported many times in the literature that
PEGylation of mAbs and mAb fragments is useful in preventing their aggregation in
solution (35).

To determine if aggregation was an equilibrium-based process, conjugate 8 was purified by
SE-HPLC, the aggregate was separated from the 1gG fraction, the corresponding fractions
pooled together and concentrated. Measurement of absorption spectra in PBS confirmed
their identities (Figure 5). These repurified products were allowed to sit at 4 °C for three
weeks, after which time an aliquot was taken and characterized by SE-HPLC. No formation
of aggregates was observed, suggesting that the bioconjugate is stable, and that therefore the
observed aggregation is not an equilibrium based process but a result of the amount of dye
loaded in the conjugation reaction.

All bioconjugates under study were analyzed by SDS-PAGE under both non-denaturing
(Figure 6a) and denaturing (Figure 6b) conditions. Under non-denaturing conditions, the
band patterns for conjugates 6 — 11 suggest that the presence of SDS was sufficient to
disassociate any aggregates present. Furthermore, since all samples under study exhibit the
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same band pattern as that of native panitumumab in the presence of B-ME, it can be inferred
that the aggregates observed in SE-HPLC are associated purely by supramolecular forces;
i.e. no covalent cross-linking between antibody molecules during the conjugation reaction
occurred. A slight smearing of bands is observed for the PEGylated compounds 12 — 14
under both conditions, a behavior observed previously in other PEGylated antibodies and
antibody fragments (35).

The SDS-PAGE data suggest that the mechanism of fluorescence activation previously
described for other ICG-labeled mAbs in vitro in the presence of 5% SDS and 3-ME or upon
cell internalization, and in vivo with mouse cancer xenografts (31-32), could actually be the
result of dye disaggregation of the dye-mAb conjugate. On the other hand, no such problem
is anticipated for PEGylated compounds 12 — 14 as they form no aggregates; furthermore,
the linear polymer can serve as an effective spacer to minimize dye-dye interactions.

PEGylated mAbs 12 — 14 were analyzed by competition radioimmunoassay against 12°|-
labeled panitumumab (Figure 7). The amount of bioconjugate required for 50% inhibition
increased with the degree of labeling: 14 ng (12), 15 ng (13), 23 ng (14) vs. 10 ng (native
panitumumab). Though 12 and 13 exhibit comparable affinities, 14 showed the least amount
of affinity among the samples under study, indicating a threshold value had been reached.
Therefore, modification of panitumumab with 5 with a resulting D/P ratio less than 3 did not
significantly compromise the immunoreactivity of the mADb.

Finally, 12 and 15 (negative control) were used to stain HER-1 expressing A431 cells and
their fluorescence monitored by confocal microscopy. The images taken of fixed cells show
that the panitumumab-based bioconjugate binds to the cell membranes (Figure 8).
Fluorescence of the probe is observed even without internalization into the cell. This
reinforces the previously described mechanism of fluorescence activation upon
internalization into cells to be one of disaggregation of the dye-mAb conjugate.
Fluorescence images of viable cells were also taken and showed similar binding of the
fluorescent probe to the cell membranes (Supplementary Figure 5).

In summary, a PEGylated amine-reactive derivative of NIR-emitting cyanine dye ICG has
been successfully synthesized. This was used to label the anti-HER1 antibody panitumumab,
and the resulting bioconjugate was characterized alongside previously reported non-
PEGylated analogues. UV-Vis spectrophotometry and SE-HPLC demonstrate that
PEGylation prevents aggregation of the bioconjugate from occurring, in comparison with
the non-PEGylated analogues. SDS-PAGE analysis of the bioconjugates show that the
presence of SDS is sufficient to disassociate any aggregates formed, and denaturation with
B-ME also shows that aggregation is not the result of covalent cross-linkage. These results
suggest that the previously reported mechanism of fluorescence activation in ICG-labeled
mAbs probably occurs via dye disaggregation. Competitive radioimmunoassay
demonstrated that PEGylation of panitumumab with 2 equivalents of 5 did not significantly
reduce immunoreactivity of the mAb. This result was demonstrated further by fluorescence
microscopy of HER1-expressing A431 cells stained with the PEGylated mAb, showing
fluorescence on the cell membrane without internalization. This study highlights the fact
that, though many protocols for the purification of bioconjugates are well-established and
tools for these are commercially available as Kits, the need to thoroughly characterize novel
bioconjugates using classical methods is necessary to have a proper understanding of their
solution properties and speciation.

It is hoped that the PEGylated bioconjugates described here would exhibit not only
improved fluorescence properties in vivo but also better pharmacokinetic behavior in
visualizing HER1-expressing tumor lesions. Indeed the benefits of PEGylating proteins for
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therapeutic purposes have been described thoroughly in the literature, namely, that
PEGylation increases the in vivo circulation half-life of the protein thereby enhancing its
bioavailability, and that the modified protein exhibits a reduced immunogenicity and
antigenicity coupled with increased plasma stability as the steric hindrance introduced by the
water-soluble polymer masks it from proteolytic enzymes and other degrading agents (45—
47). Hence, future work involving these single-modality imaging agents will include in vivo
testing in animal models to determine their biodistribution and other pharmacokinetic
characteristics. Futhermore, it is of immediate interest to this group to assess if PEGylation
will improve the solution and in vivo biodistribution properties of our previously reported
dual-modality optical/SPECT imaging agents (18-19), as PEGylation of a radiolabeled
protein for SPECT imaging has previously been shown to possess improved
pharmacokinetic behavior in the non-invasive monitoring of tumor response to applied
therapy (48).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(1) ICG, (2) ICG-0OSu, (3) ICG-ATT, (5) ICG-PEG-ATT
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Figure 2.
A slight red shift in the Ay,x Of 5 is observed when in aqueous solvent (PBS) vs. organic

solvent (DMF).
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(@) ICG-PEG-mAbs 12, 13, 14 in PBS, (b) 8, 11, 14 in PBS, (c) 8, 11, 14 in 9:1 PBS:DMF
(50 pg samples).
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Figure 4.
(@) and (b) 11 in PBS, (c) and (d) 11 in 2:8 DMSO:PBS at (o) 0.5 mg/mL and (=) 0.1 mg/
mL.
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Figure 5.
Absorption spectra of (o) aggregate HMW fraction and (—) pure IgG fraction.
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Figure 6.

SDS-PAGE of ICG-labeled panitumumab bioconjugates under (a) non-denaturing and (b)
denaturing conditions with B-ME.
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Figure 7.
Competition RIA of 12, 13 and 14 with 125]-Panitumumab
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Figure 8.

HER1-positive A431 fixed cells incubated with 1pg of test antibody for 1 h at 37 °C. (a)
DIC and (b) fluorescence image of cells stained with 12. (c) DIC and (d) fluorescence image
of cells stained with 15 (negative control).
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(b)

Scheme 1.
Synthesis of 5: (a) EtsN, MeCN, 0 °C, (b) DCM, EDC, DMAP, ATT, 0 °C.
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Conjugation of 2, 3 and 5 with panitumumab: (a) 25% DMSO in 0.1 M NaHCOg buffer, (b)

0.1 M NaHCOg3 buffer.

Bioconjug Chem. Author manuscript; available in PMC 2011 December 15.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Villaraza et al.

Table 1

Comparison of optical properties of 3 and 5 in different solvents.

Compound
3 5
Solvent Muax  g(@M~tem™)  Amax  g(uM~tcm™)
PBS -—- - 783 0.155
9:1 PBS:DMF 800 0.034 785 0.154
DMF 790 0.170 790 0.158
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Table 2

SE-HPLC data of conjugates

Sample % HMW % IgG
6 9.2 90.8
7 15.7 84.3
8 26.0 74.0
9 5.3 94.7
10 12.2 87.9
11 19.9 74.0
12 0 100
13 0 100
14 0 100

Page 23

1gG (Panitumumab): tR = 19.9 min; HMW species (6-8): tR = 11.2 and 16.9-18.4 min; HMW (9-11): tR = 11.2; molecular weight standards: 158
kDa (20.5 min), 232 kDa (19.3 min), 440 kDa (16.5 min), Blue Dextran (11.2 min).
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