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Abstract

NK cells that mediate ADCC play an important role in tumor-specific immunity. We have

examined factors limiting specific lysis of tumor cells by CD16.NK-92 cells induced by CNTO

95LF antibodies recognizing αV integrins that are overexpressed on many tumor cells. Although

all tested tumor cells were killed by CD16.NK-92 effectors in the presence of the antibodies, the

killing of target cells with a low level of ICAM-1 expression revealed a dramatic decrease in their

specific lysis at high antibody concentration, revealing a dose limiting effect. A similar effect was

also observed with primary human NK cells. The effect was erased after IFN-γ treatment of tumor

cells resulting in upregulation of ICAM-1. Furthermore, killing of the same tumor cells induced by

Herceptin antibody was significantly impaired in the presence of CNTO 95Ala-Ala antibody

variant that blocks αV integrins but is incapable of binding to CD16. These data suggest that αV

integrins on tumor cells could compensate for the loss of ICAM-1 molecules, thereby facilitating

ADCC by NK cells. Thus, NK cells could exercise cytolytic activity against ICAM-1 deficient

tumor cells in the absence of proinflammatory cytokines, emphasizing the importance of NK cells

in tumor-specific immunity at early stages of cancer.
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INTRODUCTION

The development of a strong tumor specific immune response is essential for host defense

against cancer. Responses of NK cells that are capable to lyse tumor cells have been shown

to play an important role in the first line of tumor-specific host defense [1, 2]. The cytolytic

activity of NK cells is regulated by the balance between positive and negative signals

induced by various activating and inhibitory receptors [3]. The specificity of NK cell

responses is partially mediated by IgG antibodies that recognize cell surface cancer-

associated epitopes and induce antibody-dependent cell-mediated cytotoxicity (ADCC)

through antibody Fc binding to FcγRIIIa (CD16).

The αV integrins are upregulated on tumor cells and angiogenic endothelial cells, making

them attractive therapeutic targets. A number of integrin-specific antibodies have been

developed to direct NK cell cytolytic activity against cancer cells [4–6]. One of these

antibodies, termed CNTO 95, is currently showing promise in clinical trials [7–11]. This is a

fully humanized monoclonal antibody recognizing the αV chain of integrins. CNTO 95

demonstrated low toxicity and is compatible with radiation treatments [12]. However, the

ability of this antibody to induce ADCC against tumor cells has not been evaluated in depth.

Here we analyzed the capacity of parental CNTO 95 antibody and their derivatives to induce

ADCC against tumor cells by NK92 cells transduced to express CD16 receptor. Because

NK-92 cells do not express αV integrins to a detectable level, they provide a unique

opportunity to evaluate the potency of CNTO 95 antibody in ADCC. We have found that

CNTO 95 binding to αV integrins on ICAM-1 deficient tumor cells diminishes

CD16.NK-92-mediated cytotoxicity against the tumor cells in a dose-dependent manner.

The killing efficiency was restored in the presence of IFN-γ resulting in upregulation of

ICAM-1. These and other data revealed the role of αV integrins on tumor cells in NK cell

cytolytic activity and provide evidence that NK cells could successfully attack ICAM-1

deficient tumor cells at the very early stages of cancer in the absence of proinflammatory

cytokines.

RESULTS

Factors limiting effectiveness of CNTO 95 antibody in ADCC against tumor cells

We tested the ability of CNTO 95 to induce ADCC by CD16.NK-92 cells against A375

melanoma cells and SKBR3 breast cancer cells that express αV integrins. The specific lysis

of the target cells in the presence of CNTO 95 was almost undetectable (Fig. 1A). In

contrast, Herceptin antibody that recognizes Her2/neu receptor on the cell surface of A375

and SKBR3 cells effectively induced robust cytotoxicity against these tumor cells mediated

by the CD16.NK-92 cells (Fig. 1B). This was unexpected because the difference in the level

of αV integrins on both tumor cells was marginal, and the apparent binding affinities of

CNTO 95 and Herceptin to their respective targeting molecules on the cell surface were

within the range of the affinity values previously measured for the binding of these

antibodies to αV and Her2/neu proteins on the cell surface (Table S1 and Fig. S1A and B,

also see refs [10, 13]). In addition, the level of αV expression appeared to be significantly

higher than the level of Her2/neu molecules on A375 cells, i.e., 39–138×103 vs. 7–15×103
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molecules per cell (Fig. S1B and 2). Nevertheless, A375 cells were effectively killed by

CD16.NK-92 in ADCC induced by Herceptin but not CNTO 95 antibodies.

These data prompted us to examine the binding affinity of CNTO 95 and Herceptin to

soluble CD16 as well as to CD16 on the surface of live cells. We also analyzed the binding

of CNTO 95LF that differs from the parental antibody by a low level of fucosylation of Fc

fragment carbohydrates, which affects the structure of the Fc fragment and enhances the

binding affinity to CD16 [14–16]. The apparent affinity of CNTO 95 to CD16 (KD=10.8

nM) in a cell free system was 5-times lower than that of Herceptin (KD= 2.1 nM) (Fig. S3A

and Table S2). In contrast, the affinity of CNTO 95LF to CD16 (KD=1.0 nM) appeared 2-

times stronger than that found for Herceptin (Fig. S3A and Table S2). The apparent affinity

of CNTO 95Ala-Ala, which has two mutated residues in the Fc fragment, was 150-times

weaker then that of Herceptin (KD=304 nM) (Table S2 and Fig. S4A). Consistent with these

data, CNTO 95LF bound stronger than parental CNTO95 to CD16 on live CD16.NK-92

cells (Fig. S3B and Table S2). CNTO 95Ala-Ala did not show any detectable binding to the

cell surface CD16 (Fig. S4B). These data suggested that a relatively low affinity of CNTO

95 for CD16 is likely responsible for the inability of these antibodies to induce efficient

ADCC against tumor cells.

CNTO 95LF is capable of mediating ADCC but reveals a cell type-dependent bell-shaped
dose-response curve

We evaluated the efficiency of CNTO 95LF to induce cytolytic activity by CD16.NK-92

cells against A375 and SKBR3 tumor cells. Up to 70% of A375 cells were specifically lysed

by CD16.NK-92 in the presence of CNTO 95LF (Fig. 2A). In contrast, specific lysis of the

tumor cells induced by parental CNTO 95 antibodies was barely detectable (Fig. 1A and

Fig. 2A). CNTO 95LF also induced specific killing of SKBR3 cells by CD16.NK-92 cells,

albeit with less potency (Fig. 2B). The specific lysis of SKBR3 cells induced by parental

CNTO 95 was not evident (Fig. 1A and Fig. 2B). Consistent with this, NK-92 expressing the

CD16(176F) allele that binds to the antibody Fc fragment with a lower affinity were

significantly less potent in killing A375 cells induced by CNTO 95LF (Fig. S5). In control

experiments, CNTO 95Ala-Ala antibodies that bind to αV integrin, but do not interact with

CD16 were ineffective in inducing ADCC by CD16.NK-92 cells (Fig. 2A and B). Thus, the

superiority of CNTO 95LF antibody over parental CNTO 95 antibody in ADCC is explained

by a stronger binding to CD16 receptor on cytolytic effectors.

There was a significant difference in the dependence of CD16.NK-92-mediated specific

lysis of A375 and SKBR3 cells upon the concentration of CNTO95LF antibody. The

specific lysis of A375 cells gradually increased with rising antibody concentration,

resembling an S-shape killing curve, while the killing curve of SKBR3 cells had a bell shape

(Fig. 2A and B). The bell-shape curve of SKBR3 cytolysis did not change in the presence of

an excess of human IgG (Fig. S6) providing evidence that the observed high-dose inhibitory

effect could not be explained by competition between soluble and target cell-associated

antibodies for the binding to CD16 on NK cells. The inhibitory effect was also evident in

CNTO 95LF-induced killing of SKBR3 tumor cells by polyclonal primary NK effector cells

(Fig. S7). In contrast, Herceptin-induced SKBR3 killing by the NK cells showed a typical S-
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shaped killing curve (Fig. 1B). These data suggest that blocking of αV integrins at high

antibody concentrations preclude the integrins’ interactions with cognate ligands on NK

cells to thereby influence the NK cytolytic activity toward SKBR3 target cells.

The αV-containing integrins on tumor cells contribute to NK cell cytolytic activity

To test the role of αV-containing integrins expressed on tumor cells in ADCC exerted by

CD16.NK-92 effectors, we compared the killing of A375 and SKBR3 cells induced by

Herceptin in the presence or absence of CNTO 95Ala-Ala that specifically binds to the αV

chain (data not shown), but did not reveal detectable binding to CD16 on the NK cells (Fig.

S4). Fig. 3A and B show that blocking of αV integrins with CNTO 95Ala-Ala antibody

significantly impaired effectiveness of Herceptin-mediated cytotoxicity of CD16.NK-92

against both target cells. The concentration of Herceptin required to achieve half maximal

specific lysis of A375 (Fig. 3A) and SKBR3 (Fig. 3B) target cells in the presence of CNTO

95Ala-Ala increased by 5- and 20-fold, respectively. The maximal specific lysis of both

targets was decreased. The inhibitory effect of CNTO 95Ala-Ala on Herceptin-induced lysis

of SKBR3 was concentration-dependent and evident at concentrations above 0.1 μg/ml (0.7

nM)(Fig. 3C). To exclude possible influence of CNTO 95Ala-Ala on the interaction of

Herceptin with Her2/neu receptor on target cells, we stained Her2-positive SKBR3 cells

with fluorescence-labeled Herceptin in the presence or absence of CNTO 95 and found no

difference in the amount of cell surface bound Herceptin (Fig. S8). In another control

experiments, the total human IgG did not exert any inhibitory effect, but mouse 17E6

blocking antibody specific for αV integrins inhibited Herceptin-induced target cell lysis (Fig.

3C and Fig. S9A and B). To further reiterate the important role of αV integrins, we exploited

SKOV3 ovarian cancer cells, which express both αV and Her2/neu proteins on the cell

surface (Fig. S10A and B). We found that CD16.NK-92-mediated killing of these cells

induced by Herceptin was also strongly inhibited by CNTO 95Ala-Ala and 17E6 antibodies

(Fig. S11).

These data show that αV-containing integrins on tumor cells facilitate the ADCC activity of

human NK cells.

The effect of αV integrins on ADCC depends on the level of ICAM-1 expression on tumor
cells

ICAM-1 serves as a ligand for various β2-containing integrins, namely: αLβ2 or LFA-1,

αMβ2 or Mac-1, and αXβ2, which are expressed on NK cells [17, 18]. We compared ICAM-1

expression on A375, SKBR3, and SKOV3 cells and found a large difference in the level of

ICAM-1 on these tumor cells (Figure S12A, B, and C). The expression of ICAM-1 on A375

cells was significantly higher than that on SKBR3 and SKVO3 cells. To study the role of

ICAM-1 in the inhibition of ADCC against SKBR3 and SKOV3 tumor cells (Fig. 2B and 4)

at high concentration of CNTO 95LF antibodies, we treated A375 and SKBR3 targets with

IFN-γ to stimulate the expression of ICAM-1. IFN-γ treatment resulted in significant

upregulation of ICAM-1 expression on SKBR3 cells (Fig. S12B), whereas the ICAM-1 level

on A375 cells was practically unchanged (Fig. S12A). Unexpectedly, SKVO3 cells did not

respond to IFN-γ treatment by upregulation of ICAM-1 (Fig. 12C) suggesting that the

mechanism of upregulation of ICAM-1 is defective in some tumor cells. Comparison of
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CNTO 95LF-induced killing of IFN-γ treated tumor cells showed that the maximum specific

lysis of SKBR3 cells significantly increased (Fig. 5A) as opposed to that of the treated A375

targets (Fig. 5B). The IFN-γ treatment also changed the shape of the killing curve of SKBR3

target cells: the bell-shaped concentration dependence was no longer observed, and the

curve assumed an S-shape similar to that for A375 target cells (Fig. 5A and B). A similar

effect was observed with polyclonal primary human NK effector cells (Fig. S7). IFN-γ

treatment of SKBR3 cells also alleviated the blocking effect of αV-containing integrins on

Herceptin-induced ADCC (compare Fig. 3B and Fig. S13). Because IFN-γ treatment did not

change the level of αV chain expression on tumor cells (Table S3), the observed increase in

ADCC efficiency cannot be attributed to an elevated level of the epitope recognizable by the

antibody. However, IFN-γ treatment could also upregulate expression of various ligands for

activating and inhibitory receptors on NK cells [19, 20]. To single out the role of ICAM-1

for the observed inhibition of CD16.NK-92-mediated ADCC, we utilized TS1/18 antibodies

specific for integrin β2 chain [21]. The presence of TS1/18 antibodies in the extracellular

medium significantly decreased the maximum specific lysis of IFN-γ-treated SKBR3 cells

(Fig. 6A) and restored the bell-shape of the killing curve. The killing curve of SKBR-3 cells

without IFN-γ treatment remained bell-shaped regardless of the presence or absence of

TS1/18 antibody (Fig. 6B). Importantly, blocking only αLβ2 integrin (LFA-1) with TS1/22

antibodies [22] did not inhibit the CNTO 95LF-induced destruction of the A375 tumor cells

by CD16.NK-92-mediated ADCC (Fig. S14). The inhibitory effect of TS1/18 antibodies on

CNTO 95LF-induced killing of A375 cells that express high level of ICAM-1 as opposed to

SKBR3 cells was much less profound and did not change a typical shape of the killing curve

(Fig. S14). Nevertheless, TS1/18 antibody inhibited the CNTO 95LF-induced killing of

A375 cells twice as strongly as it inhibited the killing inhibition of the same cells induced by

Herceptin antibodies (data not shown).

Taken together, the data indicate that engagement of αV integrin on target cells facilitates

efficient cytolytic activity of NK cells against tumor cells (Fig. 7) and that the contribution

of the αV integrins is modulated by other receptor-ligand interactions that depend on the

nature of tumor cells and receptor diversity on NK cells.

DISCUSSION

Antibodies against tumor-associated antigens are widely used to trigger cytolytic activity of

NK cells against tumor cells. However, how the phenotype of various tumor cells could

influence ADCC is not well understood. In this study, we thoroughly evaluated killing of

two different tumor cells by CD16.NK-92 effectror induced by CNTO 95LF antibodies. We

observed a bell-shape killing curve of SKBR3 tumor cells, while specific lysis of A375

melanoma cells was characterized by a typical S-shape curve (Fig. 2B). The difference in

the killing was linked to a significantly lower level of ICAM-1 expression on SKBR3 cancer

cells as opposed to A375 melanoma cells. The observed dose-limiting effect of the

antibodies was not unique for SKBR3 target cells, but was also evident in the killing of

SKOV3 tumor cells that express very low level of ICAM-1 (Fig. 4 and Fig. S12C). A similar

inhibitory effect resulting in a bell-shape killing curve was observed for Abegrin, a fully

humanized anti-integrin αVβ3 antibody [5]. We conclude that low doses of CNTO 95LF

antibody can trigger strong ADCC responses through engaging with CD16, but higher doses
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become inhibitory through antibody-mediated blockade of αV integrins. Thus, our data add

to previous evidence that downregulation of adhesion receptors on cancer cells could lead to

suppression of NK cell and CTL responses [22–25], and αV integrins can contribute to NK

cell-mediated ADCC.

The observed inhibition of ADCC at high concentrations of CNTO 95LF (0.04–5 μg/ml)

might be explained by the presence of free CNTO 95LF antibody in assay media. In fact, the

free normal IgG that is present in the serum at high concentration (10–12mg/ml or ≈0.1mM)

could compete with antibodies for the binding to CD16 and impair ADCC [26]. However,

we have found no influence of an excess of normal human IgG on the target cell lysis (Fig.

3C and 4, Fig. S6 and S9B). Most likely, cell-bound CNTO 95LF at the interface of NK-

target cell conjugates, whose local (effective) concentration is significantly higher than that

of free antibodies, could effectively compete with the free antibody for CD16. Because the

inhibition of the specific lysis of tumor cells occurred at high concentrations of CNTO

95LF, we propose that blocking of αV-containing integrins on tumor cells suppresses

ADCC. This conclusion is supported by experiments showing that CNTO 95Ala-Ala

antibodies or mouse 17E6 antibodies that do not bind to CD16 receptor but specifically

interact with the αV chain diminished CD16.NK-92 cytolytic activity (Fig. 3 and Fig. S9A

and S11). The contribution of integrin αV chain is decreased but still evident in the presence

of high levels of ICAM-1 on tumor cells that can interact with β2 integrins on NK cells (Fig.

3A and S14). Thus, we would like to suggest that additional interactions between αV-

containing integrins on tumor cells and their ligands on NK cells facilitate the ability of NK

cells to hunt and kill tumor cells.

The nature of ligand on NK-92 cells interacting with αV integrins on tumor cells is not

known. Vitronectin and fibronectin are two possible ligands for αV integrins. It has been

shown that fibronectin binds to the CD11b (integrin αM, Mac-1) on the surface of mouse

NK cells resulting in the recruitment of activated Src [27]. Other ligand candidates may

include ADAM family proteins or CD31. The ligand identification will establish the

significance of yet another interaction occurring at the interface of NK cell/target cell

conjugates and how it influences the cytolytic activity of NK cells.

The observed inhibitory effect of αV integrin blockade on the cytolytic activity of

CD16.NK-92 cells demonstrates that changes in the phenotype of the targeted tumors could

significantly influence ADCC. In addition, it has been previously shown that engagement of

αV integrins on activated NK cells by vitronectin induces a costimulatory signal to

complement CD16-mediated signaling [28]. Thus, the αV integrins expressed on either NK

cells or on tumor cells can regulate NK cell cytolytic activity. This implies that successful

application of tumor-specific antibodies directing the destruction of tumor cells by NK cells

requires a personalized approach that includes careful choice of the therapeutic dose of

antibody and analysis of the possible contribution of other receptor-ligand interactions

occurring between tumor cells and NK cells.

Perhaps not surprisingly, we found that only defucosylated CNTO 95LF antibodies, which

bound to CD16(176V) with high affinity, mediated ADCC of tumor cells by CD16.NK-92,

whereas parental CNTO 95 antibodies were ineffective. In contrast, weaker ADCC
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responses were mediated by NK-92 cells expressing the lower affinity CD16(176F) (Fig.

S5). These findings may have important implications, because less than 20% of individuals

are homozygous (176V/176V) for high affinity CD16 and around 40% of individuals have

the homozygous 176F/176F haplotype [29, 30]. This suggests that increased efficiency of

natural immunity could be achieved if the affinity of the Fc-CD16 interactions could be

modulated during immune response against pathogens or tumors. In support of this, changes

in the glycosylation pattern of antibodies during the immune response have been

documented [31, 32]. It has also been shown that fucosylation of serum IgG could be

modulated during advance stages of cancer [33, 34]. Changes in the IgG glycosylation

pattern enhancing affinity of the Fc-CD16 interactions have been reported to appear during

antigen-driven maturation of the antibody response [35, 36].

CNTO 95LF antibody induced efficient ADCC even though a significant fraction of cell

surface αV chain was blocked (Fig. S15). This is in accord with previous observation that a

relatively small number of targeting molecules is sufficient to initiate effective ADCC [37],

which could be due to the ability of the antigen-bound antibodies to form clusters at the cell

surface. In fact, anti-αV antibodies induce clustering of the cell surface αV integrins [38].

Also, Rituximab induces recruitment of CD20 into caps, accounting for the higher potency

of Rituximab in triggering ADCC [39]. In accord with these findings, engineered IgG

containing tandem of 3 Fc fragments were exceptionally potent in the induction of NK cell

cytolytic activity [40].

In conclusion, our data show that upregulation of αV integrin receptors on tumor cells could

compensate for the loss of ICAM-1 molecules and promote ADCC by NK cells. This

suggests that NK cells are still capable of targeting ICAM-1-deficient tumor cells in the

absence of proinflammatory cytokines. Our results also identify an alternative mechanism

by which NK cells can respond to tumors and play an important role in innate the immune

response at the very earlier stages of cancer, prior to the development of inflammation.

MATERIALS AND METHODS

Cells, antibodies and proteins

The human NK-92 cell line was transduced by retroviral vector pBMN-NoGFP [41] to

express FcγRIIIa receptor (CD16a or 176V allele of CD16 that binds to the antibody Fc

fragment with higher affinity [42]). CD16.NK-92 cells [41] were used in all but one (Figure

S5) experiments, in which NK-92 cells were transduced with the 176F low affinity allele of

CD16. Human tumor cell lines used in the present study were the A375 melanoma cell line,

the SKBR3 breast cancer line, and the SKOV3 ovarian cancer cell line.

Herceptin, humanized antibody against human HER2/neu were kindly provided by Dr.

Takami Sato (Thomas Jefferson University). Mouse 17E6 blocking antibody (IgG1)

recognizing human αV integrin was supplied by Calbiochem. Hybridomas producing mouse

TS1/18 blocking antibody (IgG1) specific for human CD18 (β2 integrin chain), mouse

TS1/22 blocking antibody (IgG1) specific for human CD11a (LFA-1 αL chain), and mouse

HB9580 (R6.5) antibody against human ICAM-1 were purchased from ATCC. W6/32

antibody specific for a common epitope of human MHC class I molecules was purified from
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culture supernatant of its respective hybridoma. Antibody recognizing His6 tag (Penta-His)

was purchased from QIAGEN. Normal human IgG and goat anti-human antibodies

conjugated to peroxidase were supplied by Sigma. Goat anti-human IgG labeled with Alexa

Fluor 488 were purchased from Life Technology, Invitrogen. Parental CNTO 95, CNTO

95LF and CNTO 95Ala-Ala monoclonal antibodies were provided by Centocor Inc. The

CNTO 95Ala-Ala antibodies having 2 substitutions, i.e., L236A and L237A, were produced

as previously described [43]. These mutations abrogate binding of the antibodies to CD16,

while the recognition of the αV epitope is preserved. The CNTO 95LF were made by

producing the antibodies in the YB2/0 cell line that is deficient in fucosyltransferase [44].

Soluble FcγRIIIa protein containing polyhistidine tag at the C-terminal end was supplied by

R&D System.

Herceptin and CNTO 95 and their derivatives were labeled with Alexa Fluor 488 (Molecular

Probes) according to the manufacturer’s instruction.

Evaluation of the number of epitopes on the target cells

2.0×105 A375 or SKBR3 cells were incubated with serial dilutions of the human receptor-

specific antibodies labeled with Alexa Fluor 488 for 30 minutes at 4°C. Alexa Fluor 488-

labeled human IgG was used to determine the background binding. The receptor specific

antibodies and the human IgG were labeled at approximately 5:1 F/P ratio. The cells were

washed free of unreacted material and analyzed by flow cytometry. Alexa Fluor 488

microspheres (Bangs Laboratories, Inc.) were used to quantify the number of fluorescent

antibodies bound to the cell surface receptors (see Supplemental Information for more

details). The data were analyzed using Bangs Laboratories quantitative software, QuickCal.

The following equation was used to analyze the binding of the antibodies to αV-containing

integrins on the cell surface:

(1)

where N is the experimentally determined number of antibody molecules bound to the

receptor at various antibody concentrations [Ab], Nmax is the maximum number of receptor

proteins per cell. Kd is the equilibrium dissociation constant. The values of Nmax and Kd

were determined with Ordinary Least Squares (OLS) regression analysis using Excel

software (Microsoft Inc.) with Solver add-on.

Binding of the αV-specific antibodies to CD16 receptor

To determine the strength of the antibody binding to soluble His6-tagged CD16 (R&D

System) we exploited a previously described a sandwich ELISA assay [45, 46] with some

modifications. 96-well plates were coated with 2 μg/ml of Penta-His antibody and were then

blocked with 1% BSA in PBS. Soluble His6-tagged CD16 was added to the wells at 2 μg/ml

and plates were further incubated for 2 hours at room temperature. The wells were then

washed and Herceptin or CNTO 95 or CNTO 95LF or CNTO 95Ala-Ala antibodies were

added at concentrations ranging from 0.01 to 100 μg/ml, and the wells were blocked with

1% BSA. Wells in which mouse IgG was added instead of the human antibody of interest
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were used as a negative control. After overnight incubation at 4°C anti-human IgG antibody

conjugated with peroxidase were added at 1:500 dilutions and the plates were incubated for

about 12 hours at 4° C. The assay was developed with o-phenylendiamine, and the

absorbance was measured at 490 nm. Apparent Kd values for interactions of the antibodies

with plate-bound soluble CD16 receptor were determined from the best fit of the

experimental points to Equation 1.

CD16.NK-92 cells were washed and resuspended in 1% BSA/PBS containing various

dilutions of CNTO 95 or CNTO 95LF or CNTO 95Ala-Ala for 30 minutes at 4° C. The cells

were washed free of unreacted material and incubated with goat anti-human IgG antibody

conjugated with AlexaFluor 488. The cells were then quickly washed and the fluorescent

intensity of the cell surface bound antibodies was measured by Beckman-Coulter flow

cytometer. Cells stained with the secondary antibody only were utilized as negative control.

Apparent equilibrium dissociation constants (Kd) were derived from the best fit of measured

MFI values to the curve described by Equation 1.

51Cr-release ADCC Assay

Target cells were harvested using DPBS containing 3 mM EDTA, washed and then labeled

with 51Cr. 5.0×103 51Cr-labeled target cells and 2.5×104 CD16.NK-92 effector cells were

combined with antibodies at various concentrations in a total volume of 200 μl in 96-well

round bottom plate. The plates were incubated in a CO2 incubator for 4h at 37°C and

radioactivity of the supernatants was analyzed on a Wizard automatic gamma counter

(PerkinElmer). The percentage of specific lysis was calculated as previously described [47].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CD16.NK-92 cytolytic effectors induced ADCC mediated by parental CNTO 95 (A) and

Herceptin (B) against melanoma A375 (black squares) and breast cancer SKBR3 (open
circles) cells. Increasing concentrations of CNTO 95 or Herceptin antibodies were tested to

trigger cytolytic activity by CD16.NK-92 toward the two different cancer cell lines. E:T

ratio was 5:1. Data represent mean ± SD from four independent experiments with each

condition tested in triplicates in each experiment.
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Figure 2.
Comparison of the CNTO 95LF antibody mediated cytotoxicity with that induced by

parental CNTO 95 antibody. Mutated CNTO 95Ala-Ala antibody was utilized as a negative

control. A375 cell line (A) and SKBR3 (B) were used as a target. The 51Cr-labeled target

cells were incubated with CD16.NK-92 cells at E:T ratio 5:1 in the presence of indicated

concentrations of the antibodies. The specific lysis of the target cells was determined based

on the amount of released 51Cr to the culture supernatant. CNTO 95LF, black circles;

CNTO 95, open circles; CNTO 95Ala-Ala, open diamonds. Data shown are representative

from three to five independent experiments with each condition tested in triplicates in each

experiment. Error bars show mean ± SD; *p<0.05, **p<0.001, ***p<0.0001 by two-tailed

Student t-test.
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Figure 3.
Herceptin-induced ADCC by CD16.NK-92 in the presence or absence of CNTO 95Ala-Ala.

Specific lysis of 51Cr-labeled A375 (A) or SKBR-3 (B) cells by CD16.NK-92 (E:T=5:1)

was induced by Herceptin antibodies at indicated concentrations in the presence (black
circles) or absence (open circles) of 10 μg/ml of CNTO 95Ala-Ala antibody. Arrows

indicate the Herceptin concentration required for half-maximal lysis (SD50). (C).

CD16.NK-92 and SKBR3 cells were pre-incubated with CNTO 95AlaAla antibodies or

normal human IgG at indicated concentrations, and the specific lysis of these target cells by

CD16.NK-92 was induced by Herceptin antibodies at 0.04 μg/ml. The data shown are

representative from two to five independent experiments with each condition tested in

triplicates within every experiment. Data depicted as mean ± SD; *p<0.05, **p<0.001,

***p<0.0001 by two-tailed Student t-test.
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Figure 4.
Specific lysis of SKVO3 tumor cells by CD16.NK-92 induced by CNTO 95LF antibodies.

The 51Cr-labeled SKVO3 tumor cells were incubated with CD16.NK-92 cells at E:T ratio

5:1 in the presence of CNTO 95LF (black circles) or CNTO 95 (open circles) or CNTO

95Ala-Ala (open diamonds) antibodies at indicated concentrations. In control experiments,

normal human IgG (open squares) were also added (50 μg/ml) along with CNTO 95LF.

The data shown are representative from five independent experiments with each antibody

concentration tested in triplicates and depicted as mean ± SD. No significant difference by

two-tailed Student t-test.
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Figure 5.
Effect of IFN-γ treatment on specific lysis of SKBR3 (A) and A375 (B) tumor cells by

CD16.NK-92 cells induced by CNTO 95LF antibodies. The target cells were treated with

IFN-γ (black circles) for 48h or left untreated (open circle) and the ADCC was evaluated as

in Fig. 3. The assay results are representative from three to seven experiments with each

condition tested in triplicates in every experiment. Data represent mean ± SD, *p<0.05,

**p<0.001, ***p<0.0001 by two-tailed Student t-test.
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Figure 6.
Inhibition of ADCC against tumor cells mediated by CD16.NK-92 cells in the presence of

blocking antibodies against β2-integrins. SKBR3 cells were treated with IFN-γ for 48 hours

(A) or left untreated (B). The 51Cr-labeled tumor cells were incubated with CD16.NK-92 at

E:T ratio 5:1 along with CNTO 95LF antibodies at various concentrations in the presence

(black squares) or absence (gray squares) of TS1/18 antibodies (10μg/ml). The percent

specific lysis was measured after 4h at 37°C. Results are representative of two independent

experiments with each condition tested in triplicates in every experiment and are expressed

as mean ± SD, *p<0.05, **p<0.001, ***p<0.0001 by two-tailed Student t-test.
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Figure 7.
Integrin molecules regulate antibody-dependent cytotoxicity of NK cells against tumor cells

(see text for details).

Anikeeva et al. Page 19

Eur J Immunol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


