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A B S T R A C T

Antibody drug conjugates (ADCs), which are obtained by coupling a potent cytotoxic agent to a monoclonal
antibody (mAb), are traditionally bound in a random way to lysine or cysteine residues, with the final product’s
heterogeneity having an important impact on their activity, characterization, and manufacturing. A new anti-
body drug delivery system (ADS) based on a non-covalent linkage between a Fc-binding protein, in this case
Protein A or Protein G, and a mAb was investigated in the effort to achieve greater homogeneity and to create a
versatile and adaptable drug delivery system.

Recombinant staphylococcal Protein A and streptococcal Protein G were chemically PEGylated at the N-
terminus with a 5 kDa and a 20 kDa PEG, respectively, yielding two monoconjugates with a mass of ≈50 and
≈45 kDa. Circular dichroism studies showed that both conjugates preserved secondary structures of the protein,
and isothermal titration calorimetry experiments demonstrated that their affinity for mAb was approximately
107 M−1. Upon complexation with a mAb (Trastuzumab or Rituximab), in vitro flow-cytometry analysis of the
new ADSs showed high selectivity for the specific antigen expressing cells. In addition, the ADS complex based
on Trastuzumab and Protein G, conjugated with a heterobifunctional 20 kDa PEG carrying the toxin Tubulysin A,
had a marked cytotoxic effect on the cancer cell line overexpressing the HER2/neu receptor, thus supporting its
application in cancer therapy.

1. Introduction

Antibody drug conjugates (ADCs), a class of anticancer therapeutics
designed to selectively deliver a cytotoxic payload to tumor cells with
only limited systemic toxicity towards healthy tissues, have taken im-
portant forward steps as research has successfully addressed some de-
livery-related obstacles linked to them. Exploiting the action of the
potent cytotoxic agent conjugated to them, these therapeutics act as
drug-carriers, targeting agents, and eventually as drugs themselves for a
synergistic activity, selectively killing cancer cells while sparing healthy
tissues [1]. Given that as single therapeutic agents, mAbs, tend to have
an insufficient, although specific, clinical response, they are generally

combined with other drugs. On the other hand, chemotherapeutic drugs
in general are very potent but frequently do not recognize tumor cells
and commonly have a relatively narrow therapeutic window, with
therapeutic doses that are necessary close to the maximum tolerated
ones and thus to induce severe side effects. Combining mAbs with cy-
totoxic drugs overcomes some of these problems because the mAb is
able to selectively identify the cancer cells expressing the target antigen
on the surface and consequently they can precisely delivery the drugs at
the cancer cells [1].

Although developing ADCs seems simple, producing them for clin-
ical practice is a complex process. ADCs’ clinical efficacy depends on a
delicate balance between multiple factors [2] including: (i) the potency
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of the cytotoxic drugs [3], (ii) the expression level on the cell surface of
the antigen recognized by the mAb [4], (iii) the linker used, be it hy-
drolysable or not, between the mAb and the drug [5], (iv) the chemical
strategy at the core of the conjugation [6,7], (v) the mAb sites involved
in the drug coupling process, (vi) the cellular internalization of the
system and its rate [4,8], and (vii) the drug to antibody ratio (DAR)
[9,10]. The drugs are usually conjugated to the lysines or cysteines of a
mAb; these approaches have yielded heterogeneous ADC mixtures
composed of isomers carrying a different number of drug units per
antibody and a variety of positional isomers with the drug molecules
linked at different positions on the antibody.

Mylotarg, Kadcyla, Adcetris, and Besponsa, the ADCs that are cur-
rently approved by the FDA, were obtained by conjugating them to
surface-exposed lysines or cysteines after a partial reduction of disulfide
bonds. Researchers are presently moving in the direction of developing
homogenous products in the effort to obtain a better control over
synthesis and characterization, improved batch-to-batch reproduci-
bility, and better pharmacokinetic and safety profiles [11–13]. New
approaches to site-specific conjugation including introducing cysteine
residues by site-directed mutagenesis, utilizing enzymes to mediate the
drug’s coupling to specific amino acid tags in a mAb [14], inserting un-
natural amino acids into the mAb backbone by genetic engineering
[15,16], drug conjugation to N-Glycans in the Fc (fragment, crystal-
lizable) moiety [17] or others are presently under investigation. As each
approach means constructing a specific development strategy, it is
unfortunately very difficult to benefit from knowledge already gained
from other projects.

The current study presents a new approach for the delivery of an-
ticancer drugs based on a mAbs. A given mAb non-covalently interacts
with a Fc-binding molecule that carries the drug, thus forming a com-
plex that leaves the Fab (fragment, antigen-binding) moieties free from
any potentially deleterious drug conjugation/interaction effects that
could reduce the antibody’s affinity towards its antigen. Two bacterial
proteins, Protein A (SpA) and Protein G (SpG), have been investigated
as the Fc-binding molecule. SpA and SpG are cell-wall anchored re-
ceptors derived from Staphylococcus aureus and Streptococci C and G
strains, respectively, which protect the bacteria from the host’s immune
system during infections [18–20] by interacting with its antibodies.
These proteins are, in fact, employed in many immunochemical appli-
cations and, in particular, in antibody purification by affinity chroma-
tography [21,22]. In terms of species reactivity, SpG binds all four
subclasses of human IgG (immunoglobulins G: IgG1, IgG2, IgG3, and
IgG4), but SpA is unable to recognize IgG3 [23–25]. Numerous X-ray
crystallography and Nuclear Magnetic Resonance (NMR) experiments
which have been reported in literature to clarify how the two proteins
interact with the Fc moiety [26–33] have uncovered that the two pro-
teins bind to nearly the same region of the Fc, the hinge region con-
necting the second and the third constant domains of the heavy chains
(CH2 and CH3). Isothermal titration calorimetry experiments showed
that the Ka is in the range of 107–108 M−1 [18]. It is the nature of the
protein-protein interaction that diversifies the two complexes [26,27].
While the SpG/Fc complex is based primarily on charged and polar
contacts (hydrogen and ionic bonds), the SpA/Fc complex is based on
hydrophobic interactions and fewer polar contacts [34]. Both proteins
contain repeating IgG-binding domains. SpA (42 kDa) consists of five
highly homologous domains (named E, D, A, B, and C, in order from the
N-terminus) of approximately 58-amino acids and a C-terminal X region
responsible for the cell-wall attachment. Each of the five domains shows
IgG-binding properties and is arranged in a three-helix bundle [35].
SpA, which has a markedly extended shape [36], contains about 50% of
α-helix and 10–20% of β-strand structure [37]. As far as SpG is con-
cerned, studies in the literature report different molecular weights and
domain designations since several of the genes have been cloned and
sequenced from different streptococci strains (the G148 strain has been
the most studied one) [38–40]. The entire SpG (60 kDa) is formed by a
total of about 600 amino acids, some of which arranged in three

repeated domains of about 55 amino acids called C1, C2, and C3 re-
sponsible for Fc-binding [41]. Each IgG-binding domain consists of an
α–helix diagonally positioned across a four stranded β-sheet [26]. The
C-terminus part, which is similar to the one in SpA and forms a hy-
drophilic anchor that mediates the cell-wall attachment, is followed by
region M, which is supposedly the transmembrane portion. SpG can
also present three homologous 46-residue triple α helical domains that
bind human serum albumin (HSA) [42,43].

A reduced SpG form (weighing approximately 22.8 kDa) comprising
the C1, C2, and C3 domains but without any of the other regions in-
cluding the HSA binding domain, was used here. An alternative IgG-
binding activity of SpA and SpG is directed toward the Fab moiety. SpA
is able to specifically interact with the Fab of the VH3 family with a Ka

of about 105–106 M−1 (Fab and Fc are non-competitive for binding)
[44–47]. It was found that SpG was able to bind Fab with an affinity of
105 M−1 and without any family distinction, since the bond involves
the CH1, which is the most highly conserved region in the Fab
[18,26,48].

The SpA and SpG used here acted as both Fc-binding proteins and
drug carriers; the drug was not directly linked to the proteins but at-
tached through a linker made up of a linear PEG (polyethylene glycol)
chain. The use of PEG linkers of high molecular weight, 5 and 20 kDa,
was preferred instead of oligoethylene glycol linkers or direct drug
coupling to Fc-binding proteins in view to the known immunogenicity
of SpA and SpG. The mAb/Fc-binding protein-PEG-drug system
(Antibody Drug System, ADS) presents some advantages with respect to
ADC approach as it provides a versatile platform upon which different
mAbs can be easily interchanged depending upon the target tumor/
disease to be treated. The time and cost of the investment can be re-
duced as the systems are generated by simply mixing the two compo-
nents, the mAb and the Fc-binding protein carrying the drug. In addi-
tion, if the drug is replaced with a labelling molecule, it can be switched
from a therapeutic to a diagnostic application.

Two mAbs were used here as models to study the ADS: Trastuzumab
(Trz) and Rituximab (Rtx). The former is a humanized monoclonal IgG1
k that recognizes the extracellular domain of the HER2/neu receptor,
which is over-expressed in 25–30% of breast cancers, with high affinity
and specificity [49,50]. The latter is a chimeric antibody containing
human IgG1 and k constant regions with murine variable regions that
bind the human CD20 antigen, a phosphoprotein weighing 35 kDa
present on normal and malignant B cells that are used to treat non-
Hodgkin lymphomas [51,52].

2. Materials and methods

2.1. Materials

Recombinant Protein A and Protein G were purchased from
ProSpec-Tany TechnoGene Ltd. (Israel). Trastuzumab, Rituximab, and
Bevacizumab were obtained from the Veneto Institute of Oncology
(IOV-IRCCS, Padova, Italy). Trastuzumab: the 150mg product is for-
mulated in 3.36mg L-Histidine HCl, 2.16mg L-Histidine, 136.2 mg α,α-
trehalose, dihydrate, 0.6mg polysorbate 20, and water for injection,
USP, pH 6, at a concentration of 21mg/ml. Rituximab: each ml of so-
lution contains 10mg of rituximab, polysorbate 80 (0.7 mg), sodium
chloride (9mg), sodium citrate dihydrate (7.35mg), and water for in-
jection, USP, pH 6.5.

Bevacizumab: the 100mg product is formulated in 240mg α,α-
trehalose dihydrate, 23.2mg sodium phosphate (monobasic, mono-
hydrate), 4.8 mg sodium phosphate (dibasic, anhydrous), 1.6 mg poly-
sorbate 20, and water for injection, USP, at a concentration of 25mg/
ml. Prior to the usage, antibodies were dialyzed against PBS pH 7.4.

Cy5-maleimide and Cy5-NHS ester were acquired from GE
Healthcare (Uppsala, Sweden). N-succinimidyl-3-(2-pyridyldithio)-
propionate (SPDP) was from Proteochem (Loves Park, IL, USA). BCA
Protein Assay Kit for protein concentration quantification,
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trifluoroacetic acid, D2O and all other reagents including salts and
solvents as well as McCoy’s 5A cell medium and FACS buffer were ac-
quired from Sigma-Aldrich s.r.l. (Milan, Italy). PEGs were from NOF
Corporation (Tokyo, Japan). Precast gels for SDS-PAGE 8–16% and
4–15% were purchased from Thermo Fisher Scientific (Waltham, MA,
USA) and Bio-Rad (Milan, Italy). Pierce™ Dye Removal Columns for the
elimination of unconjugated Cy5 were from Thermo Fisher Scientific
(Waltham, MA, USA). Tubulysin A was obtained from Tube Pharma
(Wien, Austria). RPMI 1640 and DMEM cell media were from
EuroClone (Milan, Italy); L-glutamine, HEPES, penicillin, streptomycin,
and sodium pyruvate were obtained from Lonza (Basel, Switzerland).
Heat-inactivated fetal bovine serum was from Gibco BRL (Paisley, UK).
R-phycoerythrin (PE)-conjugated mouse anti-human CD20 mAb (clone
2H7) was acquired from BD Biosciences (San Diego, USA), and PE-
conjugated mouse anti-human IgG1 mAb from Miltenyi Biotec
(Bergisch Gladbach, Germany).

The HPLC/FPLC systems used were the following: (i) HPLC
Shimadzu composed of two LC-10AD and a UV–Vis SPD-10AV detector
(Kyoto, Japan); (ii) HPLC Agilent Technologies, 1260 Infinity model
(Santa Clara, CA, USA); (iii) AKTA purifier (GE Healthcare, Uppsala,
Sweden).

2.2. Analytical methods

NMR. NMR spectra were obtained using a Brüker Avance 400
spectrometer (Rheinstetten, Germany). operating at 400.132MHz, and
the spectra were processed with MestReNova software.

UV–Vis. Protein concentrations were determined spectro-
photometrically on a Thermo Scientific Evolution 201 spectro-
photometer (Waltham, MA, USA) or via BCA assay, as described else-
where [53]. Proteins and PEGylated proteins were evaluated on the
basis of their absorbance at 280 nm (A0.1%

280 SpA=0.133, A0.1%
280

SpG=0.90, A0.1%
280 Trastuzumab=1.43, A0.1%

280 Rituximab=1.63, A0.1%
280

Bevacizumab=1.70ml cm−1 mg−1). Extinction coefficients at 280 nm
for PEG-proteins were considered unvaried with respect to those of
native proteins.

SDS-PAGE. Electrophoresis (SDS-PAGE) was performed in ac-
cordance with the Laemmli-SDS-PAGE protocol [54,55]; the gel was
stained with Blue Coomassie for protein detection and with iodine for
PEG detection. Electrophoretic runs were made using an Electrophor-
esis Power Supply 300 (Pharmacia, New Jersey, USA).

Far-UV circular dichroism (FUV-CD). FUV-CD spectra were
measured on a Jasco J-810 spectropolarimeter equipped with a Peltier
temperature control unit at 25 °C. The samples were dissolved in PBS
pH 7.4 at a protein concentration of 0.1–0.2mg/ml. The spectra were
collected between 200 and 250 nm with an average of 3 scans and the
data at each wavelength were averaged for 8 s. The sample cell path
length was 1mm. The CD data were converted to mean residue ellip-
ticity, expressed in deg cm2 dmol−1 by applying the following formula:

=Θ Θ (MRW)/10L[C]MWR obs

where Θobs is the observed ellipticity in degrees, the MRW is the mean
residue weight of the protein (molecular weight divided by the number
of amino acids), [C] is the protein concentration in mg/ml, and L is the
optical path length in centimeters.

MALDI-TOF MS. Mass spectra were obtained with a REFLEX time-
of-flight instrument (4800 Plus MALDI TOF/TOF, AB Sciex,
Framingham, Massachusetts, USA) equipped with a SCOUT ion source,
operating in positive linear mode. A pulsed UV laser beam (nitrogen
laser, λ 337 nm) generated ions that were accelerated to 25 kV. Matrix
(a saturated solution of sinapic acid in water/ACN (1:1, v/v)+ 0.1%
TFA (v/v)) was mixed with an equal volume of sample, and 1 μl was
loaded on the plate.

Dynamic light scattering (DLS). Hydrodynamic diameters were
measured using a Zetasizer Nano ZS apparatus (Malvern Instruments
Ltd., Worcestershire, United Kingdom) at 25 °C the results of three

measurements were averaged. A series of solutions (PBS pH 7.4) with
different mAb/protein molar ratios (1:0.25, 1:0.5, 1:1 and 1:2) were
prepared to maintain a fixed mAb concentration and varying protein
concentrations. The solutions were left to equilibrate for 1 h at room
temperature and filtered with a 0.22 µm cellulose acetate centrifuge
tube filter before being analyzed. The size values are reported based on
volume.

Isothermal titration calorimetry (ITC). Affinity constants and
binding stoichiometry between native/conjugate proteins and mAbs
were determined by isothermal titration calorimetry using a VP-ITC
MicroCalorimeter (GE Healthcare, Uppsala, Sweden) provided with a
ThermoVac accessory for thermostatting and degassing samples. All the
samples were dissolved in PBS pH 7.4. The sample cells were filled with
a mAb solution that was titrated with protein solution loaded in the
injector syringe. SpA and SpG concentrations ranged from 10 to 20 μM;
mAbs concentration was 1–2 μM. The first injection was of 1 μl, and all
the subsequent ones were of 10 μl every 240 s. The injection duration
was 20 s and the stirring speed was set at 307 rpm. The experiments
were conducted at 30 °C with a reference power of 9 μCal/sec. The data
were analyzed using Origin 7.0, MicroCal LLC ITC and fitted to a “one
set of sites” model to obtain the stoichiometry (n), the thermodynamic
association constant (Ka) and enthalpy energy (ΔH°).

2.3. Synthesis of PDP-PEG-aldehyde

Heterobifunctional H2N-PEG-COOH (5 or 20 kDa) was dissolved in
acetonitrile/0.2 M sodium borate buffer pH 8 (1:2 v/v) to reach the
final concentration of 100mg/ml. A 3-fold molar excess of succinimidyl
3-(2-pyridyldithio)propionate (SPDP) was added in portions within an
hour. The reaction solution was stirred at room temperature overnight.
The unreacted amino groups of PEG were blocked by adding a 100-fold
molar excess of acetic anhydride with respect to the mmols of PEG. The
reaction was monitored by Snyder-Sobocinsky TNBS assay [56] and
dialyzed against water for 48 h using a 3.5 kDa cut-off membrane. The
dialyzed product was lyophilized. The degree of 3-(2-pyridyldithio)-
propionate (PDP) activation was established by pyridine-2-thione assay
[57] and 1H NMR.

PDP-PEG-COOH (D2O, δ ppm): 3.68 (m, 454.55H (for 5 kDa PEG)/
1818.18H (for 20 kDa PEG), –O–[CH2–CH2–O]n– PEG chain), 7.30 (dd,
1H, C3 pyridyl ring), 7.80 (dt, 2H, C4-C5 pyridyl ring), 8.40 (dd, 1H, C6
pyridyl ring).

The activation of the PDP-PEG-COOH carboxylic group was carried
out as follows: the intermediate was solubilized in dichloromethane at a
final concentration of 100mg/ml, and a 2-fold molar excess of N,N′-
dicyclohexylcarbodiimide (DCC) and hydroxybenzotriazole (HOBt) was
added. After 1 h, a 3-fold molar excess of 4-aminobutyraldheyd-die-
thylacetal was added. If necessary, the pH was adjusted to 8 with
triethylamine. The reaction was allowed to proceed under stirring at
room temperature overnight. The N,N-dicyclohexylurea was removed
by filtration and the solution was dropped into diethyl-ether to pre-
cipitate the product. After 1 h at −20 °C the product was recovered by
filtration and dried under vacuum. The degree of diethyl acetal deri-
vatization was determined by 1H NMR.

PDP-PEG-diethyl acetal (D2O, δ ppm): 3.68 (m, 454.55H (for 5 kDa
PEG)/1818.18H (for 20 kDa PEG), –O–[CH2–CH2–O]n– PEG chain),
1.15 (t, 6H, –(OCH2CH3)2).

The acetal was hydrolyzed at high temperature in acidic conditions
to obtain the aldehyde group: a 50mg of PEG was dissolved in 25mM
phosphate pH 2.15 at the final concentration of 50mg/ml and main-
tained at 60 °C for 2 h. The solution was used directly in the next con-
jugation step with the protein.

2.4. N-terminal pegylation of SpA and SpG

The bacterial proteins were PEGylated with mPEG-aldehyde and
with the synthesized PDP-PEG-aldehyde. Specifically, a 5 kDaMW
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polymer was used for SpA and a 20 kDa PEG was employed for SpG.
Proteins were site-specifically modified at the N-terminus by con-
ducting the PEGylation reaction under slightly acidic conditions (pH
4.5–5.5) as described below. The protein concentration was determined
by BCA assay or UV–Vis absorption at 280 nm.

The conjugated proteins were characterized by SDS-PAGE, MALDI-
TOF-TOF, RP-HPLC, FUV-CD; their affinity for IgG and the stoichio-
metry of the complex were assessed by ITC and DLS.

2.5. Synthesis of PEG5kDa-Nter-SpA and Cy5-PEG5kDa-Nter-SpA

To a 2mg/ml solution of SpA in 0.1M sodium acetate buffer pH 5,
PEG5kDa-aldehyde (5-fold molar excess) was firstly added and then,
after 1 h, NaCNBH3 (100-fold molar excess) was added. The reaction
mixture was allowed to proceed under stirring at room temperature,
and its progress was monitored by RP-HPLC. After 24 h for PEG5kDa-
aldehyde and after 96 h for PDP-PEG5kDa-aldehyde, the purification was
performed by RP-HPLC with a Jupiter C18 column (250×4.6mm,
300 Å, 5 μm; Phenomenex, USA) eluted with H2O+0.1% TFA (eluent
A) and ACN+0.1% TFA (eluent B) at 1.0ml/min flow-rate (gradient B
%: 0′ 5%, 5′ 30%, 30′ 50%, 33′ 90%, 35′ 5%). The effluent was mon-
itored by measuring the absorbance at 226 nm for analytical and at
280 nm for purification runs. The peak corresponding to the conjugate
was collected and, after the acetonitrile (ACN) was removed under
vacuum, the solution was lyophilized. PEG5kDa-SpA was used for in vitro
characterization and binding studies to mAbs, and PDP-PEG5kDa-SpA
was conjugated to Cy5 to perform FACS (fluorescence-activated cell
sorting) analysis. To a 2mg/ml solution of PDP-PEG5kDa-SpA in PBS,
1mM dithiothreitol (DTT) was added and stirred at room temperature
for 1 h in order to reduce the disulfide bond of PDP. DTT and pyridine-
2-thione were removed by dialysis against degassed PBS plus 5mM
EDTA for 48 h in a nitrogen atmosphere. To a 1.2mg/ml solution of HS-
PEG5kDa-SpA in PBS plus 5mM EDTA, 2 equivalents of Cy5 maleimide
(MW 817 Da) was added and stirred at room temperature overnight in
the dark. The reaction was monitored by SEC-HPLC (size exclusion
chromatography-HPLC) using a Zorbax GF-250 column (250×4.6mm,
Agilent Technologies, Palo Alto, CA) eluted with 20mM sodium phos-
phate, 0.13M NaCl pH 7 with 20% ACN (v/v) at a flow rate of 0.3 ml/
min and measuring the effluent absorbance at 600 nm. The unreacted
dye was removed using Pierce™ Dye Removal Columns. The solution
was dialyzed against PBS and the dye coupling was quantified by
UV–Vis spectrophotometer analysis following the manufacturer’s in-
structions.

2.6. Synthesis of PEG20kDa-SpG, Cy5-PEG20kDa-SpG and TubA-PEG20kDa-
SpG

PEG20kDa-aldehyde (5-fold molar excess) was added to a 2mg/ml
solution of SpG in 0.1 M sodium acetate buffer pH 4.5, and, after 1 h, of
NaCNBH3 (150-fold molar excess) were added. The reaction mixture
was stirred at room temperature for 24 h. Analysis of PEG20kDa-Nter-
SpG were performed using a Jupiter C18 column (250×4.6mm,
300 Å, 5 μm; Phenomenex, USA) eluting with H2O+0.1% TFA (eluent
A) and ACN+0.1% TFA (eluent B) at 1.0ml/min flow-rate (gradient B
%: 0′ 10%, 25′ 60%, 28′ 90%, 30′ 10% B). The effluent was monitored
at 226 nm. The purification was carried out with DEAE-Toyopearl
650M column (1.6×4.5 cm) working at a flow-rate of 1.0ml/min and
registering the absorbance at 280 nm (buffer A: 10mM Tris-HCl pH 8
and buffer B: 10mM Tris-HCl, 0.1 M NaCl pH 8; gradient B%: 0′ 0%, 10′
0%, 80′ 100%, 105′ 100%, 110′ 0%). The peak of the conjugated pro-
tein was collected and concentrated with Amicon Ultra Centrifugal
filters. The product was dialyzed against PBS. As in the case of SpA,
PEG20kDa-SpG was used for in vitro characterization and antibody
binding studies to mAbs; PDP-PEG20kDa-SpG was conjugated to Cy5 to
perform FACS analysis. To a 1.2 mg/ml solution of PDP-PEG-SpG in
DEAE eluting buffers, 100 equivalents of DTT was added and stirred for

1 h at room temperature in order to obtain HS-PEG-SpG. DTT and
pyridine-2-thione were removed by SEC chromatography using a
Superdex® 200 Increase 10/300 GL column (30 cm×10mm, 8.6 μm
particle size, GE Healthcare) eluting with PBS and 5mM EDTA pH 7.4
at 0.5ml/min and measuring absorbance at 280 nm. To the purified
peak of HS-PEG-SpG, 3 equivalent of Cy5-maleimide was added. The
reactions were allowed to proceed in the dark overnight at room tem-
perature. Unreacted dye was removed using Pierce™ Dye Removal
Columns and dye removal was confirmed by SEC-HPLC. The solution
was dialyzed against PBS, and dye coupling was quantified by UV–Vis
spectrophotometer analysis following the manufacturer’s instructions.

Methanol was added to HS-PEG20kDa-SpG peak eluted by Superdex®
200 Increase 10/300 GL column for the synthesis of TubA-PEG20kDa-
SpG in order to achieve a final concentration of 30% v/v that was ne-
cessary to guarantee Tubulysin A (TubA) solubility. Three equivalents
of toxin (MW 1012.49 Da) were added to the protein solution and the
reaction was stirred overnight at room temperature. The reaction
mixture was then dialyzed against PBS and the insoluble TubA was
removed by filtering the solution through a 0.22 µm filter. The reaction
was monitored using a Jupiter C18 column (250×4.6mm, 300 Å,
5 μm; Phenomenex, USA) working at a flow-rate of 1.0 ml/min and
registering the absorbance at 254 nm (eluent A: 10mM ammonium
bicarbonate pH 7 and eluent B: ACN; gradient B%: 0′ 40%, 10′ 52%, 15′
70%, 18′ 90%, 25′ 40%). The sample was concentrated using Amicon®.
The sample was treated with 10mM DTT for drug loading quantifica-
tion, in order to liberate the toxic substances, and injected into a Jupiter
C18 column (250×4.6mm, 300 Å, 5 μm; Phenomenex, USA) working
at a flow-rate of 1.0 ml/min and registering the absorbance at 254 nm
(eluent A: 10mM ammonium bicarbonate pH 7 and eluent B: ACN;
gradient B%: 0′ 40%, 10′ 52%, 15′ 70%, 18′ 90%, 25′ 40%). TubA
loading was quantified using a calibration curve of standard toxin so-
lutions.

2.7. Preparing Cy5-mAbs

A 5–10 fold molar excess of Cy5-NHS (MW 791.99 Da) was added to
a 1–2mg/ml solution of a mAb (Trz, Rtx and Bevacizumab) in PBS, and
the mixture was stirred in the dark overnight at room temperature.
After the unreacted dye was removed with Pierce™ Dye Removal
Columns, mAbs concentration and dye loading were calculated by
UV–Vis spectroscopy following the manufacturer’s instructions.

2.8. Tumor cell lines

The following human tumor cell lines were used: BL-41, a Burkitt
lymphoma B cell line; Raji, a lymphoblast-like cell line derived from a
Burkitt lymphoma; LCL, a lymphoblastoid cell line generated by
Epstein-Barr virus (EBV) infection of peripheral blood mononuclear cell
(PBMC); Jurkat, a T cell lymphoma cell line; IGROV-1 and SKOV-3,
which are ovarian adenocarcinoma cell lines; MDA-MB-231 and SK-BR-
3, which are breast cancer cell lines.

The cells were grown in RPMI 1640 (except for MDA-MB-231 and
SK-BR-3, which were cultured in McCoy’s 5A and DMEM, respectively)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum,
2mM L-glutamine, 10mM HEPES, 200 U/ml penicillin, 200 U/ml
streptomycin and 1mM sodium pyruvate, hereafter referred as to
complete medium.

The cell lines were maintained at 37 °C in a humidified atmosphere
containing 5% CO2.

2.9. Cytometry analysis

CD20 expression in BL-4, Raji, LCL, and Jurkat cell lines, and HER2/
neu expression in IGROV-1, SKOV-3, MDA/MB-231, and SK-BR-3 were
evaluated by flow cytometry. The cells (3× 105/sample) were re-
suspended in 50 μl fluorescence-activated cell sorter (FACS) buffer
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(0.9% NaCl solution containing 2% bovine serum albumin and 0.02%
NaN3), and stained at 4 °C for 30min with PE-conjugated mouse anti-
human CD20 mAb or with Trz (1:100), and then for another 30min at
4 °C with PE-conjugated mouse anti-human IgG1 mAb. Before they
were analyzed, the cells were washed twice, resuspended in FACS
buffer, and analyzed with a flow cytometer FACS-CALIBUR (Becton
Dickinson, Erembodegem, Belgium). Data analysis was performed using
the FlowJo 7.6.5 data analysis software package (TreeStar, USA).

The capacity of an ADS Cy5-PEG-Protein/mAb to bind the target
antigen expressed on the cell surface was then assessed by other ex-
periments. mAbs were added to Cy5-PEG5kDa-SpA or Cy5-PEG20kDa-SpG
PBS solutions at the binding stoichiometry determined by ITC analysis
as follows: a 1.6-fold molar excess of Rtx and 1-molar excess of Trz were
added to Cy5-PEG5kDa-SpA and Cy5-PEG20kDa-SpG, respectively. The
solutions were diluted with PBS in order to achieve a mAb final con-
centration of 0.2 mg/ml. Cy5-PEG5kDa-SpA/Rtx ADS was tested on
CD20+ and CD20− cell lines, while Cy5-PEG20kDa-SpG/Trz ADS on
HER2/neu+ and HER2/neu− cell lines. Cy5-PEG20kDa-SpG and Cy5-
PEG5kDa-SpA in an ADS form with an unspecific IgG were used as a
negative control; Trz-Cy5 and Rtx-Cy5 were used as positive controls.
The samples were tested at the same Cy5 and mAb concentrations be-
tween Cy5-PEG-protein/mAb ADSs and their positive and negative
controls.

Competition experiments were also performed to verify if the Cy5-
PEG-protein/mAb ADS complexes were stable after incubation with a
competitive mAb that did not recognize the target cells, or if the non-
specific mAb displaced the mAb of the starting complex. An equivalent
amount of nonspecific mAb, with respect to the starting mAb in the
ADS, was added to a Cy5-PEG-protein/mAb ADS solution incubated for
30′ and tested by FACS analysis.

2.10. Cytotoxicity assay

The in vitro cytotoxicity of TubA-PEG20kDa-SpG/Trz, and as controls
Trz and TubA-PEG20kDa-SpG and TubA-PEG20kDa-SpG/Rtx, were as-
sessed in MDA-MB-231 and SK-BR-3 cell lines using the ATPlite lumi-
nescence adenosine triphosphate (ATP) detection assay system
(PerkinElmer, Zaventem, Belgium), according to the manufacturer’s

instructions.
Briefly, the cells were resuspended in complete medium and seeded

into 96-well flat-bottomed plates (8× 103/well). The following day,
different drug concentrations were added (final volume, 100 μl/well)
for 72 h. At day 4, 50 μl of lysis solution was added to each well; then
50 μl of substrate solution was added and the TopCount Microplate
Counter (PerkinElmer) was used for the final luminescence counting.
Within each experiment, determinations were performed in duplicate;
the experiments were repeated two times for each cell line. The per-
centage of cell survival was calculated by determining the counts per
second (cps) values using the formula: [(cpstested− cpsblank)/
(cpsuntreated control− cpsblank)]× 100, with cpsblank referring to the cps
of wells that contained only medium and ATPlite solution. IC50 values
were calculated from semi-logarithmic dose-response curves by linear
interpolation.

3. Results and discussion

3.1. Pegylation of SpA and SpG

SpA and SpG have been successfully exploited as tools for the proper
orientation of antibodies in a variety of immunoassays, such as ELISA
[58], magnetic beads [59] and biosensors [60,61]. It has been shown
that antibodies immobilization through SpA and SpG leads to a uniform
orientation of Fab regions that remain well accessible for the interac-
tion with the antigen. These immunoassays illustrate how antibodies
preserve their antigen-binding capacity even when they are in com-
plexes with SpA and SpG. Exploiting this concept, we aimed to develop
an antibody-drug system in which the drug cargo is non covalently and
selectively connected to the Fc region of the targeting mAbs thanks to
the presence of these bacterial proteins.

The two Fc-binding molecules were site-specific PEGylated at the N-
terminus by performing the reaction at slightly acidic conditions in
order to exploit the different pKa values between the N-terminal α-
amino and the ε–amino groups of lysines, the latter being protonated
and consequently less reactive in acid buffers [62,63]. The rationale for
the use of PEG was two-fold, firstly for reducing the known im-
munogenicity of SpA and SpG, and secondly, because SpG tends to

Fig. 1. MALDI-TOF mass spectroscopy analysis of (A) SpA (44615.8 Da), (B) PEG5kDa-SpA (50206.1 Da), (C) SpG (22768.1 Da) and (D) PEG20kDa-SpG (45070.0 Da).
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forms insoluble complexes with the proposed mAbs. In fact, we found
that upon addition of SpG to the mAb solutions, a visible precipitate
was immediately formed (as reported also elsewhere [23]). The same
behavior was preserved after N-terminal PEGylation of SpG with a PEG
5 kDa, consequently for SpG a PEG 20 kDa was used. Of note, also
multiPEGylation of SpG with PEGs of 2 and 3 kDa at Lys residues
yielded conjugates (with an average of 2 PEG chains per protein) that
did not form insoluble complexes with mAbs but, at the same time,
were still able to bind the Fc of a IgG. However, we decided to in-
vestigate further only the N-terminal conjugate owing its superior
homogeneity and batch-to-batch reproducibility.

PEGylation reactions of SpA and SpG were performed both with
PEG-aldehyde, to study the reaction conditions, and with 3-(2-pyr-
idyldithio)-propionyl-PEG-aldehyde (PDP-PEG-aldehyde) to produce a
conjugate with a suitable reactive group for drug conjugation, via thiol
conjugation. PEGylated SpA conjugates were purified by RP-HPLC (Fig.
S1, A), and the SpG ones by anion exchange chromatography (Fig. S1,
B). The purified monoconjugates were characterized by RP-HPLC, SDS-
PAGE, MALDI-TOF and FUV-CD.

The PEG5kDa-SpA appeared as a single smeared band in SDS-PAGE at
55 kDa (Fig. S2, A, lanes 2 and 2′) and PEG20kDa-SpG as a single
smeared band at about 70 kDa (Fig. S2, B, lanes 3 and 3′). PEG had a

large hydrodynamic volume that conferred an elevated apparent mo-
lecular weight (MW) to PEGylated proteins in SDS-PAGE that did not
correspond to the MW determined by mass spectrometry. In fact,
MALDI-TOF analysis revealed a MW of 50206.1 Da for PEG5kDa-SpA and
45070.0 Da for PEG20kDa-SpG (Fig. 1: B and D, respectively). PEG’s
polydispersity was also mirrored in the typical smeared bands of the
conjugates. It is noteworthy that the migration of SpG in the electro-
phoretic gel was affected by the protein’s elongated fibrous shape, re-
sulting in a higher apparent MW of 37 kDa (Fig. S2, B, lane 1). Indeed,
this anomalous behaviour was already pointed out by Goward [64] and
other authors [23,41,65] that observed an apparent MW of 35 kDa by
SDS-PAGE, in conflict with the predicted MW of about 20 kDa. Among
the possible explanations, they reported an excessively elongated
structure of the molecule in SDS or low SDS binding to the protein.

Both SDS-PAGE and MALDI-TOF analysis confirmed that the con-
jugates were monoconjugates, and that the purification process from
the native proteins and the diPEGylated species was successful. The RP-
HPLC profiles (Fig. 2) show that the peaks of the proteins shifted to
higher retention times after PEGylation due to the polymer’s presence.

Both SpA and SpG have predominantly α-helix structures in phy-
siological conditions, clearly shown by the FUV-CD spectra (Fig. 3). CD
experiments were performed in the effort to verify if PEGylation

Fig. 2. (A) RP-HPLC chromatograms of SpA (dotted
line) and PEG5kDa-SpA and (B) RP-HPLC chroma-
tograms of SpG (dotted line) and PEG20kDa-SpG
(continuous line). Samples were injected in a
Phenomenex Jupiter C18 column (250× 4.6mm,
300 Å, 5 μm), eluting at 1ml/min with H2O
MilliQ+0.1% v/v TFA (eluent A) and
ACN+0.1% v/v TFA (eluent B) and reading the
absorbance at 226 nm. Gradient B% for (A): 0min
10%, 25min 60%, 28min 90%, 30min 10%.
Gradient B% for (B): 0min 5%, 5min 30%, 30min
50%, 33min 90%, 35min 5.
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modified the secondary structure of the protein thus potentially altering
its binding properties. The profiles of the FUV-CD of conjugates were
superimposable with those of the native forms.

PDP-PEG conjugates of SpA and SpG were obtained following the
methods optimized with mPEG-aldehyde and characterized as shown
above. The conjugates were then treated with DTT to reduce the PDP
group and to obtain the free thiol one (the size exclusion chromato-
graphy of HS-PEG20kDa-SpG is shown in Fig. S3) for Cy5 maleimide or
TubA conjugation (TubA structure, RP-HPLC and mass spectrometry

characterizations are shown in Fig. S4). Characterization of the con-
jugates is shown in Figs. S2, S5–S7. TubA/SpG molar ratio was 0.9 as
determined after TubA release by DTT treatment and TubA quantifi-
cation by RP-HPLC (Fig. S8). A TubA derivative with a 3-pyridyldithio
propionate reactive group was used here to tether the toxin to the PEG
end via a disulfide bond.

3.2. Binding studies of PEGylated SpA and SpG to mAbs

Isothermal titration calorimetry (ITC). ITC was used to determine
Ka and the binding stoichiometry between mAbs and PEGylated pro-
teins. All the titrations were carried out in PBS, which has a relatively
small and negligible heat of ionization. The binding properties of SpA
and its PEGylated form were evaluated against Rtx. As far as SpG was
concerned, only the PEGylated form of the protein against Trz was
analyzed because the native SpG yielded a precipitate immediately
after it was mixed with the mAb. The aggregate is probably a con-
sequence of SpG interactions also with the Fab beside the Fc regions.
The thermodynamic parameters of the complexes’ formation are shown
in Table 1.

Despite having five IgG-binding domains, unmodified SpA was able
to bind an average of 2.4 molecules of Rtx with an affinity of 2.6× 108

M−1 (Fig. 4). PEG5kDa-SpA showed instead an approximately 5-fold

Fig. 3. FUV-CD spectra of (A) SpA (dotted line) as opposed to PEG5kDa-SpA (continuous line), (B) SpG (dotted line) and PEG20kDa-SpG (continuous line).

Table 1
The thermodynamic parameters of binding native and PEGylated SpA and SpG
against Rtx and Trz, respectively, at 30 °C in PBS pH 7.4. Trz= Trastuzumab,
Rtx=Rituximab, N=protein/mAb ratio, nd=not determinable.

Complex Ka (M−1) ΔH° (kJ/mol) ΔS° [kJ/
(K mol)]

N

SpA/Rtx (2.6 ± 1.7)×108 −438.1 ± 16.7 −1.3 0.41 ± 0.01
PEG5kDa-

SpA/Rtx
(4.7 ± 1.2)×107 −407.5 ± 11.1 −1.2 0.62 ± 0.11

SpG/Trz nd nd nd nd
PEG20kDa-

SpG/Trz
(6.1 ± 1.0)×107 −196.8 ± 2.8 −0.5 1.05 ± 0.01
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decrease in affinity and a stoichiometry of 1.6. In most cases, PEGyla-
tion causes a decrease in the biological potency of proteins because of a
reduction in binding affinity owing to partial steric entanglement [66]
but also by reducing the mobility of the conjugated protein that has a
bigger hydrodynamic volume.

PEGylated SpG showed a molar ratio of one molecule of PEG20kDa-
SpG per Trz and a Ka of 6.1× 107 M−1. Interestingly, PEGylation did
not have a strong effect on the binding affinity of SpA and SpG even
when a PEG 20 kDa was conjugated. As reference for SpG we took into
account the affinity reported by Lund and coworkers and obtained by
ITC using experimental conditions very similar to ours [18]. Previous
determination of SpA and SpG affinity for mAbs were done with tech-
niques different from ITC, making the comparison between our results
and literature data more difficult. Of note, the recombinant form of SpG
used by Lund was not forming insoluble complexes and the Ka could be
measured resulting in the range of 108 M−1.

Dynamic light scattering (DLS). Average SpA and SpG diameters
were, respectively, 9.4 and 3.5 nm, and they rose to 12.3 and 16.5 nm
for PEG5kDa-SpA and PEG20kDa-SpG, respectively (Table 2). Rtx and Trz
diameters were approximately 11 nm. The technique was used to

determine the average diameter of the complexes in solutions at in-
creasing protein/mAb ratios (Table 2). The maximum complex sizes
were reached at the protein/mAb ratio that was similar to the binding
stoichiometry determined by ITC analysis (i.e., approximately 2 for
SpA/Rtx and approximately 1 for SpG/Trz). For all the other ratios, the
sizes were reduced because the instrument showed a size that was the
average of the complex size and the size of the compound in excess,
namely the Fc-binding protein or the mAb. This investigation confirmed
the binding stoichiometry found by ITC.

3.3. CD20 and HER2/neu receptor expression on target cancer cell lines

Flow cytometry analysis was carried out to assess CD20 and HER2/
neu expression on a panel of human tumor cell lines. The results
showed that CD20 was intensely expressed on all the B cell lines ex-
amined except on the Jurkat one (Fig. S9, A). High HER2/neu expres-
sion was found instead in SKOV-3 and SK-BR-3, but the receptor was
absent in the IGROV-1 and MDA-MB-231 cells (Fig. S9, B).

3.4. An analysis of the interaction between the ADS and cancer cell lines

The polymer moiety was labeled with the Cy5 fluorophore in order
to assess the capacity of a PEG-protein/mAb ADS to bind the target
antigen expressed on the cell surface. Cy5-PEG5kDa-SpA/Rtx was tested
on Jurkat CD20 negative cell line and BL-41, LCL and Raji CD20 po-
sitive cells, while Cy5-PEG20kDa-SpG/Trz on HER2/neu− (IGROV-1 and
MDA-MB-231) and HER2/neu+ (SKOV-3 and SK-BR-3) cells. The re-
sults showed that the Cy5-PEG5kDa-SpA/Rtx ADS was bound to the
CD20+ targeted cancer cells as well as the free Rtx. Indeed, the geo-
metric mean of the positive cells was significantly higher with respect
to that of the ADS prepared with the non-specific mAb (Bevacizumab)
(Fig. 5, A). The Cy5-PEG20kDa-SpG/Trz was also bound to the HER2/
neu+ cancer cell line, and the geometric mean was similar to that of the
respective free Trz (Fig. 5, B). Neither of the three negative cell lines
interacts with the mAbs and the ADSs.

Competition experiments were also performed to assess the stability
of a preformed Cy5-PEG-protein/mAb ADS complex after incubation
with a competitive mAb that did not recognize the tumor cell line; this
was done to verify if the mAb in the starting ADS could be displaced by
another one. The incubation used a non-specific mAb, Bevacizumab,
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Fig. 4. Thermograms (top) and binding isotherms (bottom) of the titration study of (A) SpA/Rtx, (B) PEG5kDa-SpA/Rtx and C) PEG20kDa-SpG/Trz in PBS pH 7.4 at
30 °C.

Table 2
DLS analyses of the complexes between mAbs and PEGylated proteins at dif-
ferent mAb/protein molar ratios.

Species mAb/protein molar ratio Diameter (nm) PdI

Rtx – 11.1 ± 0.9 0.28
Trz – 11.0 ± 0.9 0.20
SpA – 9.4 ± 0.8 0.31
PEG5kDa-SpA – 12.3 ± 0.9 0.27
SpG – 3.5 ± 0.09 0.35
PEG20kDa-SpG – 16.5 ± 0.7 0.56

Complex
PEG5kDa-SpA/Rtx 1:0.25 16.6 ± 0.2 0.15

1:0.5 23.6 ± 0.5 0.14
1:1 17.5 ± 0.7 0.20
1:2 14.2 ± 0.3 0.14

PEG20kDa-SpG/Trz 1:0.25 12.5 ± 0.8 0.38
1:0.5 31.5 ± 0.5 0.19
1:1 55.8 ± 0.9 0.09
1:2 28.0 ± 0.6 0.20
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which is unable to recognize the cancer cell lines here tested.
Cytofluorimetric analysis disclosed that the non-specific mAb did not
perturb the strong, specific binding of the preformed ADSs of Rtx or Trz
(Fig. 6, A and B). Indeed, the geometric mean values were comparable
when B-cells were incubated with Cy5-PEG5kDa-SpA/Rtx or with Cy5-
PEG5kDa-SpA/Rtx mixed with Bevacizumab (Raji 62.7 and 74.8; LCL

96.9 and 92.2, respectively); similar results were obtained for the cells
incubated with Cy5-PEG20kDa-SpG/Trz or with the Cy5-PEG20kDa-SpG/
Trz and Bevacizumab mixture (524 and 475, respectively). Although
these experiments cannot replicate the real in vivo context, where the
host antibodies can displace the selected mAb in an ADS construct, the
results here presented are encouraging because they did not show any

Fig. 5. ADS binding evaluation in different tumor cell lines. Interaction experiments in (A) B-cells and (B) ovarian adenocarcinoma and breast cancer cell lines. The
grey shaded areas depict autofluorescence control. The values in the upper-right corner of each panel represent the geometric mean. Data are representative of three
independent experiments.

Fig. 6. ADS competition experiments in target tumor cell lines. The stability of ADS complex was evaluated in B-cells and ovarian adenocarcinoma cell line, (A) and
(B), respectively. The grey shaded areas depict autofluorescence control. The respective geometric mean values are indicated at the upper-right corner of each panel.
Data are representative of three independent experiments.
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perturbation of the ability of the specific prepared ADS to recognize the
target cells after challenging with an unspecific antibody.

3.5. In vitro inhibition of tumor growth by ADS

For further developments we selected SpG as Fc-binding molecule
because its PEGylated form showed a 1:1 binding ratio with mAbs, thus
allowing a reduction of heterogeneity and better reproducibility. The in
vitro cytotoxicity of ADS was investigated using TubA-PEG20kDa-SpG/
Trz against the targeted cancer line. TubA was chosen as the active
cargo because of its potent cytotoxicity. Antimicrotubular agents, in
fact, which block cell growth by inhibiting mitosis, are considered some
of the most appropriate payloads for ADC development given their high
activity levels (within the sub-nanomolar range). TubA was tethered by
means of a disulfide bond to one PEG end. Disulfide bridges have, in
fact, been largely exploited in drug delivery systems to promote the
drug’s release after cellular internalization [67]. Drug release is trig-
gered by the reducing environment of the cytoplasm; the concentra-
tions of reduced glutathione are 100–1000 times higher than those in
the plasma [68].

The cells were incubated during the experiment with escalating
doses of ADS, TubA-PEG20kDa-SpG, or Trz alone. The HER2-specific ADS
(TubA-PEG20kDa-SpG/Trz) exhibited high cytotoxic potency in the
HER2-expressing SK-BR-3 cancer cells, with IC50 values of 0.006 μg/
ml ± 0.001 (drug equiv.) (Fig. 7). The same ADS was more than 16-
fold less potent in the HER2/neu negative MDA-MB-231 human breast
cancer cells with IC50 values of 0.101 μg/ml ± 0.015, thus confirming
that Trz in the ADS plays an active role in binding HER2/neu receptor

and yields an improved cytotoxic effect. TubA, instead, exhibited a si-
milar cytotoxic efficacy in both cell lines (SK-BR-3, IC50= 0.045 μg/
ml ± 0.001; MDA-MB-231, IC50= 0.085 μg/ml ± 0.012), while Trz
had no cytotoxic effect in any culture. In addition, the IC50 values of the
non-targeted counterpart (TubA-PEG20kDa-SpG) and the non-HER2-
specific ADS (TubA-PEG20kDa-SpG/Rtx) in the SK-BR-3 and MDA-MB-
231 cancer cells were very similar, which again supports the relevance
of Trz for selective cytotoxicity of its ADS construct in cancer cells HER/
neu+. The reduced cytotoxic sensitivity of MDA-MB-231 to the ADS is
due to the lack of HER2/neu expression in this cell line on the one hand
and on the other, it further supports the HER2/neu mediated binding
and internalization of the ADS in the SK-BR-3 cell line (HER2/neu+).

This in vitro cytotoxicity investigation clearly showed that the non-
covalently bound Trz in the ADS constructs preserved its ability to re-
cognize its target, that the ADS was internalized by cells expressing the
target, and that after cell internalization the drug was released and
carried out its cytotoxic activity.

4. Conclusions

This study focused on designing and developing a more homo-
geneous ADC product in the effort to achieve a versatile and adaptable
drug delivery system. A new drug delivery platform based on a non-
covalent interaction between mAbs and an Fc-binding molecule
(FcBM), which also acts as drug-carrier, was investigated here. As it is
well known that SpA and SpG are able to bind the Fc region of many
immunoglobulins with high affinity, they were chosen as the FcBM
models. The proteins were successively PEGylated at the N-terminal

Fig. 7. Survival curves of human breast cancer cell lines in response to ADSs, TubA-PEG20kDa-SpG/Trz and TubA-PEG20kDa-SpG/Rtx and to non-targeted TubA-
PEG20kDa-SpG. The growth inhibition effect was evaluated by ATPlite assay. The table shows the mean ± SD of two independent experiments. For each experiment,
the IC50 was calculated from each single semi-logarithmic dose-response curve by linear interpolation, and the values that were obtained, reported in μg/ml in free
drug equivalents, were averaged.
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amino acid with a heterobifunctional PEG that was in turns conjugated
to a drug or a dye. ITC and DLS analyses showed that the PEGylated
FcBMs non-covalently bound mAbs with high affinity by simply mixing,
thus creating the PEG-FcBM/mAbs complex. After the complexation
with a model mAb (Trz or Rtx), Cy5 labeled ADSs were tested in vitro
via cytometry analysis that showed high selectivity for the targeted
antigen expressing cells. The preformed ADS proved to be stable even
after incubation with a competitive antibody, maintaining the ability to
recognize the target cells. From the study, SpG emerged as promising
Fc-binding molecule for such application thanks to the feature of its
PEGylated form to bind the target mAb with a binding ratio of 1:1,
allowing a reduction of the heterogeneity of the system. Consequently,
the toxin TubA was conjugated to PEG-SpG to get the TubA-PEG20kDa-
SpG/Trz ADS. As expected this ADS showed a preferential cytotoxic
activity against the HER2/neu+ cell line (SK-BR-3) with respect to the
HER2/neu− cell line (MDA-MB-231), thus supporting its application for
both therapeutic purposes.

To conclude, an ADS approach was used to create a non-covalent
drug delivery system utilizing an antibody as the targeting moiety that
preserved an in vitro affinity for antigen presenting cells. Using this
approach means that the number of drug molecules delivered by a
single antibody can be strictly controlled, and as only the Fc region is
involved in FcBM binding, this ensures that the Fab regions remain free
to interact with the target antigen. As different antibodies can be used
with the same FcBM construct, it is possible to select the most oppor-
tune mAb depending on cancer that is being treated.
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