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ABSTRACT

Since trastuzumab monotherapy for treatment of breast cancer with HER2/ErbB2 over-expression has been shown to
have limited efficacy, combined treatment of trastuzumab with chemotherapy is widely practiced in clinic. However,
certain combination treatments of trastuzumab and chemotherapy (i.e. doxorubicin) are not recommended due to high
risk of cardiotoxicity. Antibody-drug conjugates (ADCs) offer selective delivery of cytotoxic agents into targeted can-
cer cells, thereby allowing for reduced general cellular cytotoxicity caused by chemotherapeutic agents through antibo-
dy mediated specific recognition of tumor antigens. In this study, we constructed a trastuzumab-doxorubicin conjugate
(T-Dox) using a thioether linkage and characterized both biophysical stability and anti-cancer potency of the T-Dox
using a panel of HER2 expressing cancer cell lines. The T-Dox conjugate showed significantly improved anti-cancer
potency in comparison with trastuzumab. The results demonstrated for the first time that there were significant differ-
ences in the uptake of T-Dox among high HER2 expression cancer cells and higher T-Dox uptake also showed stronger
anti-cancer potency. Similar to trastuzumab, T-Dox selectively bound to HER2 overexpressing cancer cells and low
HER?2 expression cells had no detectable uptake of T-Dox. Consistent to the uptake data, human cardiomyocyte cells
had no detectable HER2 expression and T-Dox showed minimal cytotoxic effects. On the contrary, a treatment with
combination of trastuzumab and doxorubicin showed severe cytotoxicity to human cardiomyocytes (>90% cell death
after 3 day exposure). This study demonstrated that trastuzumab conjugated with doxorubicin (T-Dox) can provide val-
uable alternative to the combination treatment with doxorubicin and trastuzumab for high HER2 expressing cancer pa-
tients.
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1. Introduction approach for targeted delivery of cytotoxic agents in-
cluding doxorubicin [17-19]. The trastuzumab-emtansine
conjugate (T-DM1) which is currently in clinical trials
has shown a markedly improved clinical efficacy when
compared to trastuzumab alone in treatment of metastatic
breast cancer, including the inhibition of lapatinib-in-
sensitive metastatic breast cancer [20].

Early studies using combinations of trastuzumab with
doxorubicin (anthracycline) demonstrated better clinical
efficacy in both total response rate (56% vs. 17% - 42%)
and survival (26.8 month vs. 18.4 - 22.1) when compared
with trastuzumab combinations with other agents or sin-
gle agent chemotherapies, but the combined treatment of
trastuzumab and doxorubicin was associated with a high
incidence of cardiotoxicity [21]. Antibody drug conju-

Doxorubicin is a DNA intercalating agent that has been
used as an effective chemotherapeutic for treatment of
many types of cancer, including breast cancers. However,
its use is severely limited due to cardiotoxicity, espe-
cially the risk of developing congestive heart failure with
high cumulative doses (>400 mg/m”) [1]. Extensive ef-
forts have been made to reduce cardiotoxicity and to im-
prove the therapeutic index of doxorubicin [2-9]. Various
delivery methods including liposomal polymers were
investigated to improve the pharmacokinetics of doxoru-
bicin in vivo [10-15]. Targeted delivery of doxorubicin
using nanoparticles is being tested in clinical trials [16].
Antibody drug conjugation is becoming a prominent
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gates (ADC) combine the advantages of antigen-antibody
specificity and potent cytotoxic effects of chemothera-
peutic agents. The positive results from the trastuzu-
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mab-emtansine (T-DM1) clinical trials indicate that tras-
tuzumab ADC is a viable approach for targeting HER2
expressing cancer cells. In comparison with emtansine
which inhibits microtubules, doxorubicin functions as a
cytotoxic agent by intercalating DNA. Doxorubicin is an
established clinical chemotherapeutic agent, while em-
tansine is not approved for clinical use as a monotherapy
because of its unacceptable safety profile. Pursuing an
analogous strategy to the trastuzumab-emtansine conju-
gate (T-DM1), we chose to couple the carbonyl function
of doxorubicin to trastuzumab via a thioether linkage,
using the maleimidohydrazide linker MMCCH (SMCC
hydrazide) [22].

Among many factors impacting the efficacy and safety
of ADCs, antibody mediated selective uptake and linker
stability play critical roles in the success of ADC thera-
pies. It was reported that trastuzumab is endocytosed
passively through HER2 receptor internalization [23] and
it is assumed that trastuzumab-DM1 conjugate is also
internalized by the same mechanism [24]. However, fac-
tors affecting uptake of trastuzumab drug conjugate
through HER?2 antigen is not well understood. This study
employed a trastuzumab-doxorubicin conjugate (T-Dox)
to investigate trastuzumab ADC internalization mecha-
nisms and to evaluate the selectivity and potency of the
trastuzumab conjugated doxorubicin in comparison with
free doxorubicin, trastuzumab alone and combination of
both therapeutic agents.

2. Material and Methods
2.1. Cells and Reagents

Cancer cell lines MCF7, Skov3 and T47D were from
American Type Culture Collection (Manassas, VA, USA)
and maintained in recommended culture conditions at
37°C in an atmosphere of 5% CO,. MCF7/HER2 was
obtained as described previously [25]. Human immu-
noglobulin G (IgG) was from Jackson Immuno Research
(West Grove, PA) and trastuzumab antibody obtained
from a biological specialty [26]. Doxorubicin was from
Sigma-Aldrich (St. Louis, MO). The chemical linkers
4-(4-N-maleimidomethyl) cyclohexane-1-carboxyl hy-
drazide (MMCCH or SMCC hydrazide) hydrochloride
and 3-(2-pyridyldithiolpropionic acid)-N-hydroxysuc-
cinimide ester (SPDP) were from CarboMer, Inc. (San
Diego, CA), and Pierce Chem. Co. (Rockford, IL), re-
spectively. Cell culture media RPMI (Roswell Park Me-
morial Institute) were purchased from Thermo Fisher
Scientific (Pittsburgh, PA).

2.2. Preparation of
Doxorubicin-Immunoglobulin Conjugates

A maleimido derivative of doxorubicin was prepared by

Copyright © 2013 SciRes.

a modification of the method of Griffiths et al. [22].
Doxorubicin (1.23 mg) was mixed with 4-(4-N-malei-
midomethyl) cyclohexane-1-carboxyl hydrazide hy-
drochloride (4.15 mg) in a total volume of 0.25 ml dime-
thylsulfoxide and incubated for 30 minutes at 50°C. The
reaction mixture was loaded onto a preparative C18
HPLC column (6 x 300 mm YMC ODS-A 5 um; Waters
Corp., Milford, MA) with 1:1 methanol/water containing
0.1% trifluoroacetic acid, followed by methanol to elute
the free SMCC hydrazide. The doxorubicin-MMCCH
was eluted with the loading solvent mixture, dried per
vacuo and stored desiccated at 4°C until use.

Human IgG or trastuzumab (2 mg) was thiolated, us-
ing SPDP as previously described [27]. The doxorubi-
cin-MMCCH was dissolved in 1 - 2 ml 0.05 M acetate-
buffered saline with 2 mM EDTA, pH 5.3, and mixed
with same volume of the thiolated protein in the same
buffer after adding dimethylformamide to a final concen-
tration of 15% - 20% and a total volume of < 4.0 ml. The
mixture was allowed to react for 15 minutes on ice and
passed through 2 Zeba™ spin columns (<2 ml/column) at
1,200 xg for 2 minutes, followed by dialysis (MWCO 12
- 14 kDa cellulose) in 100 volumes of 0.02 M phos-
phate-buffered saline (PBS), pH 7.4, at 4°C with 2 buffer
exchanges over a period of 24 hours to remove unconju-
gated doxorubicin and linker. The dialysis retentate was
concentrated to an IgG concentration of 1 mg/ml and >
30 uM doxorubicin, sterilized by passing through a 0.45
um pore-size syringe filter and lyophilized. The resul-
tant conjugate was stored in a desiccator at 4°C until
analysis.

2.3. Determination of Doxorubicin-Antibody
Stability at Different Temperatures

A sterile aliquot (0.2 ml) from a batch of IgG-doxorubi-
cin (IgG-Dox) consisting of 8.8 uM doxorubicin conju-
gated to 308 pg human IgG (4.3:1 dox/IgG molar ratio)
was diluted threefold with sterile PBS. One half was in-
cubated for 3 days at 37°C, while the other half was kept
for the same period at 4°C. Five microliters of each sam-
ple was loaded onto a Zenix SEC-300 (3 uM, 300 A) 4.6
x 250 mm analytic size exclusion HPLC column (Sepax
Technologies, Inc., Newark, DE) and eluted with 0.15 M
phosphate buffer, pH 7.0, at a flow rate of 0.35 ml/min.
using a Waters 600 controller and Waters 2996 photodi-
ode array detector monitoring absorbance at 214 nm. The
column was calibrated with a mixture of thyroglobulin
(670 kDa), bovine gamma globulin (150 kDa), ovalbu-
min (45 kDa), equine myoglobin (16.9 kDa) and vitamin
By, (1.35 kDa), which produced a linear log-log rela-
tionship between molecular weight and elution time from
9.72 to 20.2 minutes (Supplemental Figure 1S).
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2.4. Determination of Doxorubicin-Antibody
Conjugate Stability at Different pH

To determine stability of the IgG-doxorubicin conjugate
at physiological temperature and different pH conditions,
a 1.2 ml sample comprising 11.8 pM doxorubicin conju-
gated to 373 pg human IgG (4.7:1 dox/IgG molar ratio)
was divided into two equal aliquots. The pH of one ali-
quot was adjusted to 5.4; the other was kept at 7.4. Both
aliquots were sterile filtered and lyophilized. Each was
divided into 4 equal aliquots after reconstitution and 3
were incubated at 37°C for 1, 2 and 3 days. One aliquot
of each was processed immediately (0-time point). At
each time point, two samples were centrifuged at 10,000x
g for 10 minutes. A portion of each was passed through a
micro spin column (Zeba, Pierce Protein Research Prod-
ucts, Rockford, IL) to retrieve the IgG-associated doxo-
rubicin and diluted 3-fold with 0.02 M PBS, pH 7.4. Two
aliquots of each sample were assayed for doxorubicin
fluorescence (Ex 485 nm/Em 590 nm) in a microplate
reader (SpectraMax M5, Molecular Devices, Sunnyvale,
CA). Replicate measurements were made on successive
days to assess inter-assay variance. Duplicate samples
were also assayed for protein concentration by optical
absorbance at 280 nm (Ag).

2.5. Determination of HER2 Expression Using a
Flow Cytometer

HER?2 expression on different cancer cell lines was de-
termined using a Guava easyCyte HT instrument (Milli-
pore, Danvers, MA) as described before [26]. Trastuzu-
mab was used as primary HER2 staining antibody fol-
lowed by the addition of phycoerythrin (PE)-conjugated
anti-human-Fc (Jackson ImmuneResearch Laboratories,
Inc., PA). A human isotype IgG1 antibody was used as
reference sample control.

2.6. Trastuzumab and T-Dox Binding to Cell
Surface HER2 Using Fluorescence Imaging

Binding of trastuzumab and T-Dox to low and high
HER2-expressing breast cancer cells was detected using
the Olympus IX71 fluorescence microscope (Center Val-
ley, CA). Briefly, cells were seeded in a 6-well growth
chamber and cultured in an incubator at 37°C and 5%
CO, overnight. Trastuzumab or equivalent T-Dox at 1
pg/ml was added and incubated for 1 hour at 37°C, fol-
lowed by the addition of phycoerythrin (PE)-conjugated
anti-human-Fc (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA) antibody for detection of trastu-
zumab. After washing with PBS buffer, cells were visu-
alized under a fluorescence microscope with 20 - 40X
objective magnification. Human isotype IgG1 antibody
was used as a reference control. Multiple images (n = 3)
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were taken from each well after surveying through each
of growth chamber and representative images were do-
cumented.

2.7. Cell Uptake of T-Dox and Doxorubicin
Using a Plate Reader

MCF7/HER2 and Skov3 cancer cells were cultured in
RPMI medium with 10% FBS to 70% - 80% confluency
and cells were seeded at 100 pul media with 10,000
cells/well in a 96 well black plate with clear view bottom
(Thermo Fisher Scientific) and cultured overnight at
37°C, 5% CO,, and 95% humidity. T-Dox or doxorubicin
in media was added into each well at different working
concentrations as indicated (0, 0.6, 1.8, and 5 uM) and
cultured for 5 hours in the culture incubator. After the
treatment, cells were washed 3 times with cold PBS to
remove non-specific carry over T-Dox or doxorubicin on
cell surface. Cells were then lysed with RIPA (Radio-
Immunoprecipitation Assay) buffer (Sigma-Aldrich, St.
Luis, MO) containing freshly added protease inhibitor
cocktail (Roche Applied Science, Indianapolis, IN) by
incubating for 30 minutes on ice and pipetting up and
down 5 times during the incubation period. Cell lysates
were centrifuged at 3000x g for 10 minutes and doxoru-
bicin fluorescence was measured in a plate reader (Mo-
lecular Devices, Sunnyvale, CA) at excitation 480nm and
emission 590 nm.

2.8. Uptake of T-Dox and Doxorubicin Using
Confocal Fluorescence Microscopy

Cancer cells (MCF7, T47D, MCF7/HER2 and Skov3)
with different HER2 expression levels were seeded in
each of the designated wells of 8-well chamber slide in
RPMI medium with 10% FBS. After 24 hours incubation
at 37°C in an atmosphere of 5% CO,, cells were treated
with 5 uM of doxorubicin, or doxorubicin equivalent
concentrations of T-Dox, and IgG-Dox in the culture
medium for 5 hours. Cells were then washed 3 times with
PBS and fixed with 4% formaldehyde in PBS at room
temperature (RT) for 20 minutes. Following fixation,
cells were washed with PBS and nuclei were stained with
1:1000 diluted TO-PRO-3 (Invitrogen, Carlsbad, CA) in
PBS at RT for 10 minutes. After washing, cells were
mounted with anti-fade VECTASHIELD mounting me-
dium (Vector Labs, Burlingame, CA). Multiple images
were obtained from each well for representation using a
63X oil immersion objective (NA 1.4) of a Leica TCS
SP5 confocal microscope (Leica Microsystems, Germa-

ny).

2.9. Inhibition of Cancer Cell Proliferation

Cell proliferation and cell survival were assayed as de-
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scribed previously [28] using the xCelligence instru-
ment (Roche Applied Science, Indianapolis, IN). Briefly,
cancer cells (5000/well) were seeded in an E-plate
(ACEA Biosciences, Inc., CA) and incubated for 4 hours
in a cell culture incubator to establish cell baseline
growth. Doxorubicin (0 - 10 pM) or doxorubicin equiva-
lent concentrations of T-Dox, IgG-Dox or antibody equi-
valent concentrations of trastuzumab were added in the
E-plate, and cell growth was live monitored through a
computer connected with the instrument for 2 - 3 days.
Cancer cells only wells (n = 4) were used as a baseline
control and 1% Triton X-100 treatment wells were used
as the 100% cell proliferation inhibition control. The Tri-
ton-treated cell group has a cell index of zero and the cell
index at the beginning of treatment is normalized to a
value of 1. Percentage of cell growth inhibition at the
selected time points was calculated using the formula:
[(cell index of baseline control group — cell index of
treatment group)/cell index of baseline control group]
100.

2.10. Cytotoxicity of Human Cardiomyocyte
Cells

Human primary cardiomyocytes were kindly supplied by
Dr. Y.J. Geng, University of Texas Health Science Cen-
ter at Houston, and cultured in Iscove’s Modified Dul-
becco’s Medium (IMDM) from Gibco (Invitrogen) with
15% FBS. To start the experiment, cardiomyocyte cells
at 70% - 80% confluence were seeded (2000/well) in
designated wells of a 96 well E-Plate (n = 4) and incu-
bated for 24 hours at 37°C, 5% CO, and 95% humidity,
followed by the addition of trastuzumab or an equivalent
concentration of T-Dox, IgG-Dox or a combination of
trastuzumab and doxorubicin at 5 uM concentration. Cell
index was recorded every 30 minutes for 3 days as de-
scribed above in the cancer cell proliferation assay. Cell
viability at the given time points was calculated as (cell
index of treated cells/cell index of cardiomyocyte cell
control) x 100.

2.11. Statistical Data Analysis

All experiments were repeated at least three times and
pairwise Student’s t-test was conducted when appropriate
using GraphPad prism software.

3. Results
3.1. Stability of IgG-Doxorubicin Conjugates

Doxorubicin and immunoglobulin G (IgG) conjugates
were made in sequential steps as described in the Method
section. Activation and addition of chemical linker to
doxorubicin is the first key step in the preparation of
IgG-doxorubicin conjugates. Complete separation of the
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un-reacted free chemical linker (eluted before 6 minutes)
and doxorubicin (Dox) with linker (eluted after 8 minutes)
in the reaction mixture by reverse phase HPLC (C-18
column) is shown in Figure 1(a). Based on the recovered
free SMCC hydrazide linker, the coupling process had
41.8 £ 5.6% (SD, n = 5) of the linker coupled to doxoru-
bicin. Free doxorubicin was subsequently removed by
size exclusion column separation and dialysis after com-
pletion of IgG conjugation. The final T-Dox structure
with the chemical linker is shown in Figure 1(b). Char-
acteristics of 4 batches of doxorubicin antibody conju-
gate preparations (2 batches for each of T-Dox and
IgG-Dox) are summarized in Supplemental Table S1; the
molar ratio of doxorubicin coupled per molecule of anti-
body was between 4 and 5 for all four batches indicating
the consistency of the conjugation process.

Stability of IgG-Dox was evaluated at 37°C and pH
7.4 (physiological pH) or pH5.4 (lysosomal pH) for var-
ious time periods of incubation. The results showed that
doxorubicin was released from the antibody conjugate
slowly at the rate of about 25% per day due to degradation
of the IgG-doxorubicin linkage at pH 7.4. In contrast, the
release of doxorubicin from IgG-Dox was much faster at
pH 5.4 with a rate of about 80% in the first 24 hour incu-
bation, and stabilized at about 20% IgG-Dox level in the
following days (Figure 1(c)). The significant loss of IgG-
Dox at pH 5.4 was mainly due to denaturation of antibody
as shown in Figure 1(d). The denatured IgG-Dox at pH
5.4 was removable as a precipitate by centrifugation at
37°C, but no loss of protein was noted over a 3-day period
at 37°C, pH 7.4 (Figure 1(d)). Size exclusion chromato-
graph (SEC)-HPLC analysis confirmed that the trastuzu-
mab remained intact over a period of 3 days at 37°C, pH
7.4 (Supplemental Figure S1).

3.2. Binding of T-Dox on HER2 Expressing
Cancer Cells

A panel of cancer cells with different levels of HER2
expression from low (MCF7), medium (T47D) to high
(MCF7/HER2 and Skov3) was selected to study the ef-
fects of HER2 expression levels on T-Dox uptake and its
anti-cell proliferative activity. HER2 expression levels
measured as relative mean fluorescence levels (MFI)
were 3061, 2803, 328, and 112 for Skov3, MCF7/HER2,
T47D, and MCF7, respectively (Figure 2(a)). To further
determine T-Dox specific binding on cell surface HER2,
we stained cancer cells with T-Dox or trastuzumab and
detected binding with fluorescence imaging. Similar to
trastuzumab, T-Dox selectively bound to HER2 over
expressing cancer cells as indicated by the strong fluo-
rescent intensity of T-Dox associated with high HER2
expressing MCF7/HER2 and Skov3 cells, but not de-
tectable on low and medium HER2 expressing MCF7
and T47D cells (Figure 2(b)).
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Figure 1. Construction and characterization of trastuzumab doxorubicin conjugate. (a) HPLC elution profile of MMCCH-
Doxorubicin reaction mixture applied to preparative C18 column. The solid line is optical absorbance at 300 nm wavelength
(A3zqp) for the absorbance maximum of MMCCH; the dotted line is Aygs, near the A,,,, of doxorubicin. (b) T-Dox conjugate
linker structure. (¢) In vitro stability of human IgG-doxorubicin conjugate (IgG-Dox, batch2). IgG-Dox was determined in the
high molecular weight fractions collected in desalting columns after incubation at 37°C for varying times under two different
pH conditions. Solid circles, pH 5.4; open circles, pH 7.4. (d). IgG-doxorubicin recovery by high speed centrifugation (10,000
g for 10 min.) after incubation at 37°C for varying times at pH 7.4 (dotted line) and 5.4 (solid line).
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Figure 2. T-Doxo binding on both cell surface HER2 and recombinant HER2 extracellular protein. (a) HER2 expression in
different cancer cells measured by flow cytometry. X-axis indicates fluorescence intensity and Y-axis shows % of maximum
cells in the peak area among the collected cell events. Open peaks indicate cells stained with isotype control antibody and
dark area (filled peaks) indicates cells stained with HER?2 specific antibody. Cell line and mean fluorescence intensity (MFI)
of the dark area are listed in each graph. Higher MFI value indicates higher HER2 expression. (b) T-Dox binding on cell
surface HER2 and visualized through anti-human IgG detection antibody conjugated with R-PE. Equivalent concentration of
trastuzumab (5 pg/ml) was used as positive control for binding on cell surface HER2. Images shown are the representatives
taken under 20X objective magnification for each cell lines using a fluorescence microscope.
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3.3. T-Dox Uptake Depends on Both HER2
Expression Levels and HER2 Receptor
Endocytosis

In order to understand how HER2 expression levels af-
fect uptake of T-Dox, we tested the uptake of T-Dox in
cancer cells with different levels of HER2. T-Dox uptake
by MCF7 and MCF7/HER?2 at 37°C was detected by the
natural red fluorescence of doxorubicin after 5 hour of
incubation. Doxorubicin uptake was similar in both low
HER?2 cells (MCF7) and high HER2 expression MCF7/
HER2 cells (Figure 3(a) upper panel), but uptake of
T-Dox was only detectable in MCF7/HER?2 cells after 5
hour incubation (Figure 3(a), lower panel). To further
compare T-Dox uptake in high HER2 expression cancer
cells, we treated Skov3 and MCF7/HER2 cancer cells
with different concentrations of Dox or T-Dox and the
amount of cell associated T-Dox and Dox was deter-
mined by measuring doxorubicin fluorescence signal in
the cell lysates. Both T-Dox and doxorubicin showed a
concentration-dependent uptake in the two high HER2
expression cancer cells and there was no significant dif-
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ference of doxorubicin uptake between the two cell lines
(Figure 3(b), right panel). MCF7/HER2, however, show-
ed significantly higher levels of cell associated T-Dox
than that in Skov3 cells (Figure 3(b), left panel) at the
same T-Dox concentrations, even though Skov3 cells had
higher HER2 expression than MCF7/HER2 as shown in
Figure 1. The fluorescence signal of doxorubicin inside
cells was also visualized by fluorescence microscopy;
and MCF7/HER2 cells showed clearly a higher T-Dox
uptake than that in Skov3 cells (Supplemental Figure
S2). The lower uptake of T-Dox in higher HER2 ex-
pressing Skov3 cells indicates that uptake of T-Dox was
affected not only by HER2 expression levels but also by
other intrinsic HER2 receptor recycling properties.

3.4. T-Dox Significantly Improved Cancer Cell
Proliferation Inhibition in High HER2
Cancer Cells and Exhibited Better
Selectivity over Doxorubicin in Low HER2
Cells

In order to determine cell growth inhibition by T-Dox,

MCF7/HER2 with Dox

MCF7/HER2 with T-Dox

® MCF7/HER2
SKOV3 I

0 0.6 1.7 3.0
Dox. uM

Figure 3. Cell uptake of T-Dox in comparison with doxorubicin in low and high HER?2 expression cancer cells. (a) MCF7 (low
HER?2) and MCF7/HER2 (high HER2) cells were incubated with 5 pM of doxorubicin or equivalent doxorubicin concentra-
tion of T-Dox for 6h in a cell culture incubator. The intense red fluorescence of doxorubicin was detected in the nuclei of cells
using a fluorescence microscope under 40X objective magnification. Representative images are shown with cell line and
treatment labeled in each image. (b) Uptake of T-Dox and doxorubicin in two high HER2 cancer cell lines after treatment
with different concentrations of T-Dox (left graph) and equivalent doxorubicin control (right graph) for 3 hours at 37°C. Bar
graphs show the relative fluorescence units measured in cells (Y-axis) which indicating doxorubicin or T-Dox uptake in cells,

n=3.
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the growth index of different cancer cell lines was moni-
tored continuously using the xCelligence instrument un-
der different concentrations of T-Dox treatment. In com-
parison with trastuzumab, T-Dox demonstrated signify-
cantly improved inhibition of cancer cell proliferation in
high HER2 (Skov3 and MCF7/HER2) expressing cancer
cells (Figure 4, top and middle panels); but trastuzumab
alone showed minimal effects on cancer cell proliferation
after 2 days of treatment (Figure 4, middle panels). Un-
expectedly, T-Dox treatment showed potent inhibition of
cell proliferation in the medium to low HER2 expressing
T47D cells (Figure 4, bottom panel). In contrast, much
lower inhibition of cell proliferation was shown at the
same drug concentration in the high HER2 expression
Skov3 cells (Figure 4, middle panel). The lower inhibit-
tion by T-Dox in Skov3 cells is consistent with the lower
uptake of T-Dox by Skov3 cancer cells as shown in Fig-
ure 3(b). These results suggest that HER2 expression

= T-Dox(1.1 uM)

level is not the sole factor affecting the potency of T-Dox
in cancer cells.

To evaluate the selectivity of T-Dox in different can-
cer cells, percentage of cell proliferation inhibition was
compared between doxorubicin alone and the equivalent
doxorubicin concentration of T-Dox conjugate among
cancer cells with different HER2 expression levels. Cell
proliferation inhibition by T-Dox in low HER2 express-
ing MCF7 cells was not detectable while doxorubicin
showed potent proliferation inhibition of MCF7 cells at
the same drug concentration (Figure 5(a)). In contrast,
inhibition of cell proliferation by T-Dox in high HER2
expression MCF7/HER2 was similar to that by doxoru-
bicin (Figure 5(a)). Consistent with the results in Figure
4, T-Dox showed higher cell proliferation inhibition in
the lower HER2 expressing T47D cells than that in the
high HER2 expressing Skov3 cancer cells (Figure 5(b)).
Selectivity index (cell inhibition rate of Dox/inhibition
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Figure 4. Inhibition of cell proliferation by T-Dox in comparison with trastuzumab in cancer cell lines with different HER2
expression. (a) MCF7/HER2; (b) Skov3; and (c) T47D. The left panel of graphs indicates changes of cell index (Y-axis) over
treatment time (X-axis) in cells treated with different concentrations of T-Dox. The middle panel of graphs indicates changes
of cell index (Y-axis) over treatment time (X-axis) in cells treated by the equivalent concentrations of trastuzumab (T-Mab).
All graphs show means of 3 replications. The right panel of graphs indicates percentage of inhibition (Y-axis) at different con-
centrations of T-Dox (X-axis) in comparison with equivalent concentrations of trastuzumab (T-Mab). The percentage of inhibi-
tion was calculated using the cell index collected at 40 hours. Cell index of untreated cells was used as no inhibition control.
Pairwise Student’s t-test was conducted using GraphPad prism 5.0. The n.s. indicates not significant and * indicates p < 0.05.
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Figure 5. Differential inhibition of cancer cell proliferation by T-Dox in comparison with doxorubicin. (a) Inhibition of cell
proliferation by T-Dox in comparison with equivalent concentrations of doxorubicin in low HER2 expression MCF7 and high
HER?2 expressing MCF7/HER2 cancer cells. Cells were treated with T-Dox at 2.5 pM concentration or equivalent doxorubi-
cin for 48 hours. Inhibition of cell growth measured by the cell index was calculated using cell only as control, n = 3. (b) Inhi-
bition of cell proliferation by T-Dox (5 pM) or doxorubicin in medium HER2 expressing T47D cells and high HER2 expres-
sion Skov3 cancer cells, n = 3. (¢) Selectivity of T-Dox over doxorubicin (Y-axis) was calculated by (% of inhibition by dox-
orubicin /% of inhibition by T-Dox) at the same drug concentration. Low HER2 MCEF?7 cells show highest selectivity while
high HER2 expressing cells show selectivity close to 1 indicating similar inhibition of cell proliferation by T-Dox and doxoru-
bicin in high HER2 cancer cells.

rate of T-Dox) in different cancer cell lines is shown in
Figure 5(c) and T-Dox showed more than 10 folds better
selectivity than doxorubicin alone in low HER2 expres-
sion MCF7 cancer cells.

3.5. T-Dox Significantly Reduced Cytotoxicity of
Human Cardiomyocytes

Human cardiomyocytes had no detectable level of HER2
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expression when measured using fluorescence imaging
with an anti-HER2 antibody (Figure 6(a)). To determine
cytotoxic effects of T-Dox on human cardiomyocytes,
viability of primary cardiomycytes was continuously
monitored using the xCelligence instrument. There were
various degrees of decrease in cell index (reflective of
cell viability and growth) in the different treatments over
a 70-hour period of the culturing (Figure 6(b)). Com-

JCT



316 Trastuzumab-Doxorubicin Conjugate Provides Enhanced Anti-Cancer Potency and Reduced Cardiotoxicity

paring with the untreated cardiomyocyte cells, T-Dox
and trastuzumab showed minimal effects on cardiomyo-
cyte viability during the first 30-hour exposure at 5 uM
drug concentration, while doxorubicin showed more than
30% decrease of cell viability during the same time pe-
riod at the same drug concentration (Figure 6(c)). After

exhibited cytotoxic effect in the doxorubicin treatment
group, but less than 30% decrease of cell viability was
observed in the T-Dox treatment group (Figure 6(c)).
Compared to trastuzumab, T-Dox showed a slightly
greater effect on cardiomyocyte viability after 70 hours
of treatment due to possible presence of free doxorubicin

70 hours of culturing, more than 90% of cardiomyocytes release in the culture.
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Figure 6. T-Dox binding and its effects of cell viability of human cardiomyocytes in cell culture treated with 5 pM of T-Dox in
comparison with doxorubicin, trastuzumab or combination of trastuzumab and doxorubicin. (a) Detection of T-Dox binding
on human cardiamyocyte cells using the same method described in Figure 2(b) and representative image shows no detectable
T-Dox binding on human cardiomyocyte cells and nuclei were stained with DAPI (4’,6-Diamidino-2-phenylindole dihy-
drochloride) dye (blue). (b) Cell index was monitored over a period of 3 days (X-axis, in hours) using xCelligence for moni-
toring cell viability change (Y-axis) in different treatment groups. At the time of treatment, cell index was normalized at 1
and the decrease of cell index indicates reducing cell viability. (¢c) Percentages of viability of human cardiomyocyte cells after
30 h or 70 h treatments with T-Dox are shown in Y-axis in comparison with doxorubicin alone, trastuzumab alone, and com-
bination treatment with doxorubicin and trastuzumab (trastuzumab + Dox). Cell index of cardiomyocyte cells was monitored
over the entire period of the treatment, n = 3.
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4. Discussion

During preclinical development of the trastuzumab-DM1
(T-DM1) conjugate, it was found that an irreversible
thioether linkage between the monoclonal antibody and
the maytansinoid thiol derivative DM1, using the malei-
midosuccinimidyl linker SMCC, rendered the resultant
conjugate clearly superior to disulfide-linked conjugates
in terms of in vitro stability, pharmacokinetics and toxic-
ity [29]. Although it was expected that the disulfide link-
ers would make the corresponding conjugates more
prone to reductive cleavage intracellularly, while the
thioether linkage would be more resistant to free drug
release within tumor cells, the endocytic pathway was
shown to be oxidative and the trastuzumab-MCC-DM1
was, in fact, at least as cytotoxic against HER2-express-
ing cell lines as the disulfide conjugates. Thus, the thio-
ether conjugate was chosen for clinical development of
the T-DMI trastuzumab-drug conjugate. Pursuing an
analogous strategy, we chose to couple the carbonyl
function of doxorubicin to trastuzumab via a thioether
linkage, using the maleimidohydrazide linker MMCCH
(SMCC hydrazide) [22]. Since antibody-dependent cell-
mediated cytotoxicity (ADCC) has been implicated as a
major mechanism of trastuzumab anti-tumor activity in
our recent studies and reports by others [26,28,30], we
introduced thiols into the immunoglobulin molecules at
the sites of free amino functions, using 3-(2-pyridyldi-
thiolpropionic acid)-N-hydroxysuccinimide ester (SPDP),
to preserve the integrity of the Fc region and avoid ex-
posing endogenous thiols through reductive dissociation
of the IgG monomers. The comparable HER2 binding
shown between T-Dox and trastuzumab confirmed the
integrity of trastuzumab in the T-Dox conjugate.

Lewis Phillips et al. [29] demonstrated that >90% of
intact maleimido thioether trastuzumab-DM1 conjugate
was recoverable in mouse serum 3 days after intravenous
injection of Tmab-MCC-DM1. Our data showed that
about half intact maleimido thioether IgG-doxorubicin
conjugate remained after in vitro incubation at 37°C for 3
days and the difference may be attributable to the nature
of the thio-linkage. DMI is a thiolated derivative of
maytansine, an antimitotic compound that inhibits micro-
tubule formation, and SMCC derivatization of the anti-
body occurs through an epsilon lysyl amino linkage [29].
On the other hand, SMCC hydrazide derivatization of
doxorubicin occurs through the drug’s carbonyl function,
converting the anthracycline 13-keto group into a rela-
tively stable hydrozone [22]. Comparison of our results
with those of Lewis Phillips et al. [29] suggests that the
amino linkage is more stable than the hydrozone. In ad-
dition, differences in assay methods used for determining
intact ADC may also contribute to the difference of re-
covery of intact antibody conjugates. We used desalting
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column to separate and recover T-Dox in the flow
through and there is potential loss of T-Dox in the col-
umn which can also contribute to the reduced recovery of
intact T-Dox in our results. Nevertheless, since antibody
treatment in Vvivo is generally dosed twice weekly, the
stability of T-Dox (T, close to 3 days) should be suffi-
cient for further investigation of the conjugate in an in
vivo model.

Mechanisms of action of trastuzumab depend on both
engagement of HER2 on cancer cells and engagement of
immune effector cell function through its Fc region. Al-
though it is generally considered that trastuzumab func-
tions through engaging the cell-surface HER2 extracel-
lular domain of the receptor, it is poorly understood how
internalization of trastuzumab via HER2 contributes to
its efficacy even though HER2 downregulation by tras-
tuzumab was proposed as a mechanism of action [31].
Trastuzumab can be internalized through HER2 endocy-
tosis and pulse-chase treatment of high HER2 expressing
SKBr3 cancer cells with trastuzumab showed slow deg-
radation of the antibody (about 40% turnover rate in 24
hours) in cancer cells [23]. Antibody-drug conjugates
depend on antibody-mediated interaction with tumor
specific antigen for internalization and delivery of cyto-
toxic agents into the cells. The trastuzumab drug conju-
gate T-DMI1 has shown positive clinical efficacy for
treatment of trastuzumab and laptinib refractory breast
cancer [32]. It is assumed that uptake of T-DM1 is me-
diated by trastuzumab internalization through binding of
the HER2 extracellular domain [29]. This study showed
that T-Dox uptake had significant differences among
high HER2 expression cancer cells and better uptake of
T-Dox showed stronger anti-cancer potency.

Internalization of trastuzumab is generally not consid-
ered necessary for its mechanism of action. However,
uptake of trastuzumab-drug conjugates is an essential
step for delivery of cytotoxic drug into HER2 targeted
cells. Factors affecting uptake of trastuzumab-drug con-
jugate can directly impact its anti-cancer efficacy. Our
data for the human IgG (as control for trastuzumab) con-
jugated to doxorubicin (IgG-Dox) in this study showed
no detectable binding on HER2 expressing MCF7/HER2
cells and had little effects on cancer cell proliferation
(Supplemental Figure S3) even though longer incuba-
tion (>60 hours) showed small decrease of cell growth
index (<10% decrease) possibly due to slow breakage of
the conjugate linker of IgG-Dox. The results indicate that
the antibody conjugate IgG-Dox is not passively taken up
by cancer cells and uptake of T-Dox was mediated spe-
cifically through T-Dox binding HER2 on cell surface. In
low HER2 expression cells such as MCF7 cancer cells
and cardiomyocytes, the T-Dox can provide high selec-
tivity and the data showed multifold (>10 fold) reduc-
tion of cytotoxic effects in comparison with doxorubicin
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and combination of doxorubicin with trastuzumab. On
the other hand, in high HER2 expressing cancer cells,
T-Dox showed superior cytotoxic effects in comparison
with trastuzumab. But differences of T-Dox uptake
among high HER2 expressing cells (Skov3 vs MCF7/
HER?2) indicate that other intrinsic cellular differences,
such as HER2 recycling properties, in addition to HER2
expression levels can also affect T-Dox uptake, therefore
impact the anti-cancer potency. T-Dox uptake showed
positive correlation with anti-cancer potency, suggesting
that T-Dox uptake may serve as a potential predictive
marker for sensitivity to the trastuzumab-drug conjugates
in high HER2 cancer cells. Such predictive biomarker
should have significant value if similar correlation holds
true for T-DM1 in the clinic.

Trastuzumab conjugated with geldanamycin (GA) us-
ing a similar thioether linker was reported [33]. GA is an
inhibitor of HSP90 and is known to down-regulate HER2
levels by diverting endosomal trafficking of HER2 from
recycling back to membrane surface [23,34]. A combina-
tion study of trastuzumab and 17-AAG (17-(allylamino)-
17-demethoxygeldanamycin) showed enhanced HER2
down-regulation [35]. Since uptake of trastuzumab-drug
conjugates is dependent on binding of HER2 for inter-
nalization, down-regulation of HER2 by GA may de-
crease uptake of trastuzumab-GA conjugate. Our data
showed that short-term treatment with a combination of
GA and trastuzumab decreased HER2 level on cell sur-
face (decreased staining intensity) but increased relative
accumulation of trastuzumab inside of cell (Supplemen-
tal Figure S4). The counter-effect of GA on cell-surface
HER?2 levels may lead to reduced uptake of trastuzumab
conjugate in longer term and complicates its effect on
anti-cancer function.

Our study using multiple cancer cell lines with a di-
verse range of HER2 expression showed that the trastu-
zumab-doxorubicin conjugate (T-Dox) retained the se-
lectivity of trastuzumab for targeting HER2-expressing
cells and reduced the cytotoxic effects of doxorubicin in
low HER?2 expressing human cardiomyocytes. The selec-
tivity of T-Dox supports the previous reports for trastu-
zumab ADCs and showed similarity to other trastuzumab
conjugates in HER2 targeted delivery and reduced gen-
eral cytotoxicity in low HER2 cells [20]. Since doxoru-
bicin is an established chemotherapeutic agent, T-Dox
should provide unique value for cancer patients with high
HER2 expression, who showed benefit from doxorubicin,
but also exhibited cardiotoxicity. Compared to trastu-
zumab alone, T-Dox showed a multifold improvement in
anti-cancer potency not only in HER2 overexpressing
cancer cells, but also in cells with moderate HER2 ex-
pressing T47D cancer cells. Therefore, T-Dox demon-
strated benefits of both trastuzumab for cancer targeting
specificity and doxorubicin for potent anti-cancer effi-
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cacy. Further investigation of T-Dox using in vivo mod-
els is warranted.
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Table S1. lgG-Doxorubicin conjugation characteristics.
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[1gG] [Doxorubicin]
Preparation Batches immunoglobulin Dox.1gG Molar Ratio
pg/ml uM pg/ml uM
IgG-Dox, batchl Human 1gG 308 2.1 5.1 8.8 43
IgG-Dox, batch2 Human 1gG 373 2.5 6.8 11.8 4.7
T-Dox, batchl Trastuzumab 132 0.9 2.4 4.1 4.6
T-Dox, batch2 Trastuzumab 518 35 9.4 16.2 4.7
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Figure S1. Stability of T-Dox at 37° and pH 7.4 as determined by size exclusion HPLC. (a). T-Dox preparation was analyzed
at 0 hour at 37°C after dissolved in solution and intact T-Dox was eluted at 10.5 minutes. (b). Aliquot of T-Dox was incubated
for 3 days at 37°C after dissolved in PBS and one elution peak at 10.5 minutes was detected indicating T-Dox retained intact
IgG. (¢). Mixture of thyroglobulin (670 kDa), bovine gamma globulin (150 kDa), ovalbumin (45 kDa), equine myoglobin (16.9
kDa) and vitamin B;, (1.35 kDa) was separated in the column conditions for calibration. There was a linear log-log relation-
ship between molecular weight and elution time from 9.72 to 20.2 minutes and the second major elution peak at 10.9 minutes
corresponding to 150 kDa molecular weight of the IgG antibody.
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Figure S2. Detection of T-Dox and Dox nucleus uptake in
two high HER2 expression cancer cell lines, MCF7/HER2
and Skov3. DAPI stained nuclei are in blue color and pink
color shows the merge of blue nuclei with the natural red
fluorescence from doxorubicin. Cancer cells were incubated
with T-Dox or equivalent doxorubicin at 1 pM for 3 hours
and imaged using a confocal fluorescence microscope under
63X objective magnification. Representative images are
shown for MCF7/HER?2 in upper panel and Skov3 in lower

panel.
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Figure S3. IgG-Dox binding and cytotoxic effects in high
HER?2 expression MCF7/HER2 cancer cells. A. There was
no detectable IgG-Dox binding on MCF7/HER?2 cells after
incubation with 1 pg/ml IgG-Dox and detected with anti-
human Fc conjugated with phycoerythrin (PE) (red color).
The stained cells were imaged under 40X objective magni-
fication and representative image is shown. DAPI stained
nuclei are in blue color. B. The high HER2 MCF7/HER2
cancer cells were cultured in the presence of different con-
centrations of doxorubicin equivalent IgG-Dox (0 - 5 pM)
and cell index was monitored continuously using xCELLi-
gence instrument. There were no significant cell index dif-
ferences in the presence and absence IgG-Dox indicating
that there was no passive uptake of IgG-Dox.
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Figure S4. Effects of geldanamycin (GA) treatment on
trastuzumab conjugate binding on cell surface HER2 for
internalization. Trastuzumab was conjugated with R-PE
according to manufacturer’s instruction (Invitrogen) and
R-PE conjugated trastuzumab (1 pg/ml) was incubated in
the absence (upper panel) and presence (lower panel) of 1
pM GA for 3 hours at 37°C in a cell culture incubator. Cells
were fixed and imaged using a confocal fluorescence mi-
croscope as described in the Method section. The red fluo-
rescence staining detects both cell surface binding and in-
ternalization of trastuzumab-R-PE. Cell surface binding on
HER2 by trastuzumab-R-PE is indicated by the red fluo-
rescence staining at the edge of cells and the red fluores-
cence inside of cells (surrounding the blue nuclei stain) in-
dicates HER2 mediated internalization of trastuzu-
mab-R-PE. In the presence of GA, representative cell im-
ages show lower red fluorescence intensity on cell surface
(edge of cells) in the high HER2 expression cell lines Skov3
and MCF7/HER2. In the absence of GA treatment, higher
red fluorescence intensity inside of cells (surrounding nuclei)

was observed in both high HER2 expression cell lines,
Skov3 and MCF7/HER2.
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