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Abstract

Purpose: Internalization is one of the key steps for anticancer immunoconjugates to deliver the drugs inside of
cancer cells. Herein, the internalization property of antiepidermal growth factor receptor (EGFR) monoclonal
antibody (mAb) LA22 was evaluated. Materials and Methods: The binding and internalization properties of
LA22 on A549 cells were investigated by using 125I-LA22. In vitro internalization was also confirmed by indi-
rect fluorescent staining. In vivo tumor targeting and internalization of 125I-LA22 were evaluated in the A549
nude mice model. Results: The mAb LA22 showed a high affinity to EGFRs expressed on A549 cells (Kd �
0.69 � 0.13 nM). The in vitro internalization of LA22 was time- and temperature dependent. The cell-surface-
bound LA22 was rapidly internalized at 37°C. The experimental results of LA22 internalization obtained from
radioassay and fluorescent staining were consistent with a good linear correlation. At 72 hours postinjection,
a clear �-image of tumor was obtain in A549 tumor xenografts, and the tumor uptake of 125I-LA22 was 8.00 �
0.61 percent injected dose per gram (%ID/g) (2.19 � 0.37 %ID/g for 125I-mIgG). Similar to the in vitro obser-
vation, 64.06% of the cell-bound mAb LA22 was internalized into the tumor cells in vivo. Conclusions: The mAb,
LA22, is a rapid, high-internalizing antibody, and this property makes it a promising vehicle for tumor-tar-
geted drug delivery.
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Introduction

Epidermal growth factor receptor (EGFR), a 170-kDa
transmembrane glycoprotein overexpressed in a variety

of human solid tumors,1,2 can be activated by receptor-spe-
cific ligands, such as epidemal growth factor (EGF), trans-
forming growth factor-� (TGF-�), heparin-binding EGF (HB-
EGF), and others.2,3 Once EGFR is activated by the specific
ligands, the ligand-receptor complex undergoes dimeriza-
tion and internalization, which in turn, activates the intra-
cellular protein kinase via autophosphorylation, leading to
signal transduction and cellular functions. There is evidence
that EGFR is correlated with tumor proliferation, invasive-
ness, distant metastasis, and angiogenesis.4

The critical role of EGFRs in cancer has led to an exten-

sive search for selective inhibitors of the EGFR-signaling
pathway.5 One of the most promising strategies in clinical
application is to develop blocking monoclonal antibodies
(mAbs) to prevent ligand binding. Erbitux (cetuximab, IMC-
C225) is the first EGFR-targeted antibody approved by the
Food and Drug Administration (FDA) for cancer therapy.6

In addition to Erbitux, other neutralizing mAbs have also
been developed against the EGFR.7 As the clinical applica-
tion of “naked” anti-EGFR antibodies may often be limited
by their modest cancer therapeutic effects—and Erbitux was
approved only for use in combination with chemotherapy—
the approach to enhance the anticancer activity of naked an-
tibodies by arming them with cytotoxic effector molecules,
such as chemical drugs, cytotoxin, radionuclides, and so
forth, has become practical. Antibody-drug conjugates de-
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signed to selectively eliminate cancer cells have been ex-
plored extensively in recent decades.8 Several conjugates are
currently in clinical evaluation,9 and one conjugate, gem-
tuzumab ozogamicin, is licensed for the treatment of refrac-
tory acute myeloid leukemia.10 Anti-EGFR antibodies and
antibody fragments as the vehicles to deliver drugs for tu-
mor-targeted therapy were also investigated.11,12

We have previously reported that a novel anti-EGFR an-
tibody-drug conjugate (LA22-MMC), which consists of an
anti-EGFR mAb, LA22 (mAb LA22), and an antitumor chem-
ical drug, mitomycin (MMC), showed a significant antitu-
mor effect in the nude mice model.12 In the in vitro cytotox-
icity assays, LA22-MMC killed the tumor cells more
efficiently than naked mAb LA22 and Erbitux-MMC in both
A431 and A549 tumor cells. It was expected that the signif-
icant antitumor effect of the antibody-drug conjugates was
due to the rapid internalization property of mAb LA22,
which carried the cytotoxic antibiotic MMC into the tumor
cells and then released it, eventually resulting in the death
of tumor cells.

As the excellent internalization property of an antibody is
necessary not only for antibody-drug conjugates, but also for
other antibody-based toxicity deliveries (e.g., radioisotope)
to reach a high retention of the toxicity in the tumor cells, in
the present report, we characterize the in vitro internaliza-
tion property of mAb LA22 to explain the previous experi-
mental results, and also provide direct evidence to prove the
in vivo tumor targeting and in vivo internalization property
of mAb LA22 itself, in order to develop mAb LA22-based
drug or radioisotope conjugates for tumor-targeted therapy.

Investigators have previously described the methods to
characterize the in vitro internalization property of anti-
EGFR antibodies.13–16 In general, the internalization of anti-
body was determined by either the direct labeling method
with radioisotope13–15 or fluorescent dye,15,16 or indirect flu-
orescent staining.14 In this study, we used both the radioas-
say method and the indirect fluorescent staining method to
evaluate the internalization property of mAb LA22 and com-
pared the results from two different methods.

Materials and Methods

Preparation of mAb LA22 and 125I-LA22

The anti-EGFR mAb, LA22, was prepared as previously
reported.12 For radiolabeling, 100 �g of mAb LA22 and 37
MBq of Na125I (Beijing Atom High Tech, Beijing, China) in
0.2 M (pH 7.4) of phosphate-buffered saline (PBS) were
added to a vial coated with 40 �g of Iodogen (Sigma, St.
Louis, MO). After 10 minutes of reacting at room tempera-
ture, the reaction mixture was purified by a PD-10 column
(Amersham, Piscataway, NJ). The radiochemical purity
(RCP) of 125I-LA22 after purification was higher than 98%.
The radioimmunoreactive fraction of 125I-LA22 was deter-
mined to be more than 80%, using the method established
by Lindmo et al.17 Murine IgG (mIgG, isotype-matched con-
trol; Sigma) was also labeled with 125I, using the same pro-
cedure described above as the negative control.

Cell culture and animal model

The A549 human non-small-cell lung cancer cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) sup-

plemented with 10% (v/v) fetal bovine serum (FBS) (Hy-
clone, Logan, UT) at 37°C in a humidified atmosphere with
5% CO2. The BALB/c nude mice (4–5 weeks of age; Depart-
ment of Experimental Animals, Peking University Health
Science Center, Beijing, China) were inoculated subcuta-
neously with 5 � 106 A549 cells per mouse in the right up-
per flanks. When the tumors reached �0.8 cm in diameter,
the mice were used for in vivo animal studies.

Binding specificity and affinity of 125I-LA22 to EGFR

The binding specificity of mAb LA22 to EGFRs expressed
on A549 cells was evaluated by using the competition bind-
ing assay. Briefly, �200,000 counts per minute (cpm) of 125I-
LA22 in triplicate was added to A549 cells in the presence
of increasing concentrations of unlabeled mAb LA22 or
mIgG. After washing the unbound radiotracer, the specific
binding of 125I-LA22 to A549 cells was analyzed by measur-
ing the radioactivity associated with the cells, using a �-
counter (Wallac 1470-002; Perkin Elmer, Finland).

The binding affinity of 125I-LA22 to EGFRs was evaluated
by the saturation binding assay. The A549 cells, seeded in a
48-well plate (5 � 104 cells per well), were incubated at 37°C
in a humidified atmosphere with 5% CO2 overnight to allow
a firm adherence. After washing with PBS three times, in-
creasing concentrations of 125I-LA22 (from 44.4 pM to 4.44
nM) were added. The total volume was adjusted to 300 �L.
For each concentration, nonspecific binding was determined
in the presence of an excess (2.22 �M) of unlabeled mAb
LA22. After 4 hours of incubation at 4°C, the cells were
washed twice with cold PBS and then solubilized with 2 M
of NaOH. The cell-associated radioactivity was determined
by using the �-counter. A saturation binding curve and
Scatchard transformation were obtained by nonlinear re-
gression analysis, and the Kd value of 125I-LA22 was deter-
mined by using GraphPad Prism 4.0 (GraphPad Software,
San Diego, CA). Each data point represents the average value
from triplicate wells.

Internalization of 125I-LA22 into A549 cells

A549 cells cultured in a 24-well plate (1 � 105 cells per
well) were incubated with saturating concentrations of 125I-
LA22 (�200,000 cpm) or 125I-mIgG (�200,000 cpm) at 37°C
or 4°C in culture medium for 0, 10, 20, 30, 60, 120, and 240
minutes, respectively. At the time points, cells were rinsed
with PBS to remove the unbound antibodies, and treated
with 5-minute acid washing twice (50 mM glycine-HCl/100
mM NaCl; pH 2.8) to remove the surface-bound antibodies.
Cells were solubilized with 2 M of NaOH at 37°C for 1 hour.
The internalized radioactivity was collected and measured
in the �-counter. Each data point represents the average
counts (cpm) from triplicate samples.

Internalization rate and ratio of the cell-surface-bound 125I-
LA22 were determined, as previously described, with some
modifications.18,19 Briefly, A549 cells grown in 24-well plates
were incubated with �200,000 cpm of 125I-LA22 for 2 hours
at 4°C to allow the maximum surface binding. After three
times of washing with ice-cold PBS, warmed culture medium
was added, and cells were incubated at 37°C for various time
periods (0, 2, 5, 10, 20, 30, and 60 minutes) in order to allow
for internalization. Cell-surface-bound 125I-LA22 was re-
moved by 5-minute acid washing twice (50 mM glycine-
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HCl/100 mM NaCl; pH 2.8) at room temperature. Cells were
solublized with 2 M of NaOH, and then the internalized ra-
dioactivity and acid-washed radioactivity were measured in
the �-counter. The internalization ratio was expressed as a
percentage of internalized radioactivity to total radioactivity
associated with the cells (acid-washed radioactivity � inter-
nalized radioactivity). Experiments were carried out twice
with triplicate samples.

Indirect immunofluorescent staining of mAb LA22
internalization

The procedure was based on a previous report, with some
modifications.20 A549 cells were harvested and plated into
35-mm dishes containing sterile, 12-mm, round coverslips.

Cells were allowed to attach and spread on the coverslips
for at least 24 hours before use in the experiments. The cells
on the coverslips were rinsed in PBS and then incubated with
mAb LA22 (50 �g/mL) and mIgG (50 �g/mL), respectively,
for various time points at 37°C. Coverslips were then washed
in PBS and cell-surface-bound proteins were removed by 5-
minute acid washing twice (50 mM glycine-HCl/100 mM
NaCl; pH 2.8) at room temperature. After neutralization with
0.5 M of Tris-HCl (pH 7.4) for 5 minutes, the cells were fixed
with 4% (w/v) paraformaldehyde for 20 minutes, washed
with PBS, permeabilized with 0.2% Triton X-100 for 10 min-
utes, and blocked with 3% bovine serum albumin (BSA) for
1 hour at room temperature. After a brief wash with PBS,
cells were incubated with fluorescein isothiocyanate (FITC)-
coupled goat antimouse IgG (1:100; Santa Cruz, CA) for 30
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FIG. 1. Binding specificity and affinity of 125I-LA22 to epidermal growth factor receptors (EGFRs). (A) The binding of 125I-
LA22 to EGFRs on A549 tumor cells in the presence of increasing concentrations of unlabeled mAb LA22 or mIgG. (B) Satu-
ration binding of 125I-LA22 to EGFRs on A549 tumor cells. Data are expressed as the mean � standard deviation (SD) (n � 3).

FIG. 2. In vitro internalization of 125I-LA22. (A) A549 tumor cells were incubated with 125I-LA22 for various times at 4°C
or 37°C. The internalized radioactivities were measured and expressed as a function of time. 125I-IgG was used as a con-
trol. Data are expressed as the mean � standard deviation (SD) (n � 3). (B) A549 tumor cells were first incubated with 125I-
LA22 for 2 hours at 4°C, and then the cell-surface-bound 125I-LA22 was allowed to internalize at 37°C for various times.
Data are expressed as the mean � standard deviation (SD) (n � 3).

A B

BA



minutes at 37°C. Unbound secondary antibody was removed
by rinsing three times with PBS containing 0.1% Tween 20
and then a final wash of PBS. The coverslips were inverted
on glass slides on mounting medium and analyzed with a
Leica TCS-NT confocal microscope (Wetzler, Heidelberg,
Germany). The images were observed and obtained under
identical conditions (i.e., exposure time, plane, and magnifi-
cation). To quantitate, average fluorescent intensities inside
the cells were measured by using Leica confocal software.
For each image, 10 cells were randomly selected and the
mean was calculated. The mean background obtained by the
measurement of five randomly selected areas with no cells
in the same image was then subtracted from the calculated
values. For the cell-surface-binding assay, mAb LA22 was
incubated with A549 cells at 4°C for 2 hours. Unbound an-
tibodies were removed by PBS rinsing and an FITC-coupled
second antibody was added, incubated, washed, and ana-
lyzed by using a confocal microscope, as described above.

In vivo tumor targeting of 125I-LA22

All animal experiments were performed in accordance
with the guidelines of the Peking University Health Science
Center Animal Care and Use Committee. The in vivo tumor
targeting and uptake of 125I-LA22 were evaluated by both
immunoscintigraphy and biodistribution. With respect to
immunoscintigraphy, 3 nude mice bearing EGFR-positive

A549 human lung cancer xenografts were injected intra-
venously (i.v.) with 14.8 MBq of 125I-LA22 (20 �g, 0.3 mL),
then the mice were placed prone on a two-head �-camera (E-
Cam; Siemens), equipped with a parallel-hole, low-energy,
high-resolution collimator. Planar images were acquired at
4, 24, 72, and 120 hours postinjection and stored digitally in
a 128 � 128 matrix. The acquisition count limits were set at
100 k. For the biodistribution study, 125I-LA22 (185 kBq, 5
�g) was administered i.v. to one group of 4 tumor-bearing
mice, and the mice were sacrificed at 72 hours postinjection.
Tumor tissues and other interested organs, including blood,
heart, liver, spleen, kidney, and muscle, were harvested,
weighed, and measured for radioactivity in a �-counter. The
tumor uptake was calculated as a percentage of the injected
dose per gram of wet tissue mass (%ID/g). As a control ex-
periment, the same dose of 125I-mIgG (185 kBq, 5 �g) was
administered i.v. to another group of 4 tumor-bearing mice
and the biodistribution study was performed, as described
above.

125I-LA22 internalization into tumor cells in vivo

125I-LA22 and 125I-mIgG were injected i.v. into nude mice
bearing A549 tumor xenografts (3 mice per group) at a dose
of 185 kBq (5 �g), respectively. At 72 hours postinjection,
mice were sacrificed, and tumor tissues were excised,
weighed, and disaggregated in 0.1% (w/v) collagenase IV
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FIG. 3. Confocal influorescence imaging of monoclonal anti-
body (mAb) LA22 internalization. (A) A549 tumor cells were
exposed to mAb LA22 for 2 hours at 4°C. (B) A549 tumor cells
were exposed to mAb LA22 for 2 hours at 37°C. (C) A549 tu-
mor cells were exposed to mIgG for 2 hours at 37°C. (D) The
intracellular fluorescent intensities of mAb LA22 and mIgG af-
ter incubating for 2 hours at 37°C were compared (mean � SD;
n � 10).



and 0.003% DNaseI for 2 hours at 37°C with slow agita-
tion.11,21 After these procedures, the tumor suspensions were
homogeneous without macroscopic lumps. The suspensions
were then passed through Nitex cloth (mesh size, 150 �m),
and the single-cell suspensions were collected by centrifu-
gation at 800 cpm for 5 minutes. After washing carefully with
PBS, the cells were then treated with an acid wash, as de-
scribed above, to distinguish the cell-surface-bound and in-
ternalized activities. The total cell-associated radioactivities
were calculated as the sum of the acid removed and the in-
tracellular radioactivities. The results were expressed as the
percentage of the injected dose per gram of tumor tissue
(%ID/g tumor), which represent the average of triplicate
samples.

Results

In vitro binding assay

The 125I-LA22 bound to EGFRs decreased along with the
increasing concentrations of unlabeled mAb LA22, and the
cell-associated 125I-LA22 was less than 6% when 200-fold un-
labeled mAb LA22 was added, indicating the high binding
specificity of 125I-LA22 to EGFRs expressed on A549 cells. In
contrast, the negative control mIgG showed no significant
block for 125I-LA22 binding (Fig. 1A).

The affinity of 125I-LA22 to EGFRs expressed on A549 cells

was determined by Scatchard analysis. The 5 � 104 cells per
well in triplicate were incubated with increasing amounts of
125I-LA22 at 4°C for 4 hours. A second set of samples was
incubated in the presence of a 500-fold excess of unlabeled
mAb LA22 to block the specific binding and allow the de-
termination of nonspecific binding of radioactivity. The spe-
cific binding of radioactivity was defined as the total bind-
ing radioactivity subtracting the nonspecific binding
radioactivity. The specific saturation binding curve and the
Scatchard plot are shown in Figure 1B. mAb LA22 shows a
very high affinity to EGFRs on A549 cells, with the Kd value
determined to be 0.69 � 0.13 nM, using GraphPad Prism 4.0
software.

Internalization of 125I-LA22 into A549 cells

The internalization of 125I-LA22 was determined by incu-
bating A549 cells with 125I-LA22 at 37°C or 4°C for various
time periods. The internalization of 125I-LA22 was time- and
temperature dependent. 125I-LA22 was internalized rather
rapidly in the first 10 minutes and remained with increasing
internalization until 2 hours after incubation (Fig. 2A). In
comparison of incubating at 4°C, 125I-LA22 did not show sig-
nificant internalization and the intracellular antibodies re-
mained at a low level throughout the entire incubation pe-
riod (Fig. 2A). The negative control, mIgG, also did not show
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FIG. 4. Internalization course of monoclonal antibody (mAb) LA22. (A) The internalization course of mAb LA22 from 10
to 120 minutes at 37°C. (B) The intracellular fluorescent intensity of mAb LA22 is expressed as a function of time (mean �
SD; n � 10). (C) The correlation of mAb LA22 internalization measured by radioassay and fluorescent staining.



significant internalization into A549 cells, indicating that the
internalization of 125I-LA22 is EGFR dependent (Fig. 2A).

The internalizing ratio and rate of the cell-surface-bound
125I-LA22 were evaluated. A549 cells were first incubated
with 125I-LA22 at 4°C for 2 hours, to allow the maximum cell-

surface binding, and then incubated with prewarmed cul-
ture medium at 37°C for various time periods to allow the
internalization of the surface-bound antibodies. As shown in
Figure 2B, the internalization of surface-bound 125I-LA22 is
time dependent. The intracellular antibodies sharply in-
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FIG. 5. In vivo tumor targeting of 125I-LA22. (A) Nude mice bearing A549 tumor xenografts were injected intravenously
(i.v.) with 14.8 MBq of 125I-LA22, and then planar images were acquired at 4, 24, 72, and 120 hours postinjection. Arrows
indicate the tumor locations. (B) 125I-LA22 was administered i.v. to one group of 4 A549 tumor-bearing mice. Animals were
sacrificed at 72 hours postinjection. Tumor tissues and other interested organs were harvested, weighed, and measured for
radioactivity in a �-counter. The percent injected dose per gramof tissue of each organ was presented. 125I-mIgG was used
as a negative control (mean � SD; n � 4). (C) Tumor uptake of 125I-LA22 and 125I-mIgG in nude mice bearing A549 tumor
xenografts was compared (mean � standard deviation; n � 4).
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crease during the first 10 minutes, reaching the maximum
internalization level of 65.8%, and it remained at a relatively
high plateau for at least 60 minutes.

Confocal influorescence imaging of mAb 
LA22 internalization

The binding of mAb LA22 to EGFRs expressed on A549
cells and internalization of mAb LA22 into A549 cells were
visualized by a laser-scanning confocal microscope. A549
cells were incubated with mAb LA22 for 2 hours at 4°C to
allow the surface binding and minimize the internalization,
then FITC-coupled goat antimouse IgG was used to stain the
cells. mAb LA22 was not internalized into the cells at 4°C
and totally bound to the cell surface (Fig. 3A), which was
similar to the result of the internalization study using 125I-
LA22. After incubating at 37°C for 2 hours, mAb LA22
showed clear internalization (Fig. 3B). The high-powered
imaging revealed that the internalized antibodies accumu-
lated in the cytoplasm. The fluorescence in the cytoplasm
was punctate instead of dispersed, indicating that the inter-
nalized antibodies most likely accumulated in some specific
organelles. In contrast, mIgG did not show significant inter-
nalization (Fig. 3C). The intracellular fluorescent intensity of
mAb LA22 was significantly higher than that of mIgG after
incubating at 37°C for 2 hours (Fig. 3D), which was calcu-
lated by using Leica confocal software.

The internalizing visualization of mAb LA22 depends on
the incubation time at 37°C (Fig. 4A). Internalized mAb LA22
was not very clear within the incubation time from 10 to 60
minutes, whereas after 120 minutes of incubation, the intra-
cellular antibodies sharply increased (Fig. 4A). Figure 4B
shows that the internalization occurs mainly during the pe-
riod from 60 to 120 minutes.

The internalization course detected by indirect fluorescent
staining was similar to that detected by using 125I-LA22 (Fig.
2A). More important, the analytic results from two different
methods showed a highly significant (p � 0.001) linear cor-
relation (Fig. 4C; r2 � 0.82). Both of the two different meth-
ods confirmed the in vitro internalization of mAb LA22 into
A549 cells.

In vivo tumor targeting of 125I-LA22

The in vivo tumor targeting and uptake of 125I-LA22 was
evaluated by both the immunoscintigraphy and biodistri-
bution studies in nude mice bearing A549 human lung can-
cer xenografts. In the earlier period, the uptake of 125I-LA22
in blood-rich organs, such as the heart, was higher than tu-
mors, but along with the time, the accumulation of 125I-LA22
in tumors was higher than other tissues. At 72 hours postin-
jection, the tumor uptake was significantly higher against the
background, and at 120 hours postinjection, the tumor im-
age had a much better contrast with the clearance of ra-
dioactivity from normal tissues (Fig. 5A). The quantitative
tumor uptake of 125I-LA22 at 72 hours postinjection is sum-
marized in Figure 5B. The tumor uptake was 8.00 � 0.61
%ID/g (n � 4), and radioactive ratios of tumor to nontumor
were more than 1.0 for all of tissues (data not shown), ex-
cept for the ratio of tumor to blood (due to the slow blood
clearance of intact antibody). In the control experiment, the
tumor uptake of isotype-matched 125I-mIgG was 2.19 � 0.37
%ID/g (n � 4) (Fig. 5B and 5C).

In vivo internalization of 125I-LA22 into tumor cells

To investigate the in vivo tumor-cell uptake of mAb LA22,
125I-LA22 was injected into nude mice bearing A549 tumor
xenografts, then the tumor tissues were excised and disag-
gregated, and the related tumor cells were collected. The to-
tal cell-associated, intracellular, and surface-bound radioac-
tivities were measured. The results were expressed as the
%ID/g tumor. As shown in Figure 6, the tumor-cell-associ-
ated, intracellular, and surface-bound 125I-LA22 are 1.23 �
0.08, 0.78 � 0.08, and 0.46 � 0.05 %ID/g tumor, respectively
(n � 3), and the internalization ratio (percent of intracellular
radioactivity/total cell-associated radioactivity) was calcu-
lated to be 64.06%. As a control study, the tumor-cell-asso-
ciated, intracellular, and surface-bound 125I-mIgG are all
much lower, with 0.20 � 0.06, 0.06 � 0.01, and 0.14 � 0.05
%ID/g tumor, respectively.

Discussion

The internalization of antibody into the cells is required
for many targeted therapeutics, such as immunotoxins, im-
munoliposomes, and antibody-drug conjugates.22,23 The
mechanism of the internalization may be that some anti-
bodies can mimic the natural ligands of the receptors to me-
diate receptor dimerization and then stimulate the endocy-
tosis.24 So, the internalization of antibodies may differ
significantly, depending on both the antibodies themselves
and the epitopes they recognize.

Many anti-EGFR antibodies have been investigated for
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FIG. 6. In vivo uptake and internalization of 125I-LA22 in
tumor cells. 125I-LA22 or 125I-mIgG (isotype-matched con-
trol) was injected intravenously into nude mice bearing A549
tumor xenografts (3 mice per group) at a dose of 185 kBq (5
�g). At 72 hours postinjection, mice were sacrificed, and tu-
mors were excised, weighed, and disaggregated. Cell sus-
pensions were collected, washed, and then treated with acid
wash. Total cell-associated, acid-removed, and intracellular
radioactivities were measured in a �-counter and are ex-
pressed as the percentage of injected dose per gram of tu-
mor tissue (mean � standard deviation (SD); n � 3).



cancer-targeted therapy, such as IMC-C225, ABX-EGF, and
mAb LA22.2,25,26 mAb LA22 (IgG2a) recognizes the epitope
from Ala-351 to Asp-364 in the mature EGFR,27,28 and shows
high affinity to EGFRs expressed on A549 cells (Kd � 0.69 �
0.13 nM). The internalization assay of mAb LA22 was per-
formed by both radiolabeling and indirect fluorescent stain-
ing methods. The results showed that the internalization of
mAb LA22 was time- and temperature dependent. When
A549 cells were incubated with mAb LA22 at 4°C, the mAb
LA22 was not internalized into the cells (Fig. 3A). However,
when the cells were incubated with mAb LA22 at 37°C, the
intracellular fluorescent density measured by using confocal
microscopy and the internalized radioactivity detected by �-
counter showed the consistent trend of increasing internal-
ization with time. More important, after binding to the cell
surface, mAb LA22 was internalized into the cells rather
rapidly (�10 minutes) and highly (65.8%).

Most of the therapeutic mAb approved for use in oncol-
ogy belong to the IgG1 subclass, which has the potential to
trigger the immunofunctions, such as complement-dependent
cytotoxitity (CDC), complement-dependent cell-mediated
cytotoxicity (CDCC), and antibody-dependent cellular cyto-
toxicity (ADCC).29–31 The mAb LA22 belongs to the IgG2
subclass, so the naked antibody itself has no advantage over
the other anti-EGFR antibodies, such as cetuximab, for tu-
mor therapy. However, the rapid and high internalization
property of mAb LA22 does provide a potential application
of using it as a vehicle for cytotoxicity delivery.

The excellent in vitro characteristics (e.g., high antigen-
binding affinity, as well as high and rapid internalization) of
mAb LA22 cannot directly predict the in vivo characteristics,
because there are many other factors (such as the metabo-
lism, stability, tumor vascular permeability, and antigen
shedding) that affect the in vivo behavior of the antibody.
Therefore, the in vivo tumor targeting specificity and inter-
nalization preperty of mAb LA22 were also evaluated in
nude mice bearing EGFR-positive A549 tumors. Clear tumor
images were obtained at 72 hours postinjection by im-
munoscintigraphy; moreover, the tumor uptake of 125I-LA22
was significantly higher than that of control 125I-mIgG, in-
dicating the specific binding between 125I-LA22 and EGFRs
in A549 xenografts. As for the relative higher uptake of 125I-
mIgG in tumor than that of the normal organs, it may be due
to the enhanced permeability and retention (EPR) effect, as
tumors have abnormal and leaky vasculature and lack lym-
phatic drainage.32

Since most of the intact antibodies (molecular weight,
�150 kDa) exhibit the highest tumor uptake between 48 and
120 hours postinjection in nude mice models, so we har-
vested the tumor tissues at 72 hours after the injection of 125I-
LA22, when the antibody concentration in the tumor site
would be higher and the more internalization would occur.
The intracellular radioactivity of 125I-LA22 accounted for
more than 66% of total cell-associated radioactivity, which
is much higher than that of 125I-mIgG. More important, the
in vivo internalization of 125I-LA22 into tumor cells was con-
sistent with the in vitro internalization data.

Conclusions

In this study, we validated the in vitro specific binding and
internalization property of anti-EGFR mAb LA22 to A549

human lung cancer cells, which confirmed the expectation
for our previous study. The in vivo studies also showed spe-
cific tumor targeting and high internalization of mAb LA22
in EGFR-positive tumor. The specific binding to EGFRs with
a high affinity, as well as rapid and high internalization of
mAb LA22, make it a potential vehicle to deliver the cyto-
toxic agents for tumor-targeted therapy.
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