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Abstract: Development of antibody-drug conjugates (ADCs) is a promising therapeutic strategy
for cancer therapy. In this study, folate was conjugated via a polyethyleneglycol (PEG) linker
to immunoglobulin G (IgG), which was linked to doxorubicin (DOX), to form a novel ADC
folate-PEG-IgG-DOX (FA-PEG-IgG-DOX). The FA-PEG-IgG-DOX showed high targeting
efficiency in HeLa and KB cells and significantly improved the uptake and retention of DOX
compared with IgG-DOX about 10-fold. Subsequently, FA-PEG-IgG-DOX was shown to have
at least 8 times higher antitumor activity than I[gG-DOX both in HeLa and KB cells and also
induced more apoptosis in those cells than IgG-DOX. Moreover, FA-PEG-IgG-DOX had a
2 times longer circulating time than FA-IgG-DOX, but did not increase the DOX distribution in
mouse hearts. Importantly, FA-PEG-IgG-DOX treatment significantly inhibited tumor growth in
xenograft mice. Together, our results indicate that FA-PEG-I1gG is an effective ADC carrier for
delivery of chemotherapeutic agents and that conjugating tumor targeting ligands to antibodies
is a promising strategy for producing ADC drugs.
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Introduction

Since the 1980s, two generations of antibody—drug conjugates (ADCs) have been devel-
oped. First-generation ADC products did not achieve widespread clinical application
due to unstable linkage between the antibody and the drug.! Second-generation ADCs
circumvented this barrier using novel linkers to improve the stability of ADCs in the
bloodstream and maintain the integrity of ADCs until they reach tumor cells.?

Another barrier to ADC development is the lack of effective receptors, which is
critical for the recognition and internalization of ADC drugs by targeting cells. Since
ADCl/antigen complex are typically internalized by receptor-mediated endocytosis,
the internalization efficiency of ADCs depends at least in part on the identity of the
target antigen.? Inefficient internalization will result in insufficient concentration of
cytotoxicity and lead to low treatment effects. Unfortunately, most cell-surface targets
are internalized at moderate rates.* Therefore, identifying appropriate targeting antigens
still presents an urgent need in designing an ADC strategy.

Folate receptor (FR) is a glycosyl phosphatidylinositol (GPI)-anchored membrane
protein that is overexpressed in over 90% ovarian carcinomas and in other epithelial
cancers to varying degrees.> Overexpression of FR generally promotes proliferation
and resistance of cancer cells to chemotherapy.® Conversely, the expression levels of
FR in normal tissues are much lower than tumor tissues.”!® Differential expression of
FR in normal tissue and malignant tissue makes it an ideal target for drug delivery. As a
natural ligand of FR, folate shows highly selective affinity to FR.!"'* Folate is required
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for survival and rapid proliferation of tumor cells. Tumor cells
take up folate by internalizing folate or folate-conjugates via
receptor-mediated endocytosis,'*!> and this process is rapid
and efficient. Hence, FR may serve as an appropriate target for
ADCs design and folate can be an ideal recognition ligand.

In this study, we designed and synthesized a novel
ADC drug, folate-polyethylene glycol-immunoglobulin
G-doxorubicin (FA-PEG-IgG-DOX). In this conjugate,
FA-PEG-IgG was designed as a FR-targeting antibody and
has the potential to display antibody-dependent cytotoxicity
(ADCC) compared with albumin or other protein carriers.
We explored its targeting effects and internalization effi-
ciency of FA-PEG-IgG-DOX and found it has better tumor
cell targeting effects and internalization efficiency than
IgG-DOX. In addition, FA-PEG-IgG-DOX showed higher
antitumor activity than IgG-DOX in vitro, but significantly
lower toxicity than DOX in tumor-bearing nude mice. Our
data support the concept of using FA-PEG-IgG as an ADC
carrier to promote antitumor activity and reduce side effects
of chemotherapeutic agents.

Materials and methods

Chemicals

Doxorubicin hydrochloride (DOX-HCI), folate,
1-ethyl-(3-dimethylaminopropyl) carbodiimide (EDC),
N-hydroxysuccinimide (NHS), L-glutamate, polyeth-
ylene glycol 3350-bis-amine (NH,-PEG-NH,), 3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide
(MTT), Sephadex G-75 chromatography media, and folate-
free Roswell Park Memorial Institute (RPMI) 1640 cells
culture medium were purchased from Sigma-Aldrich Chemi-
cal Co (St Louis, MO, USA). Dulbecco’s Modified Eagle’s
Medium (DMEM) high-glucose medium was purchased
from the Hyclone of Thermo Scientific (Chicago, IL, USA).
Trypsin and bicinchoninic acid (BCA) protein assay kit
were purchased from Beyotime Institute of Biotechnology
(Wuhan, People’s Republic of China). PD-10 desalting col-
umns (G25) were purchased from GE Healthcare Biosciences
(Pittsburgh, PA, USA). All reagents and solvents were of
analytical or high-performance liquid chromatography grade
and were used without further purification.

Cell culture

HeLa and KB cells are from the China Center for Type
Culture Collection at Wuhan University (Wuhan, People’s
Republic of China). The cells were cultured with folate-free
RPMI 1640 or high-glucose DMEM medium supplemented
with penicillin, streptomycin, and 10% FBS at 37°C ina 5%
CO, incubator.

Preparation of FA-PEG-IgG-DOX

The synthetic procedure is shown in Figure 1. For the
synthesis of [gG-DOX, DOX (30 mg) was resolved in PBS
buffer (3 mL) and then reacted with NalO, (12 mg) at 25°C
for 1 h in the dark. Then glycerol (160 uL) was added to
a final concentration of 0.05 M, and the reaction mixture
was stirred at 25°C for 0.5 h. Subsequently, the solution of
IgG (105 mg) in carbonate buffer (2 mL pH 9.5) was added
and the reaction solution was stirred at room temperature
for 1 hin the dark. Next, NaCNBH, (2.0 mg) was added to
a final concentration of 0.3 mg/mL, and the reaction was
stirred at 37°C in the dark for 2 h. The reaction mixture was
then centrifuged (6,000 rpm, 10 min) and the supernatant
was passed through a Sephadex G-25 column. Product
concentration in the effluent was determined with a UV-Vis
spectrophotometer, and the product was freeze-dried and
stored at 4°C.

For the synthesis of FA-PEG, folate (26.5 mg) was dis-
solved in DMSO (1 mL) (pretreated with calcium chloride
to remove moisture) in an oil bath. Then, NH,-PEG-NH,
(167.5 mg), DCC (15.5 mg), NHS (8.63 mg), and trieth-
ylamine (35 uL) were sequentially added. The reaction was
carried out at 30°C in an oil bath overnight. The reaction
solution was centrifuged at 8,000 rpm for 10 min. Then, two
volumes of sodium carbonate solution (50 mM) were added
and the solution was centrifuged at 8,000 rpm for 10 min.
The supernatant was then passed through a Sephadex G-25
column and the early fractions were collected. The collected
product was freeze dried.

For the synthesis of FA-PEG-IgG-DOX, 1gG-DOX
(40 mg) was dissolved in MES buffer (2 mL) and then
stirred with EDC (120 mg) and NHS (60 mg) for 1 h at room
temperature in the dark. Then FA-PEG (30 mg) was added
and the reaction proceeded for 2 h at room temperature in
the dark. The reaction mixture was passed through a G-75
gel column and the effluent was collected and detected by
spectral scanning.

Coupling ratio of DOX and folate

in FA-PEG-IgG-DOX

Coupling ratio of DOX/IgG was calculated by the equation
MDOX/MIgG =Cpox ><150,000/(CIgG x580), and the coupling
ratio of FA/IgG was calculated by the equation M, A/MIgG =
C.. ><150,000/(CIgG %x441). This was based on the molecular
weights of IgG (150,000), DOX (580), and folate (441).
Concentrations of DOX and FA were determined accord-
ing to its absorption at 495 nm and 363 nm, respectively.
Concentration of IgG was determined using a BCA method
according to the user’s manual.
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Notes: DOX was oxidized by NalO, and then reacted with the amino group of IgG to form the IgG-DOX. The carboxyl of folate was activated by DCC and then reacted
with NH,-PEG-NH, to form FA-PEG-NH,. IgG-DOX was reacted with FA-PEG-NH, under EDC activation to form the FA-PEG-IgG-DOX. The “x” indicates the number of
reacted amino groups and the “y” indicates the number of reacted carboxyl groups in IgG molecule.

Abbreviations: DOX, doxorubicin; FA, folate; IgG, immunoglobulin G; NHS, N-hydroxysuccinimide; PEG, polyethylene glycol; DCC, dicyclohexylcarbodiimide; TEA,

triethyl amine.

Cellular uptake of FA-PEG-IgG-DOX

For microscopy examination, HeLLa and KB cells grown in a
monolayer were washed once with fresh folate-free RPMI 1640
medium and then were incubated with FA-PEG-IgG-DOX,

FA-IgG-DOX, or IgG-DOX at a DOX concentration of
5 ug/mL for 1 hat37°C. For folate blocking group, 1 mM free
folate was added to the incubation media prior to the addition
of folate conjugates. After incubation for 1 h, the cells were
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rinsed with PBS 3 times. For the microscopy observation, the
cells were fixed with 4% paraformaldehyde solution (Thermo
Scientific) for 15 min and then observed under an Olympus
fluorescence microscope (Tokyo, Japan).

For FACS assay, the cells grown in a monolayer were
trypsinized and aliquoted to 1.5 mL EP tubes with 3x10° cells
each. Then, the cells were incubated with FA-PEG-IgG-DOX,
FA-IgG-DOX, or IgG-DOX at a DOX concentration of
5 ug/mL for 1 hat 37°C. For folate blocking group, 1 mM free
folate was added to the incubation media prior to the addition
of folate conjugates. After incubation for 1 h, the cells were
rinsed with PBS 3 times and then examined by flow cytometry
on a cytometer from BD Biosciences (San Jose, CA, USA).

Pharmacokinetic and distribution analysis
Male Kunming mice (body weight ~25 g, 6-8 weeks old) were
obtained from Laboratory Animal Center of the Huazhong
University of Science and Technology. [gG-DOX, FA-IgG-
DOX, FA-PEG-IgG-DOX, or free DOX were injected as
a single intravenous bolus via the lateral tail vein at a dose
of 5 mg/kg DOX. At 5 min, 15 min, 30 min, 1 h, 2 h, 4 h,
8 h, 12 h, 24 h, and 48 h after the injection, blood of 500 uL
was collected in heparin-treated tubes and then centrifuged
(5,000 rpm, 5 min) to obtain plasma. Plasma aliquots of
100 uL were added with 1 mL ethanol and 100 uL deionized
water, followed by addition of 25 UL 20% sodium dodecyl
sulfate (SDS). Then the plasma was vortexed for 30 s to extract
the DOX from the proteins. DOX concentration in the plasma
was measured on a fluorescence spectrophotometer (Hitachi
F-2700, software FL solution, Tokyo, Japan) at 495 nm. The
concentration of DOX in each sample was calculated using
a calibration curve, with DOX itself as the internal standard.
Pharmacokinetic variables including AUC, C_ ¢, and CL
were calculated using pharmacological software Drug and
Statistics (version 2.0, Hefei, People’s Republic of China).
For tissue distribution, IgG-DOX, FA-IgG-DOX, FA-
PEG-IgG-DOX, or free DOX was administered at a dose of
5 mg/kg. The tissues from the heart, liver, spleen, and kidney
were collected at 30 min and 3 h after injection. Tissue samples
of 0.1 mg were homogenized in a buffer (300 uL. EtOH, 15 uL.
37% HCI, and 185 uL H,0), and the homogenate was then
centrifuged (12,000 rpm, 15 min) to collect the supernatant.
Concentration of DOX was determined on a fluorescence
spectrophotometer (Hitachi F-2700, software FL solution).

Microscopy
Microscopic examination of cells or tissue section slides was
performed with an Olympus SZX12 fluorescence microscope

equipped with digital camera and connected to a PC running
MagnaFire 2.0 camera software from Optronics (Goleta,
CA, USA). Pictures were taken at equal exposure time for
each sample.

Cytotoxicity

MTT assays were used to measure cytotoxicity. HeL.a and
KB cells cultured in folate-free medium were seeded in
96-well culture plates at a density of 5x10° cells per well.
After 24 h growth, used medium was discarded and 200 uL
fresh medium containing a serial dilutions (1.56, 3.12, 6.25,
12.50, 25.00 pg/mL DOX) of free DOX, IgG-DOX, FA-
1gG-DOX, or FA-PEG-IgG-DOX was added. The cells were
incubated with drugs for 2 h at 37°C and then cultured in
fresh DMEM medium without drugs for 72 h. Then, 20 uL
MTT (5 mg/mL) was added into each well and the plates
were incubated for additional 4 h. After that, the medium
was removed again and 200 L. DMSO was added into each
well to dissolve the blue formazan crystal with shaking for
5 min. Cell viability was assessed on a microplate reader
(MK3 Multiskan) at 490 nm.

Apoptosis assay

For the apoptosis assay, the KB and HeLa cells in six well
plates (4x10° cells per well) were cultured 24 h and then
incubated with 1gG-DOX, FA-IgG-DOX, FA-PEG-IgG-
DOX, FA-IgG-DOX + FA, or FA-PEG-IgG-DOX + FA at
a DOX concentration of 3 pg/mL. For FR blocking, 1 mM
free folate was added prior to addition of drugs. Then, both
trypsinized and suspended cells were harvested and incubated
with annexin V-FITC and PI according to the manufacturer’s
instructions (Liankebio, Nanjing, People’s Republic of
China). For FACS assay, 20,000 cells were examined for
each sample. Forward versus side scatter gating was used
to remove cell debris from the total population.

Xenograft tumor mouse model

Female BALB/c nude mice (68 weeks of age, 1618 g) were
obtained from Huafukang Corporation (Beijing, People’s
Republic of China) and kept in filter-topped cages with stan-
dard rodent chow and water available ad libitum and a 12 h
light/dark cycle. Animal experiments were performed accord-
ing to Regulations for the Administration of Affairs Concern-
ing Experimental Animals in China, and the experiment was
approved by the Committee on Ethical Animal Experiment at
Huazhong University of Science and Technology. Subcutane-
ous KB tumors were seeded by inoculation of 2.5x10° KB cells
in the front armpit of the mice. At a tumor volume of IgG,
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immunoglobulin G; Fa, folate. 100 mm?, mice received IgG
conjugated DOX or free DOX by tail vein injection at a single
dose of 8 mg/kg. Tumor size was determined every 4 days and
calculated as the function: volume = length x width? x0.52.

Statistical analysis

Statistical analysis of all the data was performed using
Student’s t-test or ANOVA analysis followed by Dunnett’s
t-test (Statistical Package for the Social Sciences (SPSS)
Software, Chicago, IL, USA). A value of P<<0.05 was
considered significant, and P<<0.01 was considered highly
significant compared to the corresponding control.

Results

Synthesis of FA-PEG-IgG-DOX
FA-PEG-IgG-DOX was synthesized, as described in meth-
ods and illustrated in Figure 1. Coupling of either FA-PEG
or folate to I[gG-DOX was accomplished by amide linkages
using EDC and NHS as coupling reagents. The products were
confirmed by ultraviolet spectrometer with a characteristic
absorption peak of folate at 363 nm. The uncoupled folate
and DOX were removed through Sephadex G-75 gel column
separation. According to its UV-Vis spectrum, purified IgG-
DOX showed absorption peaks at 495 nm (DOX) and 280
nm (IgG) (Figure 2A), whereas FA-PEG-IgG-DOX showed
absorption at 495 nm (DOX), 280 nm (IgG), and 363 nm (FA)
(Figure 2B). We determined the final concentrations of FA,
IgG, and DOX in FA-PEG-IgG-DOX solution using a BCA
method or the UV-Vis spectroscopy and found that each FA-
PEG-IgG-DOX contained 7 FA and 8 DOX molecules on
average (Figure 1). This result demonstrated that FA-PEG
was successfully conjugated to the IgG-DOX.
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2.0 1

498 nm DOX
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-
N
i
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Figure 2 UV-Vis spectra of |gG-DOX and FA-PEG-IgG-DOX.

In vitro cellular uptake
After the preparation of FA-PEG-IgG-DOX, we evalu-
ated whether it could be taken up by cancer cells. Uptake
of IgG-DOX, FA-IgG-DOX, and FA-PEG-IgG-DOX was
determined in both KB and HeLa cells, which expressed
high level and medium level of folate receptors, respectively.
Before drug treatment, KB and HeLa cells were cultured
in RPMI 1640 medium deprived of folate for 48 h. In both
KB and HeLa cells, the fluorescence intensity following
treatment of FA-IgG-DOX and FA-PEG-IgG-DOX were
apparently higher than IgG-DOX (Figure 3A). Almost all
the cells treated with FA-IgG-DOX or FA-PEG-IgG-DOX
showed robust uptake of DOX (Figure 3A). Uptake of FA-
1gG-DOX or FA-PEG-IgG-DOX in KB and HeLa cells could
be blocked by 1 mM folate pretreatment (Figure 3A).
Quantitative analysis by FACS confirmed this result.
The fluorescence intensities of FA-IgG-DOX and FA-PEG-
IgG-DOX group were 10.6- and 10.8-fold higher than that
of the IgG-DOX in treated HeLa cells and 6.5- and 7.3-fold
higher than that of IgG-DOX in treated KB cells, respectively
(Figure 3B). Uptake of FA-IgG-DOX and FA-PEG-IgG-
DOX was reduced to 1.5- to 3-folds of that of IgG-DOX
by preincubation with 1 mM free folate (Figure 3B). These
results clearly indicate that folate conjugation improved the
uptake of [gG-DOX in KB and HeLa cells via FR-mediated
internalization.

In vitro cell cytotoxicity

The cytotoxicities of 1gG-DOX, FA-IgG-DOX, and FA-
PEG-IgG-DOX were evaluated in HeLa and KB cells by
MTT assay. Among all the formulations, free DOX showed
the greatest cytotoxicity with a IC,  of 0.2 pg/mL in HeLa

B
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< 0.8 absorption
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Notes: Solutions of IgG-DOX (A) and FA-PEG-IgG-DOX (B) were scanned in a wavelength range 200-800 nm. The absorption peaks of IgG, DOX, and FA are indicated in the graph.
Abbreviations: DOX, doxorubicin; FA, folate; IgG, immunoglobulin G; PEG, polyethylene glycol.
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Figure 3 Uptakes of drugs in Hela and KB cells.

Notes: (A) Uptake of IgG-DOX, FA-IgG-DOX, FA-PEG-IgG-DOX, or FA-PEG-IgG-DOX + folate by Hela and KB cells. The cells were treated with the drugs at a DOX
concentration of 5 pug/mL for | h at 37°C. The pictures were photographed in bright fields and in fluorescence mode for equal exposure times for the various treatment
groups. (B) Fluorescence intensity of cells treated with the IgG-DOX, FA-IgG-DOX, FA-IgG-DOX + FA, FA-PEG-IgG-DOX, or FA-PEG-IgG-DOX + FA. Hela and KB cells
were treated with the drugs at a DOX concentration of 5 pg/mL for | h at 37°C and then were trypsinized and examined by FACS. The fluorescence intensity histograms
showed distribution of fluorescence intensity of 1x10* cells. These values are expressed as mean * SD. The significance was analyzed by two-way ANOVA analysis followed

by Dunnett’s t-test. **P<<0.01.

Abbreviations: DOX, doxorubicin; FA, folate; IgG, immunoglobulin G; PEG, polyethylene glycol; SD, standard deviation.

cells (Figure 4A; Table 1) and 0.18 pg/mL in KB cells
(Figure 4B; Table 1). IgG-DOX had a much lower cytotox-
icity, with the IC,  23.9 pug/mL in HeLa cells (Figure 4A;
Table 1) and 20.6 ug/mL in KB cells (Figure 4B; Table 1),
respectively. FA-IgG-DOX and FA-PEG-IgG-DOX, in
contrast, had relatively high cytotoxicity, with the IC, 3.85
and 3.22 pg/mL in HeLa cells and 2.65 and 1.78 ug/mL in

KB cells, respectively (Figure 4; Table 1). The IC, of FA-
PEG-IgG-DOX was about 1/8 of that of [gG-DOX in HelLa
cells (Figure 4A; Table 1) and about 1/12 of IgG-DOX in
KB cells (Figure 4B; Table 1). These data suggest that the
IgG conjugation retarded penetration of DOX into the cells,
whereas FA conjugation improved the uptake and cytotoxic-
ity of [gG-DOX in vitro.

A 1.01 = 1.07
> 08' > 08'
= h—4
S 06 S 06+
8 8
; 0.4 1 ; 0.4+
S S
0.2 0.24
0.0 r T 1 0.0 T T 1
0 10 20 30 0 10 20 30

Drug concentration (ug/mL)

Drug concentration (ug/mL)

< |gG-DOX <= FA-IgG-DOX =+ FA-PEG-IgG-DOX |

Figure 4 The cytotoxicity of FA-PEG-IgG-DOX in vitro.

Notes: Viabilities of Hela cells (A) or KB cells (B) were measured using MTT method after treatment with IgG-DOX, FA-IgG-DOX, or FA-PEG-IgG-DOX at a series of
DOX concentrations for 2 h at 37°C. The data were shown as the average of five parallel experiments.
Abbreviations: DOX, doxorubicin; FA, folate; IgG, immunoglobulin G; PEG, polyethylene glycol.
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Table I IC,, of DOX formulations in Hela and KB cells

effects of FA-PEG-IgG-DOX, we assayed the apoptosis

IC,, (ng/mL) Hela® KB* induced by 1gG-DOX, FA-IgG-DOX, FA-PEG-IgG-DOX,
DOX 0.210.11 0.1810.13  FA-IgG-DOX + folate, and FA-PEG-IgG-DOX + folate.
lgG-DOX 23.943.6 206241 Compared with IgG-DOX, FA-IgG-DOX induced more
FA-IgG-DOX 3.85+1.2 2.65+0.6 . . .

FA-PEG-IgG-DOX 3.2240.9 | 78:04  apoptosis both in HeLa and KB cells (Figure 5A and B).

The apoptosis rates induced by FA-IgG-DOX were 3.3 times

Note: *Data are presented as mean + SD.
Abbreviations: DOX, doxorubicin; FA, folate; IgG, immunoglobulin G; PEG,
polyethylene glycol; SD, standard deviation.

more than IgG-DOX in HeLa cells and about 5.5 times more
in KB cells. FA-PEG-IgG-DOX had a similar effect with FA-
IgG-DOX (Figure 5A and B). Pretreatment with 1 mM folate
significantly diminished the proapoptotic effect of FA-PEG-
IgG-DOX (Figure SA and B). These results indicate that the
FA conjugation not only improved the uptake of IgG-DOX

FA-PEG-IgG-DOX promotes apoptosis in
KB and Hela cells
DOX is reported to kill tumor cells by inducing mitotic arrest

and consequent apoptosis. To further examine the antitumor  but also increased the apoptosis induction.
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Figure 5 Apoptosis of Hela and KB cells induced by ADC drugs.

Notes: Cells were treated with IgG-DOX, FA-IgG-DOX, FA-PEG-IgG-DOX, FA-IgG-DOX + folate, or FA-PEG-IgG-DOX + folate at 3 pg/mL DOX for 24 h at 37°C.
(A) The scatter plot of the cells. Q2 quadrants represent the late apoptotic cells and Q4 quadrants represent the early apoptotic cells. (B) The quantitative analysis of the
apoptotic cells. The data are expressed as mean * SD of three independent experiments. **P<<0.01.

Abbreviations: DOX, doxorubicin; FA, folate; IgG, immunoglobulin G; PEG, polyethylene glycol; ADC, antibody-drug conjugates; SD, standard deviation.
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Pharmacokinetic analysis

To investigate the impact of FA conjugation and PEGylation
on the pharmacokinetics of [gG-DOX, we assayed the plasma
concentration of DOX in mice injected with free DOX, IgG-
DOX, FA-IgG-DOX, and FA-PEG-IgG-DOX. As expected,
free DOX was cleared rapidly from the plasma in mice and was
1, of only 0.681 h
(Figure 6; Table 2). IgG-DOX showed significantly prolonged
circulation with a 7, , of about 4 h (Figure 6; Table 2). FA-
IgG-DOX had a ¢, ,, of about 3 h, and FA-PEG-IgG-DOX had
the longest z,, of about 6 h. Clearly, PEGylation significantly

almost undetectable after 30 min, with a ¢

172

prolonged the circulation of [gG-DOX, while FA conjugation
had a limited effect as well.

In addition, plasma clearance kinetics also demonstrated
that the AUC of IgG-DOX was increased by PEGylation and
FA conjugation. Free DOX injection had an AUC of only
19.307 pug/mL-h, while IgG-DOX and FA-IgG-DOX had
increased AUCs of 101.071 and 65.260 pg/mL-h (Figure 6;
Table 2), respectively. FA-PEG-IgG-DOX showed the larg-
est AUC of 992.943 pg/mL-h (Figure 6; Table 2). Consis-
tently, FA-PEG-IgG-DOX also showed the lowest clearance
rate but highest C_ among those formulations (Figure 6;
Table 2). This experiment demonstrated that FA-PEG-IgG-
DOX achieved long circulation and high plasma concentra-
tion through FA conjugation and PEGylation.

Tissue distribution

The tissue distributions of free DOX, IgG-DOX, FA-IgG-
DOX, and FA-PEG-IgG-DOX were evaluated at 0.5 and 3 h
after intravenous administration at a DOX concentration of
5 mg/kg. At 0.5 h, all these 4 formulations showed high DOX
accumulation in the liver, although the FA-PEG-IgG-DOX
showed slightly lower DOX concentration compared with

250
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T o0 -+ 1gG-DOX
s =+ FA-IlgG-DOX
ST + FA-PEG-IgG-DOX
8 g 150
c £
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Figure 6 Plasma clearance curves of various DOX derivatives.

Notes: Kunming mice were given intravenous injections of the various formulations
at a dose of 5 mg/kg DOX. Data represent the mean + SD (n=4).

Abbreviations: DOX, doxorubicin; FA, folate; IgG, immunoglobulin G; PEG,
polyethylene glycol; SD, standard deviation.

Table 2 Pharmacokinetic parameters of DOX derivatives in
Kunming mice following intravenous administration

Parameter Unit DOX IgG- FA-lgG- FA-PEG-
DOX DOX 1gG-DOX

AUC, ug/mb-h  19.307  101.071  65.260 992.943

t, h 0.681 3.921 3.016 6.004

CL, ml/h/kg  0.415 0.081 0.126 0.008

Co ug/L 22.100 78.825 68.125 225275

v, L/kg I.113 0.667 0.511 0.070

Note: Data were fit to a noncompartmental PK model.
Abbreviations: DOX, doxorubicin; FA, folate; IgG, immunoglobulin G; PEG, poly-
ethylene glycol.

other 3 formulations (Figure 7). The DOX concentrations
of all 4 formulations in spleens, kidneys, and hearts were
significantly lower than in the livers (Figure 7). At 3 h, both
DOX, IgG-DOX, and FA-IgG-DOX injections showed
decreased DOX distribution in the liver, but FA-PEG-
IgG-DOX injection showed increased DOX concentration
(Figure 7). In other three mouse organs, no significant change
of DOX concentration was observed (Figure 7). Of note,
DOX concentration in the heart by IgG-DOX, FA-PEG-IgG-
DOX, or FA-PEG-IgG-DOX administration was at the same
level with that following free DOX injection. These results
demonstrated that the PEGylation did not alter the tissue
distribution pattern of DOX in mice while it increased the
circulation time of DOX. Especially, long-circulating FA-
PEG-IgG-DOX did not show higher distribution in the heart
compared with free DOX, and hence should not increase the
cardiac toxicity of DOX.

Tumor inhibition in vivo

We then investigated the antitumor effect of FA-PEG-IgG-
DOX in tumor-bearing mice. All the DOX formulations
were intravenously injected at a dose of 8 mg/kg DOX
when the tumor reached 50 mm®. Compared with saline
injection, DOX, IgG-DOX, and FA-IgG-DOX administra-
tion all inhibited the tumor growth at a similar strength
(Figure 8A). At the day 25 after injection, the average tumor
size of saline group reached 2,407 mm?, while the tumor
sizes of DOX, IgG-DOX, and FA-IgG-DOX groups were
1,300, 1,265, and 1,177 mm?, respectively (Figure 8A).
Significantly, FA-PEG-IgG-DOX showed higher antitumor
effect than all other formulations. On day 25 after injec-
tion, the average tumor size of FA-PEG-IgG-DOX-treated
mice was only 553 mm®. While tumors treated with DOX
or [gG-DOX restored their rapid growth from the day 12
to day 25 (Figure 8A), the tumors in mice treated with
FA-PEG-IgG-DOX maintained a very low growth rate
(Figure 8A). Of note, although DOX treatment had similar
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Figure 7 Distribution of DOX in major tissues following intravenous injection.

Notes: Drugs were injected intravenously into the mice and the tissues and blood were collected at 30 min (A) and 3 h (B) after the injection. The columns demonstrate
average concentration (% ID/g of tissue) of DOX. Data represent the mean + SD (n=4).

Abbreviations: DOX, doxorubicin; FA, folate; IgG, immunoglobulin G; PEG, polyethylene glycol; SD, standard deviation.

tumor inhibition effect as IgG-DOX and FA-IgG-DOX, it mice compared with DOX, but did not show superiority
led to great body weight loss in treated mice (Figure 8B).  compared with IgG-DOX and FA-IgG-DOX (Figure 8C).
However, FA-PEG-IgG-DOX and FA-IgG-DOX treat-  Thisresult clearly showed that the long-circulating FA-PEG-
ment resulted in minor body weight reduction in the first IgG-DOX enhanced the antitumor effects of IlgG-DOX and
half period of this experiment (Figure 8B). In addition, confirmed that FA-PEG-IgG is a safe and effective carrier
FA-PEG-IgG-DOX prolonged the survival of treated to deliver antitumor drugs in FR positive tumors.
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Figure 8 In vivo antitumor efficacy of DOX derivatives in a KB xenograft murine model.

Notes: Animals (n=6 per group) were injected intravenously with a single dose 8 mg/kg DOX derivatives. Both tumor sizes (A) and mouse body weights (B) were measured
every 4 days; mouse survival (C) was also recorded. Data represent the mean + standard deviation. **P<<0.01 compared with FA-IgG-DOX or DOX group.
Abbreviations: DOX, doxorubicin; FA, folate; IgG, immunoglobulin G; PEG, polyethylene glycol.
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Discussion

For two decades, antibodies have been extensively explored
as the carriers to deliver various drugs. However, this
attempt has been greatly impeded by the lack of antibod-
ies with high affinity to tumor cells. Thus, there has been a
continuing search for better antibody-derived alternatives
or reconstructed antibodies.'® In this study, we designed
and synthesized a novel ADC drug, FA-PEG-IgG-DOX.
In this drug, DOX was the cytotoxic moiety, and FA-PEG-
IgG was used a folate-targeting antibody carrier. Our results
demonstrated that FA-PEG-IgG-DOX could deliver DOX
into tumor cells efficiently and promote apoptosis of tumor
cells. In addition, FA conjugation can significantly promote
the uptake and cytotoxicity of IgG-DOX in FR expressing
KB and HeLa cells, suggesting that FA-PEG-IgG-DOX can
function as an ADC.

Performance of ADCs are adversely affected by short
plasma half-life and immunogenicity. PEGylation has been
shown having capability to address these problems.!"!” In this
study, we found that PEGylation could significantly increase
the half-life and reduce the clearance of I[gG-DOX. These
data suggest that PEGylation can also be utilized to prolong
the circulation life of those new type of ADC drugs. More-
over, given that PEGylation can reduce the phagocytosis of
ADCs by macrophages, it should reduce the immunogenecity
of FA-PEG-IgG-DOX as well.

Our study also confirmed the importance of long circula-
tion and tumor types to the antitumor effect of ADC drugs.
Both FA-IgG-DOX and FA-PEG-IgG-DOX showed excel-
lent uptake and cytotoxicity in KB and HeLa cells. However,
in tumor mice, FA-PEG-IgG-DOX showed significantly
greater antitumor effect than FA-IgG-DOX, suggesting that
long circulation of FA-PEG-IgG-DOX contributed to its effi-
cacy. Another finding was that the cytotoxicity of FA-PEG-
IgG-DOX was highly dependent on the expression of FR in
tumor cells. For example, the apoptosis in KB cells induced
by FA-IgG-DOX was higher than in HeLa cells. This could
be explained by that fact that KB cells express higher level
of FR than HeLa cells. In vivo data also confirmed the role
of FR targeting in improved efficacy. FA-IgG-DOX-treated
mice showed significant greater tumor inhibition than IgG-
DOX treated mice. These results collectively support that
FR targeting improves the efficacy of IgG based ADC drugs
in vivo and that FR targeting is effective against tumors with
elevated levels of FR.

Doubtless, we will continue to explore other potential
advantages of FA-PEG-IgG compared with human serum
albumin (HSA) or other protein carrier. First, FA-PEG-IgG
may have even particle size and good stability. Drugs were

generally loaded to HSA or other proteins by surfaces
adsorption or by incorporation into the particle matrix.?
These loading strategies normally resulted in uneven par-
ticle sizes ranging from 150 nm to 500 nm and instability in
plasma.?*?' FA-PEG conjugation may prevent the aggrega-
tion of IgG proteins and thus ensure the even distribution of
particle sizes. On the other hand, FA-PEG-IgG is expected to
show ADCC effect in mice or other mammalian animals. In
the tumor tissues, [gG can be released from the FA-PEG-IgG-
DOX conjugates through amidase hydrolysis. Released IgG
should have the capability to induce ADCC antitumor effect.
Since the ADCC is dependent on intact immune system and
nude mice are immune-deficient, we did not evaluate the
antitumor effect of FA-PEG-IgG itself'in the xenograft tumor
model. However, currently we are establishing primary tumor
models in wild-type mice. The superior antitumor activity
of FA-PEG-IgG compared with other protein carrier will be
evaluated in the primary tumor models.
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