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Prostate cancer is the second most common cause of cancer
death in men. Despite improvements in local treatment,

20�40% of men with apparently localized disease develop
invasive and drug-resistant metastatic cancers upon relapse.
Vaccine therapy is an attractive approach to prostate cancer
treatment because of the presence of highly expressed tumor-
associated antigens such as prostate specific antigen (PSA),
prostate acid phosphatase (PAP), and prostate specific mem-
brane antigen (PSMA). Clinical trials of immunotherapy-based
prostate cancer therapies include vaccination with recombinant
protein or DNA, cell-based strategies, and antibodies conjugated
to drugs or radiolabels.1 Although Sipuleucel-T has demon-
strated modest survival benefit, other anticancer vaccine strate-
gies have failed in clinical trials due to tumor-induced immune
dysfunction2�4 and severe side effects.5

The development of therapeutic vaccines against self-proteins
is complicated by the relatively long lifetime of the resulting
antibodies in serum, which may lead to a lasting autoimmune
response. One possible solution to this problem is to control the
temporal presentation of an antigen so that the immune response
to self can be terminated when desired. This can be accomplished
by the use of a bifunctional small molecule that selectively binds a
target self-protein with high affinity and presents a hapten that
binds circulating antibodies (ligand-mediated immunogeni-
city).6�8 The latter can be generated a priori by immunization
with a non-self antigen. Antibodies bound to the self-protein through
the small adaptor molecule then kill the target cells through anti-
body-dependent cytotoxicity (ADCC) and complement-dependent

cytotoxicity (CDC). Here we test the feasibility of this approach in
an in vivo prostate cancer xenograft model.

’RESULTS AND DISCUSSION

The design of our drug-inducible vaccine is based on the
bifunctional molecule 1, which consists of a PSMA-specific ligand
linked to a highly immunogenic 2,4-dinitrophenyl (DNP) group
(Figure 1). PSMA expression increases with disease progression
and is highest in metastatic, hormone-refractory prostate cancers,
thus making it an attractive target.9 PSMA is also present in the
neovasculature of other solid tumors (e.g., pancreatic ductal
carcinoma, colon adenocarcinoma, glioblastoma multiforme, and
non-small cell lung carcinoma) making anti-PSMA therapies
potentially applicable to a variety of neoplasms.9 To target PSMA
with high affinity and selectivity, ligand 1 contains a 2-[3-
(1,3-dicarboxypropyl)-ureido]pentanedioic acid (DUPA) moiety,
a PSMA-specific ligand reported by Kozikowski and Low,10,11

coupled to DNP through a hydrophilic polyethylene glycol linker
(ligand 1, Figure 1b). We confirmed that the combination of an
anti-DNP antibody, ligand 1, and soluble PSMA forms a ternary
complex with an in vitro binding assay (Supplementary Figure
S1a). We further showed that ligand 1 recruits an anti-DNP
antibody to the surface of PSMA-expressing LNCaP cells with an
EC50 of 2.48 nM (Supplementary Figure S1b and S1c).
These results are in agreement with an earlier study by Spiegel
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ABSTRACT: Here we report the design and evaluation of a
bifunctional, small molecule switch that induces a targeted
immune response against tumors in vivo. A high affinity ligand
for prostate specific membrane antigen (PSMA) was conju-
gated to a hapten that binds dinitrophenyl (DNP)-specific
antibodies. When introduced into hu-PBL-NOD/SCID mice
previously immunized with a KLH-DNP immunogen, this
conjugate induced a targeted antibody-dependent cellular cy-
totoxicity (ADCC) response to PSMA-expressing tumor cells in
a mouse xenograft model. The ability to create a small molecule
inducible antibody response against self-antigens using endogenous non-autoreactive antibodies may provide advantages over the
autologous immune response generated by conventional vaccines in certain therapeutic settings.



1224 dx.doi.org/10.1021/cb200222s |ACS Chem. Biol. 2011, 6, 1223–1231

ACS Chemical Biology ARTICLES

and co-workers that showed that a PSMA-specific DNP conjugate
can induce formation of an anti-DNP antibody�compound�
enzyme complex and induce cell-mediated cytotoxicity against
prostate cancer cells in vitro.12

To test whether ligand 1 can induce antitumor immunity to
human PSMA-expressing tumor cells in vivo requires an animal
model with a humanized immune response. One such model
involves engraftment of immunocompetent human peripheral
blood lymphocytes (HuPBL) into SCID mice.13 Human PBLs
were obtained from a normal donor, purified, and injected
intraperitoneally (ip) into NOD/SCID mice (20 � 106 cells per
mouse). Six weeks after HuPBL injection, spleen tissues from
hu-PBL-NOD/SCID mice and mice that were not engrafted
with human lymphocytes were analyzed for the presence of
CD3+, CD8+, and CD4+ human lymphocytes. Flow cytometry
analysis and immunostaining confirmed repopulation with human
lymphocytes (Supplementary Figure S2).

Because ligand 1 contains a dinitrophenyl group that binds to
anti-DNP antibodies with high affinity, it may be possible to use
endogenous anti-DNP antibodies to target PSMA-positive pros-
tate tumors and elicit an antitumor response. Anti-DNP anti-
bodies are present in normal human serum14 and are competent
to mediate targeted cytotoxicity15 (Supplementary Figure S3).
Notably, we observed a detectable level (a titer of 1:1000) of anti-
DNP antibodies in hu-PBL-NOD/SCID even prior to vaccina-
tion, suggesting that human B cells can produce endogenous
anti-DNP antibodies after HuPBL engraftment without addi-
tional immunization (Supplementary Figure S3). However, to
elevate the level of human anti-DNP antibodies in the blood-
stream of the mice, we immunized hu-PBL-NOD/SCID mice
with DNP coupled to keyhole limpet hemocyanin (KLH)
and analyzed the serum level of DNP-specific human IgG by
ELISA (Supplementary Figure S4). After two immunizations of
hu-PBL-NOD/SCID mice with 100 μg of DNP-KLH in
PBS emulsified with complete and then incomplete Freund’s
Adjuvant, we observed an elevated titer of anti-DNP antibody
(1:100,000) in mouse serum.

We next confirmed that antibodies in serum from DNP-KLH
vaccinated mice can bind PSMA-expressing prostate cancer cells
in vitro in the presence of ligand 1. We performed live-cell flow
cytometry assays with PSMA-expressing prostate LNCaP cells
and PSMA-negative prostate DU145 cells with serum from

hu-PBL-NOD/SCID mice. These experiments showed specific
binding of anti-DNP antibodies to LNCaP cells in the presence
of 62 nM of ligand 1 that could be competed with free DUPA
(Figure 2a); no binding was observed to PSMA-negative DU145
cells. The flow cytometry data was confirmed by immunofluor-
escence microscopy; no fluorescence was observed in the pre-
sence of control serum from hu-PBL-NOD/SCID mice that
were not vaccinated with DNP-KLH (Figure 2b). Ligand 1 was
then tested for its ability to kill prostate cancer cells through an
ADCC mechanism through interaction of Fc receptors on
cytotoxic effector cells with the Fc portion of antibodies bound
to the surface of target cells.16 A 2.4- to 6.0-fold increase in
killing of LNCaP cells compared to that with DUPA-treated
LNCaP cells or DU145 cells was detected with various dilu-
tions of mouse anti-DNP serum in the presence of 62 nM
ligand 1. In contrast, no differences in cell-mediated toxicity
were observed under identical conditions using PSMA-negative
DU145 prostate cancer cells, with or without competing DUPA
ligand (Figure 2c).

We next tested the ability of ligand 1 to induce a robust
antitumor immune response (scheme outlined in Supplementary
Figure S5). Two weeks after injection of peripheral blood mono-
nuclear cells (PBMC) into NOD/SCID mice, mice were immu-
nized with DNP-KLH and boosted 2 weeks later. Three days after
the first immunization, 5 � 105 LNCaP cells or 5 � 104 DU145
cells were injected subcutaneously (sc), and xenograft human
tumors grew to a volume of 50�70 mm3 after 2 weeks. Mice were
treated with DUPA (4 mg/kg, intravenously (iv)) or ligand 1 (4
mg/kg, iv) three times per week for 2 weeks (ligand 1 has a t1/2 of
1.5 h and AUC of 1.6 h 3μM inmice (Supplementary Figure S6)).
Treatment with ligand 1 inhibited the growth of PSMA-positive
LNCaP tumors 4.8-fold relative to the control groups treated with
DUPA (Figure 3). In contrast, PSMA-negative DU145 tumors
were not susceptible to ligand1-mediated tumor inhibition, and no
significant differences in tumor growthwere observed in the treated
animal groups (Figure 3). Tumors grown in nonhumanized NOD/
SCIDmice and treated with ligand 1 (4mg/kg, iv) were used as the
controls and showed no significant differences in tumor growth
relative to PBS-treated mice.

Delivery of anti-DNP antibody to cancer cells by ligand 1
should convert poorly immunogenic tumors into highly im-
munogenic targets and make them susceptible to ADCC.17,18

To further investigate the mechanisms underlying the anti-
tumor effects of this ligand-inducible vaccine, we analyzed
markers for immune cell-mediated tumor cell killing in the
tumor microenvironment using immunohistochemical anal-
ysis. Cytotoxic lymphocytes act through delivery into target
cells of cytotoxic enzymes, such as granzyme B, that promote
apoptosis through activation of caspases 3, 7, 8, and 1 and
through mitochondrial disruption.19 Immunostaining of the
xenograft tumors with anti-granzyme B antibody revealed a
significant accumulation of enzyme in LNCaP tumors exposed
to ligand 1 as compared to DUPA-treated LNCaP tumors
(Figure 4a). In contrast, PSMA-negative DU145 prostate
tumors showed a low level of granzyme B expression
(Supplementary Figure S7a). To test whether accumulation
of cytotoxic cells is associated with enhancement of antitumor
cytotoxicity, tumors from experimental animals were analyzed
by TUNEL assay and stained with anti-activated caspase-3
antibody. As depicted in Figure 4b and Supplementary Figure
S7b�d, a greater than 3-fold increase in the number of
apoptotic cells was observed in LNCaP tumors exposed to

Figure 1. Chemically induced anticancer immunity using a PSMA-
targeting, antibody-recruiting small molecule (ligand 1). (a) Schematic
representation of the approach to prostate cancer targeting in vivo by
chemically induced immune recognition. (b) Structure of ligand 1.
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ligand 1 as compared to DUPA-treated LNCaP tumors. DU145
tumors were less susceptible to drug-mediated cytotoxicity, and

a low percentage of apoptotic cells (<0.5%) was observed in
tumors treated with either DUPA or ligand 1.

Figure 2. Ternary complex formation and ADCC with anti-DNP serum, ligand 1, and prostate cancer cells in vitro. (a) Representative flow cytometry
histograms showing specific binding of anti-DNP antiserum to LNCaP cells in the presence of ligand 1. Anti-DNP serum was generated in hu-PBL-
NOD/SCID mice immunized with DNP-KLH and used at 1:5 dilution 4 weeks after first immunization. Cell suspensions were incubated with DUPA
(100 nM) or PBS followed by ligand 1 (62 nM), anti-DNP serum and APC-conjugated goat antihuman IgG. No appreciable ternary complex formation
was observed using PSMA-negative DU145 cells. (b) Fluorescence microscopy illustrating specificity of anti-DNP serum from hu-PBL-NOD/SCID
mice immunized with DNP-KLH to LNCaP cells coated by ligand 1. Ligand 1 (62 nM) or DUPA (100 nM) plus 62 nM ligand 1 (competition
experiment) were added to cells followed by mouse anti-DNP serum at 1:11 dilution and R-PE conjugated goat antihuman Ig antibody. For negative
control experiments, control serum from nonimmunized hu-PBL-NOD/SCID mice was added. Nuclear staining (40,6-diamidino-2-phenylindole) is
shown in blue, andDNP staining is shown in green. Scale bars indicate 100μm. (c) Antibody-dependent cellular cytotoxicity assays. Ligand 1 (62 nM) or
ligand 1 (62 nM) + DUPA(100 nM) and anti-DNP serum at the indicated dilutions were added to cells followed by addition of human PBMCs.
The percent cytotoxicity was assessed using Calcein-AM to determine cell viability. The enhanced killing of PSMA-positive LNCaP cells was detected
with antibody concentrations comparable to those in the human bloodstream. In contrast, cell-mediated toxicity was significantly lower under identical
conditions with the PSMA-negative DU145 prostate cancer cells or upon addition of competing DUPA. Error bars represent SEM.
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Vaccine-induced cytotoxic responses can be mediated by a
number of different cell types, including NK cells and cytotoxic T
cells. Tumor sections from LNCaP and DU145 xenografts from
animals in Figure 3 were stained for the NK-specific marker
CD56. A significantly greater number of infiltrating CD56+ and
CD16+ NK cells in ligand 1-treated LNCaP tumors was ob-
served as compared to DUPA-treated LNCaP (a greater than
7-fold increase) and DU145 tumors (Figure 4c and d and
Supplementary Figure S7e and f). The presence of NK cells in
the tumors would be consistent with ADCC as a mechanism for
ligand 1-mediated reduction in tumor growth. Since other
mechanismsmay also contribute to antitumor activity, we stained
tumor sections for other markers. CD3 is a marker for T cell
populations including helper T cells and killer T cells.20 As shown
in Figure 4e and Supplementary Figure S7g, ligand 1-treated
LNCaP tumors showed a significantly greater number of infil-
trating CD3+ lymphocytes as compared to DUPA-treated
LNCaP tumors (an average 2.5-fold increase). DU145 tumors
were not susceptible to treatment, and no significant differences
in the number of infiltrating CD3+ lymphocytes were observed
in ligand 1- and DUPA-treated DU145 tumors. Staining tumor
sections with an anti-CD8 antibody also showed a greater
number of infiltrating lymphocytes in LNCaP tumors from the
animals treated with conjugate 1 compared to DUPA-treated
LNCaP and DU145 tumors (Figure 4f and Supplementary
Figure S7h). Immunostaining with an anti-CD4 antibody did
not reveal significant differences between tumors obtained from
the different experimental groups (Supplementary Figure S7i),
suggesting that the population of lymphocytes infiltrating the
tumors is largely NK cells and CD8+ cytotoxic T cells. CD8+

cytotoxic T lymphocyte (CTL)-dependent immunity is known to
contribute to the PBL-dependent suppression of tumor xenografts
in hu-PBL-NOD/SCID mouse models.21�23 The CTL immune
response might also be expected to be high in LNCaP tumor
cells treated with ligand 1 that are dying by ADCC, since this

mechanism of cytotoxicity can enhance tumor cell immuno-
genicity.24 Previous reports suggest that a considerable fraction
of the PBL injected into SCID mice might be specific to the host
antigens. These observations, taken in conjunction with the high
immunogenicity of DU145 cells,25 can explain a relatively high
number of infiltrating CD56+ and CD3+ lymphocytes in DU145
tumors, independent of the treatment.

Another reported mechanism of cytotoxic activity associated
with therapeutic antibodies is complement-dependent cytotoxi-
city (CDC), in which antibodies bound to the target tumor fix
complement, resulting in formation of the membrane attack
complex and cell lysis.17 Analysis of complement activation in the
treated tumors showed increased deposition of C3 complement
component in LNCaP tumors exposed to ligand 1 as compared
to DUPA-treated LNCaP tumors and DU145 tumors (Supple-
mentary Figure S8). However, because NOD/SCID mice have
impaired hemolytic complement activity,26 CDC cannot be an
active mechanism by which ligand 1 reduces growth of LNCaP
tumors in the hu-PBL-NOD/SCID mice. Nevertheless, the in-
creased C3 deposition in ligand 1-treated LNCaP suggests that
both ADCC and CDC could contribute to anticancer activity of
this vaccine in the correct immunological setting as expected for
antibody recruitment to the cell surface of target cells.

Further in vivo experiments showed that adoptive transfer of
mouse anti-DNP serum to SCID mice that lack T cells but retain
functional NK cells reduces the size of PSMA-positive LNCaP
tumors treated with ligand 1 2.5-fold relative to the mice treated
with naive serum and ligand 1 (Figure 5, Supplementary Figure
S9). In contrast, PSMA-negative DU145 tumors were not
susceptible to ligand 1-mediated cell killing in SCIDmice treated
with mouse anti-DNP serum, and no significant differences in
tumor growth were observed in the treated animal groups.
Tumors grown in NSG mice that lack functional T and NK cells
were used as the controls and showed no significant differences
in tumor growth relative to SCID mice treated with naive serum

Figure 3. Efficacy of ligand 1 in a prostate cancer xenograft model. Hu-PBL-NOD/SCID mice bearing xenograft human tumors were treated with
DUPA in PBS (4 mg/kg, iv) or ligand 1 in PBS (4 mg/kg, iv) three times per week for 2 weeks. Treatment with ligand 1 inhibited the growth of PSMA-
positive tumors 4.8-fold relative to the control groups treated with DUPA. In contrast, PSMA-negative tumors were not susceptible to ligand 1-mediated
cell killing, and no significant differences in tumor growth were observed in the treated animal groups. Tumors grown in nonhumanized NOD/SCID
mice and treated with ligand 1 (4 mg/kg, iv) or PBS were used as the controls. Each experimental group contained at least five mice. Error bars
represent SEM.
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and ligand 1 (Figure 5). These results confirm that NK-depen-
dent ADCC is likely an important mechanism mediating ligand
1-dependent cytotoxicity.

PSMA expression is found in other body tissues including the
proximal tubules of normal kidney, small bowel, and brain.
Biodistribution studies of radioimaging agent DUPA-99mTc
showed high uptake of the ligand in kidney (28.9% injected dose
per gram of wet tissue) and less than 1% uptake level in the all
other normal tissues.7 However, hematoxylin and eosin (H&E)
staining did not reveal morphological changes in spleen and

kidney tissues isolated from hu-PBL-NOD/SCID mice treated
with DUPA or ligand 1 (Supplementary Figure S10a). CD8
immunostaining showed no cytotoxic lymphocytes infiltrating
into kidney tissues of hu-PBL-NOD/SCID mice treated with
ligand 1 (Supplementary Figure S10b). These results indicate
that ligand 1-mediated antibody delivery to PSMA-positive cells
is not toxic to the other body tissues under this treatment
paradigm. Since PSMA expression in normal tissues is on the
luminal surface, beyond the epithelial tight junctions, normal
cells may be inaccessible to circulating anti-DNP antibodies.27

Figure 4. Cytotoxic lymphocytes infiltrate ligand 1-treated PSMA-positive tumors. Tumors from ligand 1 and DUPA-treated animals at the conclusion
of treatment regimens were harvested, fixed, sectioned, and stained with multiple markers. Immunostaining of the tumor tissue for Granzyme B (a),
activated caspase 3 (b), CD56 (c), CD16 (d), CD3 (e), and CD8 (f) revealed enhanced lymphocyte infiltration and cytotoxicity in LNCaP tumors
exposed to ligand 1 as compared toDUPA-treated LNCaP tumors andDU145 tumors. Immunostaining procedures were performed at the conclusion of
the dosing regimen (6 weeks after mice repopulation with huPBL). Nuclear staining is shown in blue, and granzyme B, activated caspase 3, CD56, CD16,
CD3, CD8 staining is shown in red. Cell count and percentage of positive cells are the based on at least 5 fields and >2000 total cells. Error bars represent
SEM. Scale bars indicate 100 μm.
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In conclusion, we have established an in vivomodel for a drug-
inducible therapeutic anticancer vaccine and reported the effi-
cacy of the vaccine against PSMA-positive prostate cancer
xenografts. The strategies that have been reported7,8 require
preimmunization with a hapten-carrier conjugate to generate the
antibodies that mediate ligand-induced ADCC, whereas our
approach utilizes endogenous antibodies and thus no such
preparation is needed. The advantage of our strategy compared
with other cancer vaccines comes from the fact that the DNP
group is able to recruit endogenous anti-DNP antibodies to
target PSMA-positive prostate tumors and elicit an antitumor
response. Our observations and previous reports suggest that
anti-DNP antibodies are abundant in the human bloodstream
and competent to mediate targeted cytotoxicity that makes them
a powerful tool for development of a drug-inducible therapeutic
vaccine. Indeed, the titer of anti-DNP antibodies in the serum of
immunized mice used in our model is comparable to the level

found in normal human blood. In addition, in contrast to
previous reports our study used a humanized immune system
and xenografts of well-studied human prostate cancer cells,
underscoring our use of a highly cancer-specific small molecule
for the recruitment of endogenous antibodies.

The utility of this approach relative to more conventional
vaccines is that one “universal antigen” can be used to generate a
non-self immune response that can then be directed to the desired
target cells by exposure to an appropriate bifunctional adapter
molecule (e.g., prostate cancer with PSMA-specific ligand or breast
cancer with CXCR4-specific ligand). Moreover, it should be
possible to also deliver a therapeutic immune response to patho-
gens using conserved ligand binding sites such as the active binding
site of influenza neuraminidase. This strategy has the potential to
combine the power of classical anticancer vaccines with the
attractive pharmacological properties of small molecules and thus
opens new therapeutic options to fight disease.

Figure 5. NK-dependent ADCC is one of the main mechanisms mediating ligand 1-dependent cytotoxicity. (a) Schematic representation of the
experimental plan for the treatment of established tumors. C57BL/6mice were immunized withDNP-KLH (100 μg of DNP-KLH in PBS emulsified 1:1
with complete Freund’s Adjuvant). A second immunization with DNP-KLH was performed 2 weeks after the first (100 μg of DNP-KLH in PBS
emulsified 1:1 with incomplete Freund’s Adjuvant), and the serumwas collected 2 weeks after. 5�105 LNCaP and 5� 104 DU145 cells were injected sc
into SCID andNSGmice and formed xenograft tumors for 10 days. SCIDmice andNSGmice bearing xenograft human tumors were treated with ligand
1 in PBS (4 mg/kg, iv) and with mouse anti-DNP or naive serum (50 μL, ip) three times per week for 2 weeks. Tumor measurements were taken every
3�4 days. (b) The adoptive transfer of mouse anti-DNP serum to SCID mice that lack T cells but retain functional NK cells reduces the size of PSMA-
positive tumors treated with ligand 1 2.5-fold relative to the control groups treated with naive serum. In contrast, PSMA-negative tumors were not
susceptible to ligand 1-mediated cell killing, and no significant differences in tumor growth were observed in the treated animal groups. Tumors grown in
NSG mice that lack functional T and NK cells were used as the controls and showed no significant differences in tumor growth relative to SCID mice
treated with naive serum and ligand 1. Each experimental group contained at least five mice. Error bars represent SEM.
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’METHODS

Cells and Animals. DU145 and LNCaP (prostate cancer cells)
were obtained from ATCC and cultured in Dulbecco’s Minimal
Essential Medium (DU145 cells) or RPMI-1640 Medium (LNCaP
cells), supplemented with 10% fetal calf serum, 300 μg/mL of glutamine,
100 IU/mL of penicillin and 100 μg/mL of streptomycin. NOD.CB17-
Prkdc (SCID) mice obtained from Jackson Laboratories were used at 4
weeks of age and maintained under standard conditions according to
institutional guidelines.
Mouse Engraftment and Treatment. Human peripheral blood

mononuclear cells (PBMC) were obtained from the peripheral blood of
healthy donors. All donors were screened for HIV type 1 (HIV-1) and
hepatitis prior to donation. PBMC were purified following conventional
procedures (enriched by Ficoll-Hypaque gradient centrifugation).
RBC Lysis Solution (Qiagen) was used to lyse red blood cells. Twenty
million cells were resuspended in 0.3 mL of PBS and injected ip into the
recipient mice. Fourteen days after lymphocyte reconstruction, mice
were immunized ip with 200 μL of DNP-KLH at a concentration of
1 mg/mL emulsified with complete Freund’s Adjuvant (adjuvant:
antigen emulsified mixture of 1:1). Mice were boosted 14 days after the
first immunization with the same dose of DNP-KLH at a concentration of
1mg/mL emulsified with incomplete Freund’s Adjuvant (adjuvant/anti-
gen emulsified mixture of 1:1). The mice were bled every 2 weeks after
repopulation. The tumor treatment experiment was performed accord-
ing to the scheme in Supplementary Figure S5. Three days after the first
immunization, 5 � 105 LNCaP cells or 5 � 104 DU145 cells were
injected sc in 100 μL of BD matrigel (BD Biosciences) into the right
flank of mice. Following the tumor cell challenge, tumor development
and mice weights were monitored twice weekly. Two weeks after the
tumor challenge, when the tumors reached a size of 50�70 mm3, mice
were treated with DUPA (4 mg/kg, iv) or ligand 1 (4 mg/kg, iv) three
times per week for 2 weeks. Each experimental group contained at least
five mice. The tumors were measured every 4�5 days. After treatment
was terminated, mouse body weight was (15% of the initial weight
(Supplementary Figure S10). Control experiments were performed with
NOD.CB17-Prkdc (SCID) mice that were not engrafted with human
PBMC. Control experiments were performed in the same conditions as
for hu-PBL-NOD/SCID mice. In vivo experiments were performed
twice to ensure reproducibility. For the adoptive serum transfer experi-
ment, C57BL/6 mice were immunized with DNP-KLH (100 μg of
DNP-KLH in PBS emulsified 1:1 with complete Freund’s Adjuvant).
A second immunization with DNP-KLH was performed 2 weeks after
the first (100 μg of DNP-KLH in PBS emulsified 1:1 with incomplete
Freund’s Adjuvant), and the serum was collected 2 weeks after. Five �
105 LNCaP and 5 � 104 DU145 cells were injected sc into SCID and
NSG mice and formed xenograft tumors for 10 days. SCID mice and
NSGmice bearing xenograft human tumors were treated with ligand 1 in
PBS (4 mg/kg, iv) and with mouse anti-DNP or naive serum (50 μL, ip)
three times per week for 2 weeks. Tumor measurements were taken
every 3�4 days. All the mice were housed according to national and
institutional guidelines for humane animal care.
ADCC Assays. LNCaP and DU145 cells were briefly dissociated

with 0.05% trypsin/EDTA solution (HyClone) and washed twice in
ADCC medium (RPMI supplemented with 1% fetal calf serum). Cells
were incubated with Calcein-AM (5 μMsolution in ADCCmedium) for
1 h at 37 �C, 5% CO2, washed twice with ADCC medium, adjusted to
concentration 2.5� 105 cells/mL, and plated onto clear flat-bottom 96-
well plates at 1.25� 104 cells/well (50 μL per well). Separately, PBMC
were prepared following conventional procedures (enriched by Ficoll-
Hypaque gradient centrifugation). RBC Lysis Solution (Qiagen) was
used to lyse red blood cells. PBMCwerewashed and resuspended inADCC
medium. Anti-DNP antiserum at various concentrations (3.5�20 μg/mL,
as measured relative to commercial anti-DNP antibody, Invitrogen), ligand

1 (62 nM), and DUPA (100 nM) were added to the wells and plates were
incubated at 37 �C, 5% CO2 for 60 min. Pooled anti-DNP serum from 3
micewas used for each experiment. Following the incubationperiod, human
PBMC(20:1 effector/target ratio) were added. Target cellmaximumkilling
was achieved by adding Triton X-100 to the cell suspension to a final con-
centration 1%. Control experiments to determine spontaneous cytotoxicity
due to nonspecific killing were performed using LNCaP cells, effector cells,
ligand 1, and antiserum from nonimmunized hu-PBL-NOD/SCID mice.
After incubation at 37 �C, 5% CO2 for 4 h, sample fluorescence was
analyzed using an Acquest spectrofluorimeter (excitation at 485 nm,
emission at 530 nm). Control experiments were performed using PSMA-
negative DU145 cells. Percent cytotoxicity was calculated using the follow-
ing formula:

%Cytotoxicity ¼ ðFluorescence expt� Fluorescencence spontaneous averageÞ=
ðFluorescence max killing average� Fluorescence spontaneous averageÞ�100%

Flow Cytometry Analysis. LNCaP and DU145 cells were dis-
sociated with Accutase (Innovative Cell Tech Inc.) and washed twice in
staining solution containing Ca2+- and Mg2+-free PBS with 1 mM
ethylenediaminetetraacetic acid (EDTA), 25 mM Hepes (pH 7.0)
(Invitrogen), and 0.5% FBS. Mouse serum from nonimmunized hu-
PBL-NOD/SCID mice was added to final concentration of 10% to
LNCaP and DU-145 cell suspensions, and cells were then incubated at
RT for 30 min. The cells were cooled on ice, one part of each suspension
was transferred to new Eppendorf tubes, a solution of DUPA in PBS was
added to a final concentration of 100 nM, and cells were then incubated
for 30 min. DUPA-treated and untreated cell suspensions were incu-
bated with ligand 1 (62 nM) followed by anti-DNP antiserum at a
dilution of 1:5 and APC conjugated goat antihuman IgG (Jackson
ImmunoResearch Laboratories) at a dilution of 1:200. Experiments were
protected from light and incubated on ice for 30 min. Mouse serum
from nonimmunized hu-PBL-NOD/SCID mice was used as an IgG
control. Alternatively, flow cytometry experiments were performed
using Alexa Fluor 488 conjugated rabbit antidinitrophenyl IgG
(Invitrogen). Ligand 1 (200 nM) or DUPA (5 μM) plus ligand 1
(200 nM) (competition experiment) were added to cells followed by
Alexa Fluor 488 conjugated rabbit antidinitrophenyl IgG (Invitrogen) at
a concentration of 10 μg/mL. Samples were analyzed on a BD LSR II
flow cytometer (Beckton Dickinson Immunocytometry Systems).
Cell debris and clumps were electronically gated. Aminimum of 500,000
viable cell events were collected per sample. The data was analyzed using
FlowJo software (Tree Star Inc.). To analyze the total splenocyte
population for the presence of CD4+ human lymphocytes, the spleens
were isolated from hu-PBL-NOD/SCID mice and control NOD/SCID
mice on day 45 after lymphocyte reconstruction. Tissues were cut into
small pieces of approximately 5 mm and transferred to a 10 cm tissue
dish containing 5 mL of serum-free Medium 199. Tissues were digested
with 225 U/mL collagenase 3 (Collagenase Type3, Worthington
56E8800) at 37 �C, 5% CO2 for 2�3 h depending on the tumor size.
The dissociated tissues were filtered twice using 100 and 40 μm cell
strainers (BD Falcon). RBC Lysis Solution (Qiagen) was used to lyse red
blood cells. The cell suspension was washed twice in staining solution
and stained with conjugated anti-CD4 (mouse antihuman CD4-APC,
Miltenyi Biotec) antibody at a dilution of 1:11 (50 min at 4 �C).
Samples were analyzed on a BD LSR II flow cytometer (Beckton
Dickinson Immunocytometry Systems). Cell debris and clumps were
electronically gated. A minimum of 500,000 viable cell events were
collected per sample. The data was analyzed using FlowJo software
(Tree Star Inc.).
Histology and Immunofluorescence. For cryosectioning, the

tumor, spleen, and kidney tissues isolated from animals of each experi-
mental group were fixed by immersion in 4% paraformaldehyde,
cryoprotected in 20% sucrose, frozen, and embedded in sucrose/OCT
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(1:1). Cryostat sections (12 μm) were collected on Superfrost plus
slides and subjected to routine hematoxylin/eosin (H&E) and immuno-
fluorescent staining. For immunostaining, slides were preincubated 30
min in antibody buffer (50 mM NaCl, 50 mM Tris Base, 1% BSA,
100 mM L-lysine, 0.04% sodium azide [pH 7.4]) containing 0.4% Triton
and 10% serum and then incubated overnight at 4 �C with the primary
antibodies CD56 (BioLegend, 304602, dilution 1:50), CD16 (BD
Pharmingen, 550383; dilution 1:50), CD8 (Spring Bioscience, dilution
1:200), Granzyme B (Abcam, ab4059; dilution 1:100), Caspase 3 (Cell
Signaling Technology, 9664; dilution 1:200) or C3 (Santa Cruz Bio-
technology, Inc., V-20; dilution 1:100). Bound antibodies were detected
with appropriate secondary antibodies conjugated with Alexa 488 or 555
(Invitrogen, dilution 1:1000) diluted in antibody buffer at RT for 1 h.
The anti-CD16 antibody was visualized by a three-step staining proce-
dure in combination with biotin-conjugated antimouse Igs (Invitrogen)
as the secondary antibody and streptavidin, Alexa Fluor 555 conjugate
(Invitrogen). The slides were mounted with the Mowiol mounting
medium (9.6% Mowiol, 24% glycerol, 0.1 M Tris HCL [pH 7.4])
containing 1 μM Hoechst 33342 (Invitrogen). TUNEL assay was per-
formed using The DeadEnd Fluorometric TUNEL System (Promega)
accordingly to manufacturer’s recommendations. Tissue staining was
analyzed using an UltraVIEW VoX confocal microscope (PerkinElmer).
For quantification, cells in at least five randomly selected fields of viewwere
counted for each condition. Control experiments were performed with
tumor, spleen, and kidney tissues isolated fromNOD/SCIDmice thatwere
not engrafted with human PBMC. Control experiments were performed
under the same conditions as for the tissues isolated from hu-PBL-NOD/
SCIDmice. Each stainingwas performed for three tumor samples from two
independent in vivo experiments to ensure reproducibility.
ELISA for Human and Mouse Anti-DNP IgG. Analysis of anti-

DNP IgG in mouse serum was performed by enzyme-linked immuno-
sorbent assay (ELISA). ELISA Starter Accessory Kit was purchased from
Bethyl Laboratories. Assays were performed according tomanufacturer’s
recommendation. Briefly, the high-binding 96-well plates (Costar,
Cambrige, MA) were coated with DNP-bovine serum albumin (BSA)
conjugate at concentration 1 μg/mL, and remaining binding sites were
blocked with 1% BSA in PBS for 12 h at 4 �C. BSA-coated wells served as
a negative control, and noncoated wells served as a blank control. The
mouse serum was collected by retro-orbital bleeds 2 weeks after second
immunization. Human and mouse sera were serially diluted using
blocking solution, 100 μL of diluted sera was added to each well, and
the plate was incubated for 1 h at RT. The plate was washed with PBS,
100 μL of HRP-conjugated goat antihuman IgG (Santa Cruz Biotech-
nology, Inc.) or HRP-conjugated goat antimouse IgG/IgM/IgA
(Thermo Scientific) diluted 1:700 or 1:1000, respectively, in blocking
buffer was added to each well, and the plate was incubated for 1 h at RT.
Plates were analyzed using a SpectraMax Plus384 Absorbance Micro-
plate Reader (Molecular Devices).
FluorescentMicroscopy Experiment. LNCaP cells were plated

in a 384-well black clear bottom plate (Greiner Bio-One) at a density of
1000 cells per well in medium containing 10% serum. Cells were grown
until they reached 40�60% confluence (approximately 3�4 days),
100% horse serum was added to each well to block Fc receptors, and
cultures were incubated at RT for 15 min. Ligand 1 (62 nM) and DUPA
(100 nM) were added into the wells in RPMI medium containing 1%
fetal calf serum followed by mouse anti-DNP antiserum at a dilution of
1:11 and R-PE conjugated goat antihuman Ig (IgM+IgG+IgA, H+L) at a
dilution of 1:100. The serum from nonimmunized hu-PBL-NOD/SCID
mice was used for negative control experiments was added. Cultures
were protected from light and incubated at 37 �C for 60 min. The wells
were washed with PBS, fixed by addition of 100 μL of paraformaldehyde
(3.7% in PBS), and incubated at 37 �C for 30 min. Wells were washed
with PBS (10� 100 μm). Cells were analyzed using an UltraVIEWVoX
confocal microscope (PerkinElmer).

BIND Assay. SRU 384-well GA3 plates were allowed to warm to
25 �C, and were washed 5 times with assay buffer (100 mM HEPES,
50 mM KCl, 0.5 mMMgCl2, pH 7.5) to remove glycerol. Each well was
equilibrated with 25 μL of assay buffer; this volume was kept consistent
through subsequent steps. Equilibration reads were performed on a SRU
Profiler BIND Reader. After signal stabilization, the wells were aspirated
of assay buffer, and 30 μg/mL of anti-DNP antibody (clone SPE-7,
Sigma Aldrich) in assay buffer was added to each well and allowed to
incubate for 3 h. Sensor plates were read to confirm the PWV shift, then
washed 3 times with assay buffer to remove residual antibody, and read
again. Then 100 nM PSMA and 300 nMDUPA or ligand 1was added to
the corresponding wells for 3 h and read again to record the final result.
Statistical Analysis. The results of histological analysis, flow

cytometry assays and in vivo tumorigenicity assays were analyzed by
paired t test. A p value of <0.05 was regarded as statistically significant.
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