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ABSTRACT

In previous studies of monoclonal antibodies (mAbs) against the re
ceptor for epidermal growth factor (EGF) both 528 IgG2a and 225 IgGl
were shown to inhibit growth of A431 cell xenografts in athymic mice.
The antitumor activities of the two mAbs were similar and, although they
differ in their isotypes, they share many properties. The two mAbs bind
to EGF receptors with identical affinities, compete with EGF for binding
to EGF receptors, down regulate the receptors identically, block IX,1 -
induced activation of tyrosine protein kinase activity to a comparable
degree, and block EGF-induced changes in the proliferation of cultured
cells. These similarities in physiological effects permit a direct compari
son of the mechanisms of action mAbs of the IgGl and IgG2a isotypes.
We examined in vitro cytotoxicity against A431 cells, using 528 IgG2a
and 225 IgGl mAbs. 528 IgG2a, but not 225 IgGl, demonstrated partial
complement-mediated cytotoxicity by the 5lCr release assay and by

growth inhibition of cultured A431 cells. 528 IgG2a, but not 225 IgGl,
was cytotoxic to A431 cells in the presence of activated peritoneal
macrophages, as demonstrated by release of incorporated | '111<hyniiilmi'.

Neither mAb showed any significant cytotoxicity to A431 cells in the
presence of nonadherent spleen cells which contain K-cells. The results
of Â«ivitro cytotoxicity experiments suggested that the antitumor activity
of 528 IgG2a, but not 225 IgGl, could be mediated by macrophages.
This was verified by in vivo experiments in which s.c. tumor cell inocula
containing activated macrophages showed enhancement of antitumor
effects in animals treated i.p. twice weekly for 3 weeks with suboptimal
doses of 528 IgG2a. This enhancement was not observed when 225 IgGl
was used with the same procedure. The results of these experiments
suggest that immune mechanisms involving activated macrophages or
complement could contribute to the antitumor activity of anti-EGF recep
tor m Mi with the IgG2a isotype, but not with the IgGl isotype. This
observation confirms the findings of others who examined the antitumor
activity of IgG2a mAbs in other model systems. IgGl mAb 225, and
possibly IgG2a mAb 528, may prevent growth of human tumor xenografts
by altering the physiological functions of the EGF receptor rather than
by immune mechanisms.

INTRODUCTION

In recent years, there have been many reports of immuno-
therapy against cancer, in both patients and experimental ani
mals, using mAbs.4 Antibodies against tumor-associated anti

gens were used in most of these studies. It is now well estab
lished that proliferation of tumor cells is controlled by various
hormones and growth factors, which bind to specific receptors
on the cell surface (1). These receptors are, in fact, antigens,
and qualitative or quantitative differences in the receptors on
various cell types result in antigenic differences which may be
exploited in the design of antitumor therapy. We have initiated
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a new approach to immunotherapy using mAbs which bind
specifically to receptors for growth factors. Our studies dem
onstrated that anti-growth factor receptor mAbs can block the
access of growth factors to their receptors on tumor cell surface
membranes and prevent proliferation of some, but not all
cultured tumor cells bearing these receptors (2-5).

In previous studies, we demonstrated that treatment with
anti-EGF receptor mAbs completely prevented tumor forma
tion in athymic mice by s.c. implanted A431 cells, when treat
ment was started on the day of tumor cell inoculation. Tumors
did not occur in mice observed for more than 3 months,
following completion of a treatment protocol consisting of 2 or
3 i.p. injections of mAb per week for 3 weeks (6). When i.p.
mAb injections were delayed until the tumor reached 1 cm3 in

size, treatment of xenografted animals produced an arrest of
tumor growth which ended when mAb therapy was discontin
ued. While the mAbs are cytostatic, and not cytocidal, against
A431 cells in cultue (2, 3), they appear to eliminate the tumor
cells in vivo when treatment is initiated concurrent with tumor
inoculation. The results of the xenograft experiments raise the
possibility that some cytotoxic mechanisms, other than block
ing the access of EGF to its receptor or perturbing receptor
function, may be involved in the anti-tumor activity of these
mAbs in vivo.

In the present studies, we have examined the possible role of
immune-mediated mechanisms in the antitumor activity of anti-
EGF receptor mAbs, using two mAbs, 528 IgG2a and 225
IgGl. These antibodies bind to EGF receptors on A431 cell
surface membranes with similar affinities, compete with EGF
and with each other for binding to the EGF receptor, and block
EGF-induced activation of tyrosine protein kinase activity to a
comparable degree (2-4). The two mAbs show similar degrees
of antitumor activity in animals (6). Because the two mAbs
represent different isotypes, the present studies permit a direct
comparison of immune antitumor activity mediated by IgG2a
and IgGl antibodies that bind to a cancer cell surface antigen,
in this case a growth factor receptor.

MATERIALS AND METHODS

Materials

BALB/c athymic mice were used in the present studies. These mice
were bred and maintained at the Athymic Mouse Colony Facility at the
University of California, San Diego. The procedures were described in
detail previously (7).

A431 cells were maintained in a mixture of DME and Ham's F-12
medium (DME-F12) containing 15 HIMAr-2-hydroxyethylpyperazine-
Ar'-2-ethanesulfonic acid buffer and 5% newborn calf serum at 37*C in

a 5% CO2-95% air atmosphere. The cells were harvested by incubating
with 0.1% trypsin and 1 mM EDTA at 37Â°Cfor 5 min.

Brewer's thioglycolate medium was obtained from Difco Laborato

ries. The medium powder (6 g) was added to 200 ml of distilled 11 O
and brought to a boil while stirring, autoclaved, and stored in the dark
at room temperature for 1 week and thereafter at 4"C. Rabbit comple

ment was purchased from Miles Laboratories. The activity was tested
against sheep RBC. Na51 CrO4 (200-500 mCi/mmol) and [3H]thymi-
dine (6 Ci/mmol) were obtained from Amersham. Dulbecco's modified
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Eagle's medium, Ham's F-12 medium, newborn calf serum, and fetal

bovine serum were from Grand Island Biological Co.

Isolation of Macrophages

Eight-week-old homozygous or heterozygous BALB/c athymic mice
from the breeding colony were used. Sterile Brewer's thioglycolate

medium (0.5 ml) was injected into mice Â¡.p..and S days later peritoneal
exÃºdatecells were collected by washing the peritoneal cavity with cold
PBS. The exÃºdatecells were centrifugea and suspended in DME-F12
medium containing 10% heat-inactivated FBS. The cells were plated
into 10 cm Falcon culture dishes (one dish per mouse) and incubated
for 2 h at 37Â°C.After incubation, floating cells were discarded by

washing with PBS. The adherent cells were treated with 0.25% trypsin
plus 1 mM EDTA for 5 min and then harvested by scraping with a
rubber policeman (8). More than 90% of the adherent cells were
macrophages judged by morphological characteristics under the phase-
contrast microscope. About 2 x 10' macrophages were obtained from
each animal treated with thioglycolate medium, but only 2 x 10s cells

were obtained from an untreated mouse.

Macrophage-tnediated Cytotoxicity Assay

Macrophage-mediated cytotoxicity was measured according to the
method described by Meltzer (9) with minor modifications. A431 cells
(10") were plated into a Falcon culture dish (10 cm) which contained
10 ml of DME-F12 medium supplemented with 10% heat-inactivated
FBS. On the following day, 10 nCi of [3H]thymidine (6 Ci/mmol) were
added to the culture medium and cells were incubated for 24 h at 37Â°C.

After incubation, the cells were washed twice with PBS, trypsinized,
and suspended in DME-F12 medium supplemented with 10% heat-
inactivated FBS. Labeled cells (5 x IO4)were plated into 20 mm wells

containing 2 ml of the same medium and allowed to attach to the
plastic surface for 6 h at 37*C. Then the medium was changed to a

fresh one and macrophages at varying macrophage:A431 cell ratios
were added, followed immediately by anti-EGF receptor mAbs. After
72 h of incubation, cultures were washed with PBS three times and the
adherent cells were lysed with 0.3 ml of 0.1 N NaOH. An aliquot (0.2
ml) was transferred into a counting vial and neutralized, and its radio
activity was measured with a liquid scintillation counter. The macro-
phage-mediated cytotoxicity was calculated as

100 =
[(cpm with no addition) â€”(cpm with macrophages + mAb)]

(cpm with no addition)

Complement-mediated Cytolysis Assay

Complement-mediated cytotoxicity was measured by two methods:
(a) 5lCr release assay; and (b) in vitro inhibition of A431 cell prolifera

tion.
Chromium Release Assay. A431 cells (3 x 10'') from stock culture

were plated into a 10 cm Falcon culture dish containing 10 ml of DME-
F12 medium supplemented with 10% heat-inactivated FBS. On the
following day, cells were harvested by incubating with 0.025% trypsin
and 1 mM EDTA for 2 min at 37'C. After trypsinization, the isolated

A431 cells retained about one-half of the EGF receptors on their surface
membranes, as estimated by saturation binding with I2SI-EGF. The cells
were suspended in 0.5 ml of the culture medium, 0.5 mCi of Na"CrO4
was added, and the mixture was incubated for l h at 37*C with

occasional shaking. The cells were then washed 3 times with cold
culture medium (10).

A431 cells labeled with :'Cr were suspended in 100 Â¿tlof culture
medium (5 x IO4 cells/assay), distributed into microcentrifuge tubes
containing varying concentrations of anti-EGF receptor mAbs, and
incubated for 30 min at 4Â°C.The cells were then washed 3 times with

culture medium by centrifugation, rabbit complement was added, and
the treated cells were incubated at 37Â°Cfor 1 h. Then 50 /Â¿Iof cold

medium were added to each tube, and tubes were centrifuged in a
Beckman microcentrifuge. Fifty ^1 of the supernatant were removed,
and the radioactivity released by the A431 cells into the supernatant

was measured in a gamma counter. The maximum release of the
radioactivity was obtained by adding 1% Triton X to the target cells,
which released more than 95% of their radioactivity. The percent
cytotoxicity was calculated as

(cpm experimental release) â€”(cpm background)

(cpm maximum release) - (cpm background) x 100

Cell Proliferation Assay. A431 cells (10s) were plated into 30-mm
culture dishes containing 3 ml of DME-F12 medium supplemented
with 5% heat-inactivated FBS. On the following day, the medium was
changed to a fresh one, anti-EGF receptor mAbs plus rabbit comple
ment were added at varying concentrations, and the cells were cultured
at 37Â°C.After 4 days, the cells were trypsinized and the cell number

was counted in a Coulter Counter. The complement-mediated cytotox
icity was calculated as

Increase in cell no. with mAb + complement
Increase in cell no. with no addition

x 100

Preparation of Spleen Cells for Cytotoxic Assay

The spleen was removed from 8-week-oId BALB/c athymic mice and
placed in a 10-cm culture dish containing ice cold PBS. Cells were
teased from the spleen with forceps and transferred into test tubes;
coarse tissue and clumps were allowed to settle. The supernatant,
consisting mostly of single cells, was transferred into other test tubes,
centrifuged, and suspended in cold PBS, and RBC were lysed by
exposure to 1:10 diluted PBS. Then, NaCl was added to 0.15 M, and
the spleen cells were centrifuged and suspended in DME-F12 medium
supplemented with 10% heat-inactivated FBS. Cells were plated into
10-cm Falcon culture dishes and incubated for 2 h at 37Â°Cto remove

adherent cells. Nonadherent spleen cells were collected (11), and their
viability was more than 90% as determined by trypan blue dye exclusion.

The capacity of these splenic lymphocytes to produce antibody-
dependent cytotoxicity was assayed on A431 cells labeled with 5lCr as

described above. Labeled cells were exposed to mAb plus nonadherent
spleen cells for 4 h at 37Â°C,and 51Crrelease was measured.

mAb Treatment of A431 Tumor Xenografts in Athymic Mice

BALB/c athymic mice 8 weeks old were used, and each experimental
group consisting of 6 mice. A431 cells (10 ) from stock culture were
injected s.c. into athymic mice in 0.1 ml PBS. The effects of twice-
weekly i.p. treatment with suboptimal concentrations of anti-EGF
receptor mAb were assayed on athymic mice which received inocula of
tumor cells mixed with potential effector cells. The tumor growth assay
has been described in detail previously (6). Tumor size was measured
twice weekly and calculated as

*/2 x length x width x height (cm3)

In one series of experiments, we examined the effects of mAb therapy
when tumor cells were mixed with macrophages at the time of implan
tation. Macrophages were isolated from BALB/c hÃ©tÃ©rozygoteathymic
mice which had been treated with thioglycolate medium, as described
above. Macrophages and A431 cells (5 x IO6 and IO7 cells/animal,

respectively) were mixed and injected s.c. into athymic mice, and the
animals were treated with 0.02 mg of 528 IgG2a i.p. twice weekly for
3 weeks as described above. One group of mice was inoculated only
with A431 cells and treated with 528 IgG2a in the same way. As
controls, two other groups of mice were inoculated with only A431
cells or with a mixture of macrophages and A431 cells but did not
receive anti-receptor mAb treatment. Tumor size was measured twice
weekly as described above. Identical experiments were performed in
which 225 IgGl was used for treatment instead of 528 IgG2a.

Comparable experiments were performed, in which activated mac
rophages were replaced by nonadherent spleen cells.
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RESULTS

Assays of Cytotoxicity in Vitro

To explore the possibility that immune mechanisms are
involved in inhibition of A431 tumor formation by anti-EGF
receptor mAbs and to determine whether mAbs of different
Â¡sotypescan exert antitumor activity by the same mechanisms,
we first examined in vitro cytotoxicity against A431 cells, using
528 IgG2a and 225 IgGl mAbs.

Complement-mediated Cytotoxicity. Complement-mediated
cytotoxicity against cultured A431 cells was measured by the
"Cr released from labeled cells in the presence of mAb and
complement. Target cells were labeled with MCr and incubated

with varying concentrations of 528 or 225 mAbs in the presence
of rabbit complement, and cytotoxicity was assayed as described
in "Materials and Methods." First, the effect of rabbit comple

ment was tested in the absence of mAbs. Rabbit complement
at concentrations of 5% or less did not cause any significant
release of radioactivity in this assay procedure, and complement
was added at a concentration of 5% in the subsequent experi
ments. In the presence of complement, cytotoxicity increased
with increasing concentrations of 528 IgG2a, from 2 to 200
ng/ml, reaching a plateau at about 35% 51Cr release (Fig. 1).

Antibody concentrations as high as 20 /Â¿g/mlcould not increase
the cytotoxicity. In contrast, minimal cytotoxicity was observed
with complement plus 225 IgGl in the same range of concen
trations.

Complement-dependent Growth Inhibition. If 528 IgG2a or
225 IgGl causes complement-dependent cytotoxicity, this
treatment should inhibit proliferation of A431 cell cultures. In
preliminary studies, rabbit complement was added to the culture
medium at varying concentrations in order to determine its
effect on in vitro growth of A431 cells. Addition of complement
at 2.5% or less did not alter proliferation of cultured A431 cells
in the absence of mAbs, and complement was therefore used at
this concentration in subsequent experiments. The mAbs were
added at a concentration of 0.15 or 1.5 ^g/ml, with or without
2.5% complement, and the effect on A431 cell growth was
measured (Table 1). At the lower mAb concentration of 0.15
/tg/ml neither mAb affected the growth of A431 cells in the
absence of complement, but at the higher concentration of 1.5
jig/ml both mAbs partially inhibited A431 cell growth. Addition

o
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mAb (ng/ml)
Fig. 1. Complement-mediated cytotoxicity. "Cr-labeled A431 cells (5 x IO4

cells/tube) were incubated with varying concentrations of 528 or 225 mAb for 30
min at 4*C. After the cells were washed with culture medium, rabbit complement
(5%) was added and incubation was continued for l h at 37'C. The cells were

then centrifuged, the radioactivity in the supernatant was measured in a gamma
counter, and the percentage of cytotoxicity was calculated as described in "Ma
terials and Methods." 528 IgG2a, Cr,225 IgGl, A. Each point represents the

average of duplicate data.

Table 1 Complement-dependent inhibition of cell proliferation mediated by anti-
EGF receptor mAb

A431 cells (10') were plated into 30-mm culture dishes, and on the following

day 528 IgG2a or 225 IgGl was added at one of two concentrations. After
incubation at 37 *C for 30 min, rabbit complement was added to a concentration

of 2.5%. After culturing for 3 days, the cell number was counted with a Coulter
counter. Complement-dependent cytotoxicity was measured by the inhibition of
cell proliferation, calculated as described in "Materials and Methods." The cell

numbers represent the average Â±SE of triplicate measurements. Statistical
analysis was performed by Student's i test. In experiment A, the cell number in b
was reduced (/' < 0.05) compared to the cell number in a, and the cell number in
d, was reduced (/' < 0.05) compared to the cell number in c. In experiments B

and C, significant reduction of cell number was not observed as a result of
treatment.

Additions
Cell no.

(x 10Â»cells/dish)

Experiment A
None 4.5 Â±0.8
528 IgG2a (0.15 /ig/mt) 4.5 Â±0.7Â°
528 IgG2a (0.15 /ig/ml) + complement 1.4 Â±0.2*
528IgG2a(1.5/ig/ml) 2.2 Â±0.5C
528 IgG2a (1.5 jig/ml) + complement 0.44 Â±0.10*

Experiment B
None 4.9 Â±0.3
225 IgG 1 (0.15 Mg/ml) 4.6 Â±0.8
225 IgG 1 (0.15 Â»i/ml)+ complement 4.7 Â±0.8
225 IgG 1(1.5 jig/ml) 1.9 Â±0.1
225 IgGl (1.5 >ig/ml) + complement 1.4 Â±0.4

Experiment C
None 5.2 Â±0.5
Complement 5.1 Â±0.3

of complement further augmented the inhibition produced by
528 IgG2a but did not affect the antiproliferative effect of 225
IgGl. Apparently, only 528 IgG2a can activate complement-
mediated cytotoxicity on A431 cells.

Cytolysis of A431 cells was clearly recognized under the
microscope in the presence of 528 mAb and complement,
confirming the cell count data. However, it should be noted
that we did not observe significant cytotoxicity when the A431
cells were allowed to become confluent before addition of 528
IgG2a and complement.

Macrophage-mediated Cytotoxicity. Macrophages were iso
lated from BALB/c heterozygous athymic mice and their cyto
toxicity against A431 cells was measured, as described in "Ma
terials and Methods" (Fig. 2). In the presence of 528 IgG2a at

a concentration of 2 Mg/ml, macrophages showed a high degree
of cytotoxicity. Activity increased with higher macro
phage: A431 cell ratios, reaching more than 80% at a ratio of
40:1. In contrast, in the presence of 225 IgGl, macrophages
showed very little cytotoxicity, even at high macrophage:A431
cell ratios. At the antibody concentrations used, neither mAb
exerted any cytotoxicity in the absence of macrophages. Also,
in the absence of anti-EGF receptor mAbs, macrophages
showed very little activity, which decreased at higher macro
phage: A431 cell ratios. This may be due to the uptake of any
released [3H]thymidine by macrophages at high macro

phage: A431 cell ratios.
Similar experiments were carried out with macrophages ob

tained from BALB/c homozygous athymic mice which had
been treated with thioglycolate medium as described above. The
results were similar to those obtained with macrophages from
heterozygous mice (data not shown); macrophages showed high
cytotoxicity against A431 cells in the presence of 528 IgG2a (2
Mg/ml), but little activity in the presence of 225 IgGl (2 /Â¿g/
ml).

In a third series of experiments, BALB/c homozygous and
heterozygous athymic mice were treated i.p. with 0.2 ml of
complete Freund's adjuvant. Macrophages activated by this
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0 1:1 10:1 20:1 40:1
Effector: Target

Fig. 2. Macrophage-mediated cytotoxicity. Macrophages were isolated from
heterozygous BALB/c athymic mice which had been treated i.p. with thioglyco-
late. [3HlThymidine-labeled A431 cells (5 x IO4)were plated in 20mm wells and
allowed to attach to the plastic surface, and macrophages at varying effectontarget
cell ratios and anti-EGF receptor mAbs (2 (ig/ml) were added. After incubation
for 72 h, the radioactivity in the attached A431 cells was measured in a liquid
scintillation counter. The cytotoxicity was calculated as described in "Materials
and Methods." Macrophages and 528 IgG2a added, O; macrophages and 225

IgGl added, A; only macrophages added, â€¢.Bars, SE.

procedure were isolated from these mice, and their cytotoxicity
was measured by the same method. These macrophages showed
high cytotoxic activities in the presence of 528 IgG2a at a
concentration of 2 pg/ml, but not in the presence of 225 IgGl
at the same concentration (data not shown). Finally, macro
phages were isolated from the peritoneal cavities of heterozy
gous mice which received no i.p. priming, and their cytotoxicity
against A431 cells was compared with that of macrophages
obtained from the thioglycolate-treated mice. The cytotoxic
activity of macrophages from mice which received no priming
treatment was only 1.5% in the presence of 528 IgG2a, while
that from treated mice was 72%. These results demonstrate
that 528 IgG2a, but not 225 IgGl, participates in macrophage-
mediated cytotoxicity in vitro and that activation of macro
phages is required for cytotoxic function.

Antibody-dependent Cellular Cytotoxicity by Spleen Cells.
Another potential antibody-dependent mechanism of tumor cell
destruction is K-cell-mediated cytotoxicity. To test whether this
mechanism might be involved in the inhibition of tumor for
mation by A431 cells in athymic mice treated with anti-EGF
receptor mAbs, nonadherent spleen cells were isolated from
athymic mice and their capacity to produce antibody-dependent
cytotoxicity was tested ("Materials and Methods"). Spleen cells

produced no cytotoxicity alone or in the presence of 528 IgG2a
or 225 IgGl, at a concentration of 2 fig/ml (Table 2). Higher
mAb concentrations were not used, because in preliminary
experiments even 2 ng/m\ partially reduced proliferation in 5-

day cultures.

In Vivo Cytotoxicity

The results of in vitro cytotoxicity experiments suggested that
the antitumor activity of 528 IgG2a, but not 225 IgGl, could
be mediated by macrophages. To verify this point, in vivo
experiments were performed to assess the possibility that mac
rophages might contribute to the inhibition of tumor xenograft
growth in mice treated with anti-EGF receptor mAbs.

Macrophages were isolated from the peritoneal cavities of

Table 2 Antibody-dependent cellular cytotoxicity by spleen cells
The experimental procedure was described in "Materials and Methods." The

numbers represent the average Â±SE of cpm released in triplicate. A significant
reduction in "Cr release was not observed as a result of treatment (Student's i

test).
"Cr released (cpm)

TreatmentTriton

XNonemAbSpleen

cellsmAb
+ spleencells80:1"40:120:110:1Experiment

1
(528IgG2a)1366

Â±25135
Â±3131
Â±5153Â±
12155

Â±4143
Â±8145
Â±6144

Â±7Experiment

2
(225IgGl)2046

Â±36198
Â±8230
Â±8226

Â±12251

Â±13237
Â±13244
Â±13249
Â±15

' Ratio of effectors (spleen cells) to targets (A431 cells).

8 12
Days

16 20 24

Fig. 3. Effect of macrophages on the antitumor activity of 528 IgG2a. Mac
rophages were isolated from heterozygous BALB/c athymic mice which had been
treated with thioglycolate. Macrophages and A431 cells (5 x 10* cells and 10'

cells per animal, respectively) were mixed and injected s.c. into athymic mice,
and the animals were treated with 0.02 mg of 528 IgG2a i.p. Tumor growth was
measured as described in "Materials and Methods." A431 cells inoculated in the
absence of macrophages without anti-receptor mAb treatment, O; a mixture of
A431 cells and macrophages inoculated with no mAb treatment, â€¢;a mixture of
A431 cells and macrophages inoculated, accompanied by treatment with mAb,
â€¢:A431 cells inoculated in the absence of macrophages, but accompanied by
mAb treatment, D. Bars, SE.

athymic mice which had been treated with thioglycolate me
dium, and a 1:2 mixture of these macrophages and A431 cells
was inoculated s.c. into fresh athymic mice. These animals were
treated i.p. with a suboptimal concentration of 528 IgG2a twice
weekly for 3 weeks, and the effect of macrophages on the mAb
treatment was analyzed (Fig. 3). When A431 cells were inocu
lated in the absence of macrophages, treatment with 0.02 mg
of 528 IgG2a inhibited the tumor growth only slightly. This
correlates with our previous observation that doses of 0.2 mg
or higher are required for complete tumor inhibition by this
mAb (6). In contrast, the same i.p. mAb treatment almost
completely prevented tumor formation in a group of mice which
were inoculated s.c. with a mixture of A431 cells and macro
phages. Importantly, a mixed inoculation of A431 cells and
macrophages did not affect the growth of A431 tumor xeno-
grafts when recipient mice were not treated with 528 IgG2a.

The antitumor effect of macrophages in animals treated with
a suboptimal concentration of 225 IgGl was also examined.
The same experimental procedure was used, except that 225
IgGl was substituted for 528 IgG2a. Macrophages inoculated
in a mixture with A431 cells did not affect the antitumor activity
of 225 IgGl (Fig. 4), in contrast with the results observed with
528 IgG2a treatment.

To test whether spleen cells, which contain K-cells, might
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20 2804 8 12 16
Days

Fig. 4. Effect of macrophages on the antitumor activity of 225 IgGl. The
experimental protocol was the same as in Fig. 3, except that 0.02 mg of 225 IgG 1
was used instead of 528 IgG2a.

affect the antitumor activity of 528 or 225 mAb, we performed
experiments similar to those described above. Nonadherent
spleen cells, instead of macrophages, were mixed with A431
cells in a ratio of 1:2 and inoculated into at lumie mice. There
was no inhibition of A431 xenografts in animals treated with
0.02 mg of either 528 IgG2a or 225 IgGl, or in mice which
received no mAb treatment (data not shown).

The results of these in vivo experiments demonstrate that the
antitumor activity of suboptimal concentrations of 528 IgG2a
can be potentiated by macrophages, while that of 225 IgGl is
not affected by macrophages. Also, admixed nonadherent
spleen cells have no effect on the antitumor activity of these
mAbs. These observations are in accord with the in vitro data
described above.

DISCUSSION

In previous studies, we demonstrated that both 528 IgG2a
and 225 IgGl inhibit tumor xenograft formation by A431 cells
in athymic mice in a dose-dependent fashion (6). Treatment
with an irrelevant mAb had no effect on xenograft growth.
When the antitumor activities of the two anti-EGF receptor
mAbs were compared, they were found to be similar. Doses of
either mAb greater than 0.2 mg, delivered twice weekly i.p. for
3 weeks, produced marked antitumor effects.

There are several mechanisms by which anti-EGF receptor
mAbs could exert antitumor activity in animals. First, these
mAbs m:<?ht block the access of EGF to its receptors, and this
could resu't in inhibition of tumor growth. This has been the

premise of >ur approach to cancer therapy using anti-growth
factor receptor mAbs. However, since these mAbs bind to
antigens on the surface of target cells, they could also produce
antitumor activity through immune-mediated mechanisms,
which include cell-mediated cytotoxicity by macrophages and
K-cells, or complement-dependent cytolysis. In the present
studies, we have examined the possible contribution of immune
mechanisms to the antitumor activities of these mAbs.

Mature T-cells are deficient in athymic mice; therefore mac
rophages or K-cells are likely candidates for effector cells in
cell-mediated cytotoxicity involving antibodies. Macrophages
are known to play an important role in inhibiting tumor growth
in animals (12, 13). Normal peritoneal macrophages are not
cytotoxic, and stimulation or activation of these macrophages
is necessary for demonstrating their antitumor potential in
experimental systems. In recent years, the mechanism of mac
rophage activation has been clarified (14). Current evidence

indicates that the antitumor response of macrophages is initi
ated by MAP. This primes them in a way that induces respon
siveness to a second signal, which activates their tumoricidal
potential (15). Recently, Pace et al. (16) reported that 7-inter-
feron secreted by a concanavalin A-stimulated T-cell hybridoma
produces priming effects indistinguishable from MAP, and they
concluded that -y-interferon is at least one form of MAP (16).

In addition to macrophages, K-cells can mediate antibody-
dependent cellular cytotoxicity. K-cells are a population of
lymphocytes which have Fc receptors but lack conventional B-
and T-cell markers. The K-cell is functionally defined, rather
than being classified on the basis of the presence of unique
surface markers (17, 18). Various studies indicate that K-cells
cannot be easily distinguished from NK cells, which demon
strate spontaneous cytotoxicity in the absence of antibody.
Studies of NK and antibody-dependent cell-mediated cytotox
icity activity against mouse tumor cells as targets indicate that
although these two types of cell-mediated cytotoxicity differ in
the involvement of antibody, they share a number of character
istics. For example, the activities of K-cells and NK cells in
mice are absent at birth and then appear and increase with age.
Both activities are boosted by interferon, polyinosinct polycy-
tidylic acid and virus infection, and both are moderately resist
ant to X-irradiation (19, 20). In our experiments with nonad
herent spleen cells, both in culture and /'// vivo, we found no

evidence that the activity of the mAbs depended upon K-cells.
Since antitumor activity did depend upon administration of
mAb, NK cells were not the primary mediators of tumor inhi
bition.

Antitumor activity may be mediated by LAK cells (21, 22).
However, antibodies have no role in this process. Of course,
either NK cells or LAK cells could be attracted to the site of
the xenograft and participate in the in vivo antitumor response,
along with antibody-mediated processes.

Many investigators have studied the role of complement in
immunotherapy, but it has been difficult to demonstrate that
tumor growth inhibition can be mediated by the endogenous
complement system. Many mAbs which show antitumor activ
ity in vivo do not show complement-dependent cytolysis of
target cells //; vitro. Capone et al. developed mAbs against
human breast tumors and have shown that administration of
these mAbs inhibited the growth of some human breast tumors
in athymic mice. These mAbs caused complement-dependent
cytolysis of the target tumor cells in vitro, but they did not show
significant antibody-dependent cellular cytotoxicity using either
mouse spleen cells or human peripheral blood lymphocytes.
These investigators concluded that complement-dependent cy
tolysis is the mechanism for the antitumor activity of these
mAbs (23).

528 IgG2a and 225 IgGl are mAbs against the polypeptide
backbone of the EGF receptor (24). The two mAbs share many
properties, although they differ in their isotypes. Each detects
2 X 10* EGF receptors per A431 cell and binds with a KD of
~10~9 M. Each precipitates the EGF receptor and can compete
completely for binding of 125I-EGF to receptor (4), and each is

internalized into A431 cells in a manner comparable to EGF
(25). Each has no direct effect on autophosphorylation activity
of the receptor in intact A431 cells but can prevent EGF-
stimulated increase in receptor autophosphorylation (4). Each
mAb inhibits EGF-induced changes in the proliferation of
cultured A431 cells, and each partially inhibits proliferation of
cultured A431 cells in the absence of EGF (3).

Although the in vivo antitumor activities of 528 and 225
mAbs are similar, the results of the cytotoxicity tests demon-
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strate that these mAbs have different capacities to enlist the
participation of immune mechanisms in their action upon A431
cells. In vitro studies demonstrate that 528 IgG2a can partici
pate in significant macrophage-mediated cytotoxicity and com
plement-dependent cytolysis, while 225 IgGl did now show
activity under the same conditions. Furthermore, the potential
contribution by macrophages to the antitumor activity of 528
IgG2a was observed in vivoin experiments in which a mixture
of A431 cells and macrophages was inoculated. The results of
these experiments suggest that the antitumor activity of 528
IgG2a, but not 225 IgGl, could be mediated wholly or in part
by macrophages.

Steplewski et al. (26) have proposed that among mAbs against
tumor-associated antigens only mAbs of the IgG2a isotype have
the capacity to inhibit the growth of human tumors in athymic
mice and that their antitumor activity is mediated by macro
phages. Recently, Denkers et al. (27) compared the antitumor
activities of anti-Thy-1.1 monoclonal antibodies of four differ
ent isotypes. Variant hybridoma cell lines secreting IgGl,
IgG2a, and IgG2b antibodies were isolated from a hybridoma
cell line secreting IgG3 antibody. In in vitro assays for both
complement-dependent cytotoxicity and antibody-dependent
cell-mediated cytotoxicity, IgG2a antibody showed higher ac
tivities than IgGl antibody. These observations are in accord
with our results using 528 IgG2a and 225 IgGl, suggesting that
the difference in antitumor activity which was observed with
528 and 225 mAbs in the //; vitro assays is most probably due
to their difference in isotype subclass. In the studies of Denkers
et al., infusion of equivalent amounts of each mAh into mice
inoculated s.c. with AKR/J SL2 lymphoma cells resulted in
significant inhibition of tumor growth only in mice treated with
IgG2a antibody (27). However, our studies with 225 mAb, with
subclass IgGl, demonstrated in vivoantitumor activity compa
rable to that observed with 528 IgG2a (6).

The present in vivo studies with suboptimal concentrations
of mAb show that 528 IgG2a, but not 225 IgGl, can be
augmented in its antitumor activity by adding activated mac
rophages to A431 tumor cells at the time of inoculation. These
results confirm and extend the observations cited from the
literature, showing that immune mechanisms have the capacity
to contribute to the antitumor activity of mAbs when the
antibody isotype is IgG2a.

Our studies with 528 IgG2a and 225 IgGl have been extended
to other tumor cell lines, in addition to A431. Each mAb
inhibits the growth of 2 additional epidermoid carcinoma lines,
both in culture and as xenografts in athymic mice (28). How
ever, it should be cautioned that while a number of EGF
receptor-bearing human epidermoid tumor xenografts are in
hibited by i.p. treatment twice weekly with either mAb, some
epidermoid tumors are unresponsive (6, 28). The reason for
this selectivity in antitumor effect is under investigation. Inhi
bition by mAb can be observed with tumor cell lines which do
not have increased numbers of EGF receptors in culture (28),
but it appears to be restricted to cells which also are inhibited
by nanomolar quantities of EGF in vitro, as is the case with
A431 cells (29, 30). Simultaneous exposure of A431 cells to
EGF and to anti-EGF receptor mAb produces a complex inter
action, because the mAb can block the antiproliferative effect
of EGF, yet it also exerts its intrinsic inhibitory effect at a
higher concentration (31).

Anti-EGF receptor mAbs 528 and 225 have the capacity to
alter the function of the surface membrane antigen to which
they bind, and this property creates the potential for antitumor
activity which is not dependent on mechanisms mediated by

the immune system. Although our experiments provide evi
dence that activated macrophages could play a role in the
observed antitumor activity of 528 IgG2a, the data with 225
IgG 1 were consistently negative in a variety of in vivo and in
vitro assays of immune reactivity. We conclude that 225 IgGl
has the capacity to produce antitumor activity in the absence of
immune mechanisms mediated by complement, K cells, or ac
tivated macrophages. Whether or not this activity is attributable
to the effects of the mAb upon the function of the EGF receptor
remains unproven, but it is tempting to postulate that the
capacity to interfere with receptor physiology is relevant. While
our observations show that macrophages could participate in
the effect of 528 IgG2a upon A431 xenografts, antitumor
activity by the same mechanism as 225 IgGl is clearly a
possibility.
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