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Abstract In this study, we developed a unique in vitro

model to mimic the endogenous tumor microenvironment

to understand the effect of immunotherapy with activated

T-cells (ATC) armed with anti-CD3 9 anti-Her2 bispecific

antibody (aATC) on antibody response by naive immune

cells. This model contained a co-culture of naı̈ve peripheral

blood mononuclear cells (PBMC), breast cancer cells (SK-

BR-3), ATC or aATC and CpG ODNs. Culture superna-

tants were tested at various time points for anti-SK-BR-3

antibodies by ELISA, Western blot and flow cytometry.

PBMC cocultured with non-irradiated aATC or irradiated

(*) aATC showed significant increases in anti-tumor anti-

body production at day 14 (P \ 0.0001) in the presence of

CpG-ODN compared to unstimulated PBMC cultures

(n = 9). Antibody specificity was confirmed by ELISA,

Western blot and flow cytometry. Co-cultures containing

*aATC and CpG showed significantly enhanced levels of

IgG2 (P \ 0.001) and cytokines that promote IgG2 syn-

thesis including IL-13 (P \ 0.02), IFNc (P \ 0.01) and

GM-CSF (P \ 0.05) compared to unstimulated PBMC

control (n = 3). We show that aATC targeting and lysis of

tumor cells induces an anti-tumor antibody response in our

in vitro model. This model provides a unique opportunity

to evaluate the interactions of T-cells, B-cells, and antigen-

presenting cells leading to specific anti-tumor antibody

responses.
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Introduction

Although the induction of tumor-specific cytotoxic T-cell

responses is considered the gold standard for immuno-

therapy, there is precedence in murine and human vac-

cination models for the induction of specific anti-tumor

antibody responses that lead to clinically significant

treatment responses [1, 2]. For optimal tumor-specific

cytotoxic cellular and humoral responses, immunothera-

peutic approaches must overcome tumor-induced sup-

pression of vaccine responses. Coordinated interactions

between antigen-presenting cells (APC), T-helper cells,

and B-cells are required for an optimal immune response

to tumor antigens [3]. Therapeutic strategies that improve

target-specific killing with concomitant release of tumor-

associated antigens (TAA) and promote a favorable

microenvironment for generating a humoral response may

lead to effective in vivo immunization. In our phase I

clinical trial involving stage IV breast cancer patients

who received activated T-cells (ATC) armed with anti-

CD3 9 anti-Her2/neu bispecific antibody (Her2Bi), high

levels of specific anti-SK-BR-3 cytotoxicity by PBMC

and circulating tumoricidal cytokines were observed.

These findings suggest that Her2Bi-armed ATC (aATC)

infusions ‘‘vaccinated’’ the endogenous immune system

against patient’s own TAAs [4]. Our studies suggested

that aATC-mediated target cell killing in the presence of

endogenous immune cells leads to the development of

both in vivo and in vitro tumor antigen-specific immune

responses.
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The best examples of successful anti-tumor antibody

therapy are the use of Herceptin� (anti-HER2) or Rituxan�

(anti-CD20) to treat HER2/neu positive breast cancers and

CD20? hematologic malignancies, respectively [5–7].

Antibodies synergize with cytotoxic T-cells by promoting

uptake and cross-presentation of antibody opsonized TAA

by APC. Antibodies are known to sensitize tumors for

complement and antibody-dependent cytotoxicity [8–11],

and presence of anti-tumor antibodies in vaccine trials have

been correlated with improved survival [1, 2, 12], and

delayed tumor progression [13, 14]. These studies provide

evidence that humoral antibody responses play key roles in

inducing clinically effective anti-tumor immunity.

To the best of our knowledge, this is the first study to

show an in vitro anti-tumor antibody synthesis model to

dissect the development of in vivo clinical immune

responses. In order to consistently induce anti-tumor anti-

body production, we used CpG oligonucleotides (ODNs).

CpG ODNs are known to activate B-cells, dendritic cells

(DCs), and natural killer (NK) cells. CpG ODNs induce

proliferation and generation of plasma cells [15] for poly-

clonal immunoglobulin (Ig) synthesis [16–18], particularly

the synthesis of Th1-type IgG2 anti-tumor antibodies [19].

Moreover, CpG are being used as an immune adjuvant in

clinical trials [20–22].

Our experiments were designed to determine: (1) the

optimal conditions for inducing in vitro primary anti-tumor

antibody synthesis in cultured PBMC from normal sub-

jects; (2) the amount, Ig allotype, and specificity of anti-

body produced; (3) whether the antibodies mediate

antibody-dependent cellular cytotoxicity (ADCC) or com-

plement-dependent cytotoxicity (CDC); (4) subpopulations

of T-cells; (5) the cytokine profiles of antibody-producing

co-cultures; and (6) whether DC loaded with tumor lysate

(produced by co-cultures of tumor cell and aATC) can

present TAAs to naı̈ve PBMC to induce specific anti-SK-

BR-3 antibodies. Application of such an in vitro model will

be a powerful tool for probing the interactions of T-cells,

B-cells and APC in normal subjects as well as patients

undergoing cancer immunotherapy.

Materials and methods

Cell lines and blood

The human breast cancer cell lines, SK-BR-3 and MCF-7

were cultured in RPMI 1640 (Lonza Inc., Allendale, NJ)

and MDA-MB-231 in DMEM/F-12 (Lonza) supplemented

with 10% FCS (Valley Biomedical) containing, 2 mM

L-glutamine (Lonza Inc., Allendale, NJ), 50 units/ml pen-

icillin-,and 50 lg/ml streptomycin (Lonza Inc., Allendale,

NJ) at 37�C and 5% CO2. Human PBMC were isolated

from the heparinized whole blood of normal healthy donors

using lymphocyte separation solution. The Wayne State

University Institutional Review Board approved research

protocols for blood collection. All normal donors signed

consent forms. The cultures for antibody synthesis were

performed in RPMI 1640 supplemented with 10% FCS,

L-glutamine (Lonza), and antibiotics.

Oligodeoxynucleotides

The ODNs used included CpG-B (TCG TCG TTT CGT

CGT TTT GTC GTT), CpG-B control DNA (TGC TGC

TTT TGT GCT TTT GTG CTT), and CpG DNA (TCG

TCG TTT TCG GCG CGC GCC G) (Cooley Pharmaceu-

tical group, Wellesley, MA). The optimal ODN concen-

tration (5 lg/ml) was determined in a dose–response curve

based on the optimal antibody responses of peripheral

blood B-cells (data not shown). Unless otherwise men-

tioned, all of the co-cultures contained CpG. Cultures

without CpG consistently produced background levels of

anti-SK-BR-3 antibody.

Activation of T-cells and arming with BiAbs

Anti-CD3–activated ATC (ATC) were expanded in culture

from PBMC for 6–14 days [4, 23]. ATC contained

89.0 ± 7.5% CD3?, 42.8 ± 17.3% CD4?, and 46.7% ±

13.2% CD8? T-cells [4, 23]. Bispecific antibodies (BiAb)

were produced by chemical heteroconjugation of OKT3

(murine IgG2a anti-CD3 monoclonal antibody (mAb),

Ortho Biotech, Horsham, PA) and Herceptin� (a human-

ized anti-Her2 IgG1, Genentech Inc., San Francisco, CA)

[24]. ATC were armed with 50 ng of BiAb/106 ATC for

30 min at room temperature with either Her2Bi or irrele-

vant anti-CD3 9 anti-CD20 (CD20Bi) and washed to

eliminate unbound BiAb [24].

Development of in vitro model for specific anti-tumor

antibody synthesis

To optimize antibody synthesis, co-cultures were per-

formed that contained naı̈ve PBMC, SK-BR-3, ATC or

aATC, and CpG ODNs. Schematic diagram 1 shows the

role of each component in the co-culture system and the

sequence of events that may take place. Details are as

follows, PBMC were washed to remove carryover serum

antibodies (5–69) prior to culture. SK-BR-3 and PBMC

(1 9 106) were co-cultured with 5 lg/ml CpG-B or control

ODNs and 0.25 9 106 autologous 2500 rads irradiated (*)

*ATC or *aATC or non-irradiated ATC or aATC in 200 ll

medium. Cultures were performed in round-bottomed

microtiter plates. Antibody production are expressed as

ng/ml/106 cells. The purpose of adding ATC or aATC was
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to mimic the in vivo condition of TAA release that may

occur during aATC immunotherapy by aATC-mediated

lysis of tumor cells. aATC and ATC were irradiated to

eliminate radiosensitive suppressor T-cells to provide

‘‘fixed’’ T-helper activity to B-cells [25, 26]. In selected

experiments, non-irradiated ATC or aATC were used in co-

cultures. CpG ODNs were added to stimulate antigen-

presenting cells (APCs) and B-cells. Co-cultures were

antigen pulsed with SK-BR-3 cells for 48 h and the non-

adherent cells were replated on day 2 onto a new plate

without SK-BR-3 cells. On day 8, the non-adherent PBMC

were reexposed (in vitro boost) to SK-BR-3 cells in the

presence of CpG-ODNs overnight, removed, and placed

into a final culture for the remainder of culture (7–14 days).

Two antigenic exposures consistently induced primary

anti-SK-BR-3 antibody synthesis compared to a single 48 h

antigenic exposure or continuous antigenic exposure

throughout the culture. The cultures for antibody synthesis

were performed in RPMI 1640 supplemented with 10%

FCS, L-glutamine (Lonza), and antibiotics cells were also

supplemented with IL-2 every 3rd day (100 IU/106 cells).

Control cultures were kept in medium with SK-BR-3, CpG,

and with or without armed/unarmed *ATC. Supernatants

were collected after 6, 10, 14, and 21 days of culture and

stored at 4�C or -80�C until assayed for SK-BR-3 specific

antibodies by enzyme-linked immunosorbent assay

(ELISA). Cytokines were measured using a 25-plex cyto-

kine BioPlex assay, and anti-SK-BR-3 killing was mea-

sured using 51Cr release assay. Cells from these co-cultures

were used for phenotyping at the indicated time points.

Cell-based ELISA

To identify the presence of tumor-specific antibodies

(Ab), a cell-based ELISA was used as described [27]. SK-

BR-3 cells were plated in flat-bottomed 96-well plates at

a concentration of 50,000 cells/well. Cells were allowed

to settle and spread at room temperature for 30 min,

supernatants were removed to dry the plate, and the plate

was stored at -20�C until used. Prior to use, cells on the

plates were fixed with absolute ethanol at 4�C for 10 min,

blocked with 1% BSA and 1% normal goat serum (NGS)

in PBS with 0.05% Tween 20. Serial dilutions of

‘‘immunized’’ supernatants (sups) were placed into the

wells, allowed to bind to the fixed cells, and the bound

antibody was detected using goat anti-human IgG enzyme

conjugate and TMB substrate. The amount of cell-bound

antibody was calculated from a standard curve generated

by known amounts of Herceptin� bound to a fixed

number of SK-BR-3 cells [28]. Culture supernatants

containing only PBMC consistently produced \15 ng/ml

of anti-SK-BR-3 antibody. In order to determine whether

anti-SK-BR-3 antibodies were specific, culture superna-

tants (100 ll) were adsorbed on 1 9 105 fresh SK-BR-3

at 4�C for 15 min. The supernatants were removed after

pelleting the cells by centrifugation and placed onto a

fresh batch of SK-BR-3 cells. After 3 consecutive

adsorptions, supernatants were tested for residual anti-

bodies directed at SK-BR-3.

Determination of antibody specificity by Western blot

Daudi cells and trypsinized SK-BR-3, MCF-7, MDA-MB-

231 cells were washed with cold PBS and lysed. Human

recombinant Her2/neu or EGFR (R&D Systems, Minne-

apolis, MN) proteins (positive controls) or cell lysates were

separated by SDS–PAGE, transferred to PVDF membranes

and probed with either anti-Her2/neu or anti-EGFR anti-

bodies (Herceptin�, Genentech Inc., San Francisco, CA;

Erbitux�, Bristol–Myer Squibb, New York, NY) or culture

supernatants to assess the presence of anti-Her2 or anti-

EGFR antibodies.

=
+

Anti-CD3 Anti-Her2 Anti-CD3 x Anti-Her2

Heteroconjugation

Step1. Production of Anti-OKT3xAnti-Her2 Bispecific Antibodies.

Step 2. Cytokines and tumor antigen (TA) release in the co-culture following tumor cell lysis by 
irradiated ATC or ATC armed with bispecific antibodies.
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specific memory B-cells and TA specific antibody synthesis by plasma cells.

Flow Diagram of  In Vitro Model of Antibody Synthesis 
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Scheme 1 Schematic diagram of cellular interactions taking place in

co-culture containing tumor cells ? ATC or armed ATC ? PBMC

and CpG
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Determination of antibody specificity

by Her2/neu-specific ELISA

We used a Her2/neu-specific ELISA to test for presence of

Her2/neu-specific antibodies in the co-cultures. Ninety-six-

well plates were coated with 100 ll of 2 lg/ml of anti-Her-

2 antibody in PBS and incubated overnight at 4�C as pre-

viously described [28]. Plates were washed and blocked

with 3% BSA in PBST. After blocking, 100 ll of 1 ng/ml

human recombinant Her2/neu protein (hr-Her2/neu) was

added and plate was incubated for 2 h at room temperature

followed by adding Herceptin� (standard) or samples

(culture supernatants) for additional 1 h incubation at RT.

Her2/neu-specific antibodies were detected by HRP con-

jugated goat anti-human IgG. The plates were developed

and analyzed.

Determination of antibody specificity by flow

cytometry

To test the antibody specificity by flow cytometry, SK-BR-

3 or MCF-7 cells (1 9 106) were incubated with 10 ll of

10 lg/ml Herceptin� or irrelevant antibody Rituxan�,

immune serum from a patient treated with Her2Bi-armed

ATC known to be positive for anti-Her2 and anti-EGFR

antibodies (10 ll of 1:100 dilution), or culture supernatants

at 4�C with for 30 min. The cell lines were washed and

probed with FITC goat anti-human IgG (Biosource, CA)

and analyzed by flow cytometry using FacsDiva software

(BD Biosciences, San Jose, CA).

Flow cytometry for T-cell sub-populations

Co-cultured PBMCs (1 9 105) were stained for 30 min at

4�C with CD4-Cy5, CD8-FITC, and CD25-PE (BD Bio-

sciences San Jose, CA). Three or two-color data acquisition

was performed with a flow cytometer (BD Biosciences,

San Jose, CA). Data analysis was performed using Facs-

Diva software and viable lymphocytes were sized via for-

ward versus side-scatter gating.

Measurement of cytokine secretion

Cytokines were analyzed in supernatants collected from

co-cultures using 25-plex human cytokine Luminex Array

(Invitrogen, Carlsbad, CA) and the BioPlex system (Bio–

Rad Lab., Hercules, CA) according to the manufacturer’s

instructions. The BioPlex panel includes interleukin (IL)-

1b, IL-1 receptor antagonist (RA), IL-2, IL-2R, IL-4, IL-5,

IL-6, IL-7, IL-8, IL-13, IL-17, tumor necrosis factor (TNF-a),

interferon-alpha (IFN-a), IFN-c, granulocyte macrophage

colony-stimulating factor (GM-CSF), macrophage inhibi-

tory protein (MIP)-1a, MIP-1b, interferon-inducible

protein (IP)-10, MIG, Eotaxin, regulated on activation

normal T cell expressed and secreted (RANTES) and

monocyte chemotactic protein (MCP)-1. The multiplexed,

particle-based, flow cytometric assay quantifies multiple

analytes from a single sample as previously described [23].

Antibody-dependent cellular cytotoxicity

and complement-dependent cytotoxicity assays

ADCC or CDC was determined by chromium (51Cr)

release assays. Culture supernatants (100 ll/well), anti-

Her2 (Herceptin�) or irrelevant anti-CD20 (Rituxan�) at

2 lg/well was added to SK-BR-3 followed by adding

effector cells (PBMC). Herceptin� was added to Daudi and

Rituxan� to SK-BR-3 cells to test for ADCC directed at

irrelevant targets. PBMC were washed and plated at 10:1

effector to target ratio (E/T) in 96-well plates containing

SK-BR-3 cells with or without culture supernatants, Her-

ceptin� or Rituxan�. All cells were mixed together at the

same time. Experiments were repeated thrice in quadru-

plicates. 51Cr release was measured after 18 h and percent

cytotoxicity was calculated using the following formula

(experimental cpm -spontaneous cpm)/(maximum cpm–

spontaneous cpm) 9 100.

For the CDC assay, SK-BR-3 cells were plated at

4 9 104 cells/well in serum-free (SF)-RPMI and 50 ll of

supernatant, anti-Her2 or anti-CD20 control antibodies,

and incubated on ice for 30 min. Ten microliters of

rabbit complement (Sigma, St. Louis, MO) was added

for a final concentration of 10% followed by culture

at 37�C for 18 h. Each treatment was performed in

quadruplicate.

Generation, loading, and co-culture of DC

with naı̈ve PBMC

PBMC were adhered to 6-well, flat-bottom plates for 18 h

in RPMI 1640 with 10% FBS. Non-adherent cells were

removed and the adherent cells were cultured in X-VIVO

15 (Bio Whittaker) with 10% FBS, IL-4 (500 IU/ml,

PeproTech Inc., Rocky Hill, NJ) and granulocyte macro-

phage colony-stimulating factor (GM-CSF) (50 ng/ml) for

7 days. On day 7, DCs (1 9 105/ml) were exposed to either

(a) the SK-BR-3 cell lysate produced by co-culturing

armed or unarmed ATC with SK-BR-3 cells for 18 h or

(b) the SK-BR-3 cell lysate prepared by freeze/thaw cycles,

where SK-BR-3 cells were suspended in balanced salt

solution and lysed by 5 freeze (methanol cooled in dry ice)

and thaw cycles. Total cell disruption was validated

microscopically. Lysed cells were centrifuged at

14,0009g for 30 min at 4�C and supernatant containing

tumor cell lysate was used immediately for loading DCs or

stored at -80�C. After 24 h of exposure to lysate, DC were
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washed and co-cultured with fresh PBMC (1 9 106/ml) in

X-VIVO-15 with antigenic restimulation occurring after

7 days. For ELISA supernatants were collected after two

rounds of restimulation at day 21, respectively.

Statistical analysis

Quantitative data are presented as the mean of at least three

or more independent experiments ± standard deviation. A

one-way ANOVA was used to determine whether there

were statistically significant differences within each

experiment. Differences between groups were tested via an

unpaired, two-tailed t test.

Results

Induction of in vitro specific anti-SK-BR-3

antibody synthesis

A time-course study was performed to determine the

kinetics of anti-SK-BR-3 antibody synthesis in cultures

containing naive PBMC from 9 healthy subjects, SK-BR-3,

autologous *ATC or *aATC ranging from 6 to 14 days

of co-culture (Fig. 1a). Our results show induction of

significant anti-SK-BR-3 antibody levels by day 14

(P \ 0.0001) in SK-BR-3 exposed PBMC co-cultured with

*ATC or *aATC compared to controls or unstimulated

PBMC (Fig. 1a). The range of in vitro anti-SK-BR-3

antibody synthesis is shown in Fig. 1b in normal healthy

subjects (n = 9).

Co-cultures containing *aATC enhance anti-SK-BR-3

IgG2 antibody subtype synthesis

When we determined the proportions of IgG1 and IgG2

anti-SK-BR-3 antibody synthesis (n = 9), co-cultures of

SK-BR-3 exposed to PBMC in the presence of *ATC

showed enhanced levels of IgG1 anti-SK-BR-3 antibodies

(P \ 0.001) whereas co-cultures of PBMC with *aATC

showed increased levels of IgG2 anti-SK-BR-3 antibodies

(P \ 0.02). This result suggests a dominant Th1 microen-

vironment that was induced by targeting and lysis by

*aATC (Fig. 1c).

Fig. 1 Co-culture of PBMC exposed to SK-BR-3 cells with autol-

ogous *ATC or armed *ATC with one repeated antigenic stimulation-

induced specific antibody responses. a Shows the kinetics of the

development of in vitro antibody by PBMC in cultures from 9 healthy

donors at day 6, 10, and 14 under the indicated co-culture conditions.

The total mean amount of anti-SK-BR-3 antibodies reported as

SK-BR-3 specific antibodies in ng/ml/1 9 106 cells cultured. All

values have been corrected for background (\5 ng/ml); b shows the

range of in vitro antibody synthesis in 9 normal subjects at day 14;

c shows the proportions of IgG1 and IgG2 antibody subtypes (n = 9);

and d shows the effect of unirradiated ATC or aATC on primary

antibody synthesis (n = 3)
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Evidence for a radiosensitive suppressor ATC

In order to determine whether there are radiosensitive

regulatory T-cells that would inhibit the specific antibody

production, we co-cultured unirradiated and irradiated

(2500 rads) autologous ATC and aATC (n = 3). Co-cul-

tures containing unirradiated ATC and SK-BR-3 produced

significantly less (P \ 0.0001) anti-SK-BR-3 antibod-

ies than co-cultures containing unirradiated aATC and

SK-BR-3 (Fig. 1d). These data show that anti-SK-BR-3
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Fig. 2 a Left panel Western blot analysis showing a Her2 protein

band (185 kD) in a positive control lane containing human

recombinant Her2 protein or tumor lysates of SK-BR-3, MDA-MB-

231, and Daudi cells using either anti-Her2 antibody or culture

supernatants from indicated culture conditions; Right panel Western

blot analysis showing an EGFR protein band (170 kD) in a positive

control lane containing human recombinant EGFR protein or tumor

lysates of SK-BR-3, MCF-7, and Daudi cells using either anti-EGFR

antibody or culture supernatants from indicated culture conditions.

b Shows detection of anti-Her2 antibodies against human recombi-

nant Her2 protein in culture supernatants stimulated with SK-BR-3

(upper panel) or Daudi cells (lower panel) from the indicated culture

conditions by ELISA. Herceptin� was used as a positive control and

anti-CD20 antibody as a negative control; c Immunostaining of SK-

BR-3, MCF-7 or Daudi cells using anti-Her2 antibody, immune serum

from a stage IV metastatic breast cancer patient or culture superna-

tants from indicated culture conditions. Staining with irrelevant

controls was negative when Rituxan� was used to stain SK-BR-3

cells or when Herceptin� was used to stain Daudi cells, and d Shows

the anti-SK-BR-3 antibody levels by whole cell ELISA after 3-serial

absorptions of culture supernatants to SK-BR-3 cells (n = 4)
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Fig. 2 continued
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antibody synthesis was inhibited by unirradiated ATC

whereas co-cultures containing unirradiated aATC provide

helper activity for anti-SK-BR-3 antibody synthesis.

Specificity of antibodies directed at Her2/neu

and EGFR

Western blotting confirmed anti-Her2/neu and anti-EGFR

antibodies in culture supernatants bound to human recombi-

nant Her2/neu or EGFR proteins (positive control) or Her2/

neu or EGFR proteins present in the cell lysates of SK-BR-3,

MCF-7 or MDA-MB-231 cells. No binding was detected

against Daudi (an irrelevant CD20? cell line) lysate (Fig. 2a).

Anti-Her2/neu antibodies were also detected by ELISA

against human recombinant Her2/neu antigen (n = 3).

Culture supernatants from co-cultures containing *ATC or

*aATC or unirradiated aATC showed significantly higher

(P \ 0.003) anti-Her2/neu antibody levels ranging from

4,000 to 7,000 pg/ml compared to control supernatants

without target cells (Fig. 2b, upper panel). Culture super-

natants from cultures containing B-cell line Daudi showed

no reactivity against human recombinant Her2/neu antigen

(Fig. 2b, lower panel) confirming the specificity of anti-

bodies raised in our in vitro model.

Flow cytometry using Herceptin� as a detection anti-

body for Her2/neu expression on SK- BR-3 and MCF-7

cells revealed 97.87% positivity on SK-BR-3 cells and

14.5% positivity on MCF-7 cells. Culture supernatants

from co-cultures containing *ATC or *aATC showed 15.5

or 15.2% positivity for binding antibodies, respectively,

against SK-BR-3 cells; experiment was repeated 3 times

and a representative experiment is shown in Fig. 2c. *ATC

or *aATC supernatants were 3.5 or 3.65% positive against

low Her2/neu expressing MCF-7 cells. The irrelevant

control (Daudi) cells showed less than 1% positive staining

with either immune sera or culture supernatants from co-

cultures containing *ATC or *aATC (Fig. 2c). The irrele-

vant control antibodies showed no staining when Rituxan�

was used to stain SK-BR-3 cells or when Herceptin� was

used to stain Daudi cells (Fig. 2c).

There were decreased amounts of anti-SK-BR-3 anti-

body in culture supernatants after serial absorptions to SK-

BR-3 whereas absorptions to irrelevant targets (Daudi,

B-cell lymphoma line) did not decrease anti-SK-BR-3

antibody levels (data not shown). Absorbed supernatants

showed a 20–50% reduction of SK-BR-3 specific antibody

levels compared to unabsorbed supernatants (Fig. 2d).

Anti-SK-BR-3 antibody mediates CDC and ADCC

Since IgG1 and IgG2 subclasses of specific anti-SK-BR-3

antibodies were detected in co-cultures, we tested whether

the antibodies could mediate CDC and ADCC in Cr51 release

assays (n = 3). Culture supernatants were tested for specific

binding to SK-BR-3 cells and cytotoxicity directed at SK-

BR-3 in the presence or absence of PBMC as effectors (E:T

of 10:1) in the ADCC assay. The anti-SK-BR-3 antibodies in

cultures containing PBMC stimulated with SK-BR-3, *ATC,

*aATC or unirradiated aATC exhibited significant lysis

(P \ 0.02) compared to the other conditions (Fig. 3a).

Similarly, CDC was significantly enhanced (P \ 0.05) in

supernatants from cultures containing PBMC, SK-BR-3,

*aATC or unirradiated aATC compared to control PBMC

and CpG alone or PBMC, SK-BR-3 (Fig. 3a, top panel).

Although background killing by culture supernatants from

control conditions against SK-BR-3 cells was high for both

CDC and ADCC, this was most likely due to polyclonal

antibody in the supernatants. Although background killing

by culture supernatants from control conditions against SK-

BR-3 cells and irrelevant target B-cell line Daudi was high

for both ADCC and CDC, this was most likely due to poly-

clonal antibodies in the supernatants. Similar levels of CDC

and ADCC were observed against Daudi cells as seen by

control supernatants (Fig. 3a, lower panel).

Phenotyping of co-cultures containing *ATC

and *aATC

Since antibody synthesis differed significantly among the

various co-culture conditions, we determined whether this

difference in antibody production was associated with dif-

ferent ratio of T-helper and/or T-regulatory cells in the cul-

tured population of PBMC (n = 3). The armed or unarmed

ATC were irradiated to prevent proliferation and/or elimi-

nate suppressor cells sensitive to irradiation so the contri-

bution of surviving ATC would be constant. FoxP3? cells

gated on CD4/CD25 positive cells showed reduced per-

centage of FoxP3? cells in irradiated cells compared to non-

irradiated cells (non-irradiated ATC-3.4% and aATC-3.3%

versus irradiated ATC-2.0% and aATC-2.1%). Immuno-

staining for CD4, CD8, and CD25 after 6 days of culture

showed significantly higher percentages of CD4? cells in

cultures containing PBMC, PBMC ? SK-BR-3, and

PBMC ? SK-BR-3 ? *ATC compared to PBMC ? SK-

BR-3 with *aATC (P \ 0.0001) (Fig. 3b, day 6). Similarly,

the pattern of other cells was different in cultures containing

*aATC (PBMC ? SK-BR-3) from the rest of the conditions.

By day 10, the proportion of both CD4? and CD4?CD25?

cells in cultures containing *aATC were lower than the rest

of the cultures conditions. On the other hand, the proportion

of CD8? (P \ 0.02) and CD8?CD25? (P \ 0.001) cells

were significantly higher in cultures containing *aATC

compared to other conditions (Fig. 3b, day 10).

By day 14, there were no differences in the proportions of

CD4?, CD4?CD25?, CD8?, or CD8?CD25? cells in cul-

tures containing PBMC ? SK-BR-3 with or without *ATC
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(Fig. 3b, day 14). However, in cultures containing *aATC,

PBMC, and SK-BR-3, the proportion of CD8? cells were

significantly increased (P \ 0.001) compared to all other

culture conditions. The proportions of CD4?CD25? and

CD8?CD25? positive cells were decreased significantly

(P \ 0.045) compared to the proportions detected at day 10.

Overall cultures containing PBMC ? SK-BR-3 ? *aATC

showed an entirely different pattern that had significantly

higher percentages of CD8? and CD8?CD25? positive

cells and significantly lower percentages of CD4? and

CD4?CD25? positive cells throughout the culture period

compared to the rest of the culture conditions.

Co-cultures containing *aATC induce a Th1 pattern

Supernatants from SK-BR-3 exposed PBMC co-cultures

containing *aATC showed significantly increased levels of

Th1 cytokines especially IFNc (P \ 0.01) and GM-CSF

(P \ 0.05) as well as significantly higher levels of IL-13,

a Th2 cytokine (P \ 0.02), compared to co-cultures

containing *ATC (Fig. 4a, Top and Middle panels). Simi-

larly, chemokines MIP-1a (P \ 0.0001) and MIP-1b
(P \ 0.0001) were significantly higher in supernatants

from *aATC compared to all other conditions (Fig. 4a,

Bottom panel). No difference was observed for IL-6 or

Fig. 3 a Culture supernatants were tested for the ADCC or CDC, anti-

Her2/neu antibody (2 lg/well) was used as a positive control, Rituxan�

(anti-CD20 antibody, 2 lg/well) as an irrelevant or negative control and

Daudi cells ? Herceptin� were used as Her2/neu lacking targets. For

ADCC, PBMC were added at 10:1 effector-to-target ratio, SK-BR-3

(upper panel) Daudi (lower panel). For CDC, rabbit complement was

added to a final concentration of 10%. The x-axis shows anti-SK-BR-3

antibody-mediated ADCC and CDC in the culture supernatants from

the following culture conditions: 1 contains PBMC; 2 contains PBMC,

SK-BR-3 cells; 3 and 4 contain PBMC ? SK-BR-3 ? with *ATC or

*aATC, respectively; 5 and 6 contain PBMC ? SK-BR-3 with

unirradiated ATC or aATC, respectively. b Phenotyping for T-cell

subsets at day 6, 10, and 14 of co-cultures showing different proportions

of CD4?, CD8?, CD4?/CD25? and CD8?/CD25? T-cells. Co-cultures

containing PBMC ? SK-BR-3 with *aATC showed significantly

lower CD4? T-cells (P \ 0.0001) at day 6, significantly higher

proportion of CD8? T-cells (P \ 0.02) at day 10 and day 14

(P \ 0.0001). CpG was added to all culture conditions
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IL-10 levels in co-cultures containing either *ATC or

*aATC. Supernatants from control co-cultures showed low

to undetectable levels of cytokines or chemokines. The

mean Th1 (IL-2 ? IFNc)/Th2 (IL-4 ? IL-10) ratio show

a Th1-type response and the average ratio of Type 1

(IL-2 ? IL-12 ? IFNc?TNF-a)/Type 2 (IL-4 ? IL-5 ?

IL-6 ? IL-10 ? IL-13) also show a Type 1 response in

co-cultures containing either *ATC and/or *aATC com-

pared to control conditions without *ATC or *aATC

(n = 3; Fig. 4b). Type 1 (Th1-like) and Type 2 (Th2-like)

cytokines can be produced by all immune cell types rather

than only CD4 ? T-cells.

In vitro immunization of naı̈ve PBMCs by antigen

loaded DCs

In order to confirm whether targeting of SK-BR-3 by Her2Bi

armed ATC can induce in vitro primary responses, we loaded

DC with tumor lysates. DC loading experiments were per-

formed using IL-4 and GM-CSF generated DC that showed

phenotypically CD80?, CD86?, and CD14- at day 7. DC

were loaded with lysates prepared by (a) overnight incuba-

tion of SK-BR-3 and *aATC or (b) by freeze/thaw cycles of

SK-BR-3 cells. Analysis of the cytokine profile of lysate

resulting from the overnight killing of SK-BR-3 by *aATC,

which were used to ‘‘load’’ DC, showed enhanced IFN-c and

TNF-a synthesis (Fig. 5a). Likewise, DC loaded with

*aATC-generated lysate when co-cultured with fresh PBMC

showed higher levels of IFN-c, TNF-a, and IL-12 compared

to lysate generated by freeze–thaw cycles (Fig. 5b). Co-

cultures of naive PBMC from normal donors (n = 3) with

DC either loaded with *aATC-generated lysates or lysates

generated by freeze–thaw cycles showed significantly higher

levels of anti-SK-BR-3 antibody synthesis after 21 days of

culture with antigenic restimulation compared to various

control conditions (Fig. 5c, upper panel), no antibody

response was measured against irrelevant Daudi targets

(Fig. 5c, lower panel). These data show that the SK-BR-3

lysates produced by *aATC cytotoxicity can induce in vitro

and humoral responses. Furthermore, Th1 and Th2 cytokines

produced by *aATC may support DC maturation, enhanced

antigen presentation and activation, and proliferation of

B-cells leading to enhanced antibody synthesis (Fig. 6).

Fig. 4 Cytokine profile of co-cultures of PBMC, briefly exposed to

SK-BR-3 cells, and autologous *ATC or *aATC in the presence of

CpG. The cytokine array represents results of two independent

experiments. a Top panel show Th1 cytokines IL-2, IFN-c,

IL-12p40p70, IL-17, and GM-CSF. Middle panel, show Th2 cytokines

IL-5, IL-6, IL-10, and IL-13. Bottom panel shows chemokines

RANTES, MIP-1a, MIP1b, IP-10, and MIG at day 14. b shows the

Th1:Th2 ratio and Type 1:Type 2 ratio at day 14 from the indicated

culture conditions

b
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Discussion

To our knowledge, this is the first report demonstrating that

primary antibody responses to tumor cells can be induced

in PBMC from normal donors. This novel co-culture sys-

tem provides a powerful tool for interrogating the ability of

normal and patient PBMC to produce specific anti-tumor

antibodies. More importantly, it is a sensitive probe for

monitoring the effects of aATC immunotherapy or vaccine

therapies and helps to identify and dissect the regulatory

interactions of T-cells and B-cells that lead to tumor-spe-

cific antibody responses in vitro and in vivo. Consistent

with our hypothesis that immunotherapy with aATC may

vaccinate patients against their own tumors, we detected

significantly increased levels of in vitro anti-SK-BR-3

antibodies by PBMC in this co-culture model. This

approach may provide an innovative method for assessing

adaptive humoral immune responses in patients undergoing

immunotherapy.

To assess the specificity of antibodies produced in our

co-culture system, we focused on two antigens (Her2/neu

and EGFR) that are expressed on SK-BR-3 cells. The

induction of antibodies directed at Her2/neu and EGFR

were confirmed by Western blot, ELISA, flow cytometry,

and target-specific absorption (Fig. 2a–d). All the assays

confirmed the presence of anti-Her2 and anti-EGFR anti-

bodies in supernatants from cultures containing *ATC,

*aATC or aATC whereas anti-Her2 and anti-EGFR anti-

bodies were not detected in control supernatants. Both

ADCC and CDC directed at SK-BR-3 targets provide

additional evidence of functional in vitro anti-SK-BR-3

antibody synthesis. Both IgG1 and IgG2 antibody subclas-

ses were produced with significantly higher levels of

IgG2 anti-SK-BR-3 antibody in co-culture supernatants

containing *aATC than those detected in the co-cultures

containing *ATC. These results show that primary IgG2

anti-tumor antibody response can be induced by *aATC

and this response can augment ADCC and CDC. Irradia-

tion of ATC or aATC prior to co-cultures consistently

provided helper activity for antibody synthesis. Enhanced

antibody synthesis occurred using unirradiated aATC,

suggesting that the Th1 cytokine pattern produced by aATC

can overcome inhibitory signals from radiosensitive regu-

latory T-cells.

Fig. 5 In vivo immunization a Cytokine profile of the SK-BR-3

lysate produced by overnight killing of SK-BR-3 by ATC or aATC;

b Supernatants from the co-cultures of loaded DC with naı̈ve PBMC

under indicated culture conditions (n = 3). c Co-cultures of naı̈ve

PBMC with DC loaded with SK-BR-3 lysate were tested for anti-SK-

BR-3 antibodies against SK-BR-3 (upper panel) or irrelevant targets

Daudi (lower panel; n = 3). All of the cultures have been corrected

for background
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The mechanism for in vitro immunization was con-

firmed by co-culturing naı̈ve PBMC with DCs loaded with

tumor lysates. Anti-SK-BR-3 antibodies were produced in

21-day cultures containing the PBMCs and DCs that were

loaded with aATC-generated tumor lysate. Tumor lysates

generated by overnight exposure of SK-BR-3 with aATC

showed high levels of IFN-c and TNF-a, suggesting that

these cytokines may contribute to DC maturation and

efficient antigen presentation to T-cells. Since optimal

antigen presentation by DC depends upon the mode of DC

loading [29], our DC loading experiments show that tar-

geting with aATC not only kills tumor, but also promotes a

microenvironment that facilitates in situ vaccination of

endogenous immune cells [30–32].

To determine whether enhanced levels of IgG2 antibody

were driven by Th1 cytokines, cytokines were measured in

co-cultures containing *aATC or *ATC. Co-cultures con-

taining *aATC showed significantly increased levels of the

Th1 cytokines IFNc, IL-2, and GM-CSF as well as high

levels of a Th2 cytokine IL-13. On the other hand, super-

natants from *ATC showed significantly lower levels of

IFNc, GM-CSF, and IL-13 but levels of IL-6 comparable to

those seen in *aATC co-cultures. IFNc is known to induce

IgG2 synthesis and antagonizes IL-6 to inhibit IgG1 syn-

thesis in B-cells [33]. Th2 cytokines IL-6 and IL-13, are

multifunctional cytokines that play roles in the maturation

of B-lymphocytes into antibody-producing plasma cells

and induction of IgG1 antibody synthesis [34–38]. Relative

ratios of IL-6, IL-13, and IFN-c are likely responsible for

relative proportions of IgG1 and IgG2 synthesis in the

presence of *ATC or *aATC. An increased Th1 bias would

occur in the presence of *aATC leading to the IgG2 anti-

tumor antibody subclass. Enhanced IgG2 antibody pro-

duction and increased levels of IFN-c and GM-CSF can

synergistically enhance the anti-tumor cellular and humoral

immune responses [33]. In our model, aATC-tumor cell

interactions trigger release of cytokines that induce the

maturation and activation of monocytes in naı̈ve PBMC to

APC and generate a specific humoral response. Further-

more, enhanced IL-13 secretion may induce the maturation

of peripheral monocytes into DC [39, 40]. These data

suggest that targeting with ATC or aATC can induce an

immunologic milieu favoring immunization of naı̈ve

PBMC in the presence of CpG ODNs (Fig. 6).

Several in vitro studies have demonstrated T-cell regu-

lation of Ig synthesis in patients and normal subjects [41–

43]. T-helper cells and the cytokines produced by them are

required for the proliferation and differentiation of antigen-

specific B-cells, development of memory B-cells, and

antibody affinity maturation [25, 44, 45]. In the presence of

CpG or T-cell help, B-cells differentiate into plasma

cells by losing CD20 expression and up-regulating CD38

or CD138 expression [15]. Interestingly, co-cultures

containing *aATC showed significantly higher numbers of

CD8? and CD8? CD25?. It is likely that there is rapid

activation and proliferation CD8? T-cells in co-cultures

containing *aATC and this may induce a wave of CD8

regulatory T-cells [46]. The identification of the T-cells

subsets responsible for regulating anti-tumor antibody

synthesis is the subject of future investigations.

Despite the successes of passive antibody therapy, the

strategies to enhance active adaptive humoral responses are

needed. There is clinical evidence that humoral responses

and immune-mediated cancer remissions are dependent

upon generating effective tumor-specific CTLs [1, 2, 47, 48].
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Fig. 6 A proposed model of aATC immunotherapy induced in vivo

immunization of patient’s endogenous immune system: aATC-

mediated killing of tumor cells releases cytokines and tumor antigens;

cytokines secreted as a function of aATC induce maturation and

activation of monocytes to become DC and Ag-primed DCs present

antigen to naı̈ve T-cells. Primed T-cell and B-cell interactions leads to

B-cell proliferation and differentiation into tumor-specific antibody-

producing cells
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Studies in animal models show cross-talk between B- and

T-cells leading to eradication of Her2/neu expressing

tumors [49]; furthermore, the IgG2a isotype of anti-Her2/

neu antibody has been reported to protect against Her2/neu

expressing tumors [50]. Developing non-toxic immune

strategies that augment in vivo antibody formation against

TAAs would most likely induce concerted cellular and

humoral immune responses against breast cancer or other

tumors. This in vitro antibody model provides a unique and

novel tool to evaluate our phase I clinical trial patients who

are receiving Her2Bi armed ATC. Our immune studies

show that treatment with targeted T-cells induces an

endogenous immune response that persists up to 4 months

in women with metastatic breast cancer [4].

In summary, this study shows that PBMC for normal

subjects can be induced to produce in vitro primary specific

anti-SK-BR-3 antibody responses. B-cells in PBMC

co-cultured with SK-BR-3 and *aATC or *ATC in the

presence of CpG-ODN produced significant amounts of

anti-SK-BR-3 antibody when compared to cultures of

unstimulated PBMC. Our Western blotting, flow cytome-

try, and adsorption experiments verified that culture

supernatants contained anti-Her2/neu and anti-EGFR anti-

bodies. Co-cultures containing *aATC in the presence of

CpG had significantly enhanced levels of IgG2 and of

IL-13, IFNc, and GM-CSF which promote IgG2-specific

antibody synthesis as well as shift in the cytokine pattern to

Th1 in the cultures containing *aATC. This model provides

an opportunity to evaluate the immune cell interactions that

lead to specific anti-tumor antibody responses and to

monitor immune responses in patients undergoing immu-

notherapy. In addition to testing patient immune responses,

this model will also provide an opportunity to dissect the

mechanisms for developing clinically relevant humoral

immune responses in cancer vaccination strategies.
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