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Abstract

Background: Ipilimumab is an antagonistic monoclonal antibody against cytotoxic T-lymphocyte antigen-4
(CTLA-4) that enhances antitumor immunity by inhibiting immunosuppressive activity of regulatory T cells (Treg).
In this study, we investigated whether inhibiting Treg activity with ipilimumab during ex vivo T cell expansion
could augment anti-CD3-driven T cell proliferation and enhance bispecific antibody (BiAb)-redirected antitumor
cytotoxicity of activated T cells (ATC).

Methods: PBMC from healthy individuals were stimulated with anti-CD3 monoclonal antibody with or without
ipilimumab and expanded for 10-14 days. ATC were harvested and armed with anti-CD3 x anti-EGFR BiAb (EGFRBi)
or anti-CD3 x anti-CD20 BiAb (CD20Bi) to test for redirected cytotoxicity against COLO356/FG pancreatic cancer cell
line or Burkitt’s lymphoma cell line (Daudi).

Results: In PBMC from healthy individuals, the addition of ipilimumab at the initiation of culture significantly
enhanced T cell proliferation (p = 0.0029). ATC grown in the presence of ipilimumab showed significantly
increased mean tumor-specific cytotoxicity at effector:target (E:T) ratio of 25:1 directed at COLO356/FG and Daudi
by 37.71% (p < 0.0004) and 27.5% (p < 0.0004), respectively, and increased the secretion of chemokines (CCL2,
CCL3, CCL4,CCL5, CXCL9, and granulocyte-macrophage colony stimulating factor(GM-CSF)) and cytokines (IFN-γ,
IL-2R, IL-12, and IL-13), while reducing IL-10 secretion.

Conclusions: Expansion of ATC in the presence of ipilimumab significantly improves not only the T cell proliferation
but it also enhances cytokine secretion and the specific cytotoxicity of T cells armed with bispecific antibodies.

Keywords: Ipilimumab, Cytotoxic T-lymphocyte antigen-4 (CTLA-4), Bispecific antibody, Pancreatic cancer,
Colorectal cancer, Burkitt’s lymphoma, Activated T cells, Immunotherapy
Introduction
Efficacy of cancer immunotherapy using targeted T cells
has been limited by tumor-induced immunosuppression
or regulatory T cells (Tregs) that interfere with T cell ef-
fector functions resulting in failure to induce robust cellu-
lar and humoral antitumor responses. Since recent clinical
trial data show that cytotoxic T-lymphocyte antigen-4
(CTLA-4) positive Tregs are associated with reduced T
cell antitumor activities [1], we hypothesized that treat-
ment with anti-CTLA-4 monoclonal antibody (mAb)
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during T cell expansion would augment the proliferative
and functional activities of activated T cells.
CTLA-4 is constitutively expressed on CD4+CD25high-

forkhead box P3+ (FOXP3+) Treg cells [2], transiently on
newly activated T cells and minimally or negative on naïve
T cells [3,4]. CTLA-4 is homologous to the co-stimulatory
receptor CD28 but competes for CD80 and CD86 binding
with much higher avidity [5-7] leading to suppression of T
cell activation [8,9]. CLTA-4 blockade studies have dem-
onstrated greater tumor regression in antibody-treated
mice [10-12]. Furthermore, Treg-depletion prior to block-
ing the CTLA-4 signaling pathway results in enhanced T
cell proliferation and tumor-specific cytotoxicity in vivo
[2,13] and in vitro [2].
Ipilimumab (Yervoy®, Bristol-Myers Squibb) is a hu-

man mAb antibody directed at CTLA-4 that inhibits the
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binding of CLTA-4 to CD80 and CD86 during T cell ac-
tivation, therefore increasing the CD28 binding oppor-
tunity to the co-stimulatory factors for appropriate T cell
activation. In the FDA registration trial, ipilimumab sig-
nificantly improved the median overall survival from 6.4
months in the group that received gp100 alone to 10.0
or 10.1 months in the group that received ipilimumab
with or without gp100 (cancer vaccine comprises HLA-
A*0201–restricted peptides derived from the melanoso-
mal protein, glycoprotein 100 [gp100] [14]), respectively,
in patients with unresectable stage III and IV melanoma
[14]. However, 88.9% of the patients experienced derma-
tologic, gastrointestinal, or other immune-related ad-
verse events (irAEs) from ipilimumab of which 10-15%
were grade 3 or 4 that resulted in 2.1% drug-related
deaths [14]. Therefore, new approaches that provide the
antitumor effects of ipilimumab without the side effects
are needed. One approach to avoid irAEs would be by
adding ipilimumab at the initiation of T cell expansion
cultures to enhance the proliferation and cytotoxicity
mediated by BiAb-armed ATC. This study shows that
ipilimumab enhances T cell proliferation, tumor-specific
cytotoxicity mediated by BiAb, and cytokine secretion
without Treg-depletion prior to ATC expansion. These
results could be used to optimize antitumor activity in
immunotherapeutic approaches for patients with onco-
logical or hematological malignancies.

Materials and methods
Cell lines
The human Burkitt’s lymphoma cell line (Daudi) and hu-
man pancreatic cancer cell line (COLO356/FG) were main-
tained in RPMI-1640 or DMEM culture media (Lonza Inc.,
Allendale, NJ), respectively, supplemented with 10% fetal
bovine serum (FBS) (Valley Biomedical Inc., Winchester,
VA), 2 mM L-glutamine (Lonza Inc.), 50 IU/mL penicillin
and 50 μg/mL streptomycin (Lonza Inc.).

Generation of ATC
PBMC for ATC expansion were obtained from healthy
volunteers (KCI protocol 2007-012) and leukapheresis
samples from GI patients which were cryopreserved
prior to immunotherapy (KCI protocol 2011-025). Both
protocols were approved by the Wayne State University
Human Investigation Committee. T cells in the PBMC
were activated by 20 ng/mL of anti-CD3 monoclonal
antibody (OKT3, Ortho Biotech, Horsham, PA) and ex-
panded with 100 IU/mL of Interleukin-2 (IL-2) in
RPMI-1640 supplemented with 10% FBS, 2 mM L-
glutamine, 50 units/mL penicillin and 50 μg/mL strepto-
mycin (complete RPMI-1640) for 14 days at 37°C with
5% CO2. At the initiation of culture, ipilimumab (YER-
VOY® by Bristol-Myer Squibb, Princeton, NJ) was added
only once to the cultures at various concentrations (0,
0.5, 5.0, and 50 μg/mL). Cultures were fed every 2 to 3
days and maintained at a concentration of 1x106 cells/
mL. IL-2 was added at every feeding at 100 IU/mL.

Production of bispecific antibodies and arming of ATC
Bispecific antibodies (BiAbs) were produced by chemical
heteroconjugation of OKT3 and Rituxan (a humanized
anti-CD20 IgG1, Genentech Inc., South San Francisco,
CA) or Erbitux (a humanized anti-epidermal growth fac-
tor receptor (EGFR) IgG1, ImClone LLC., Branchburg,
NJ) as described [15,16]. ATC were armed with anti-
OKT3 x anti-CD20 BiAb (CD20Bi) or anti-OKT3 x anti-
EGFR BiAb (EGFRBi) using a previously optimized
concentration (50 ng/106 ATC) [17].

Cytotoxicity/51Cr release assay
To target adherent cells, COLO356/FG cells were plated
in 96-well flat-bottom microtiter plates at 4x104 cells/
well and allowed to adhere overnight. The cells were la-
beled with 51Cr at 20 μCi/mL in the labeling media (50%
FBS in complete RPMI-1640) for 5 hours at 37°C, and
washed with complete RPMI-1640 to remove unincor-
porated isotope. For non-adherent cell targeting, Daudi
cells were labeled with 51Cr at 100 μCi/106 cells in a 15
mL conical tube for 4 hours at 37°C, washed with
complete RPMI-1640, and plated in 96-well round-
bottom microtiter plates at 1x104 cells/well. Effectors
(unarmed ATC and aATC) were then added to achieve
effector:target (E:T) ratios of 25:1 and 12.5:1. Co-
cultures were incubated for 4 hours (Daudi) or 18 hours
(COLO356/FG) and the supernatant was collected for li-
quid scintillation counting to quantitate the amount of
released 51Cr. Percent cytotoxicity was calculated as fol-
lows: (experimental cpm – spontaneous cpm)/(max-
imum cpm – spontaneous cpm) × 100 [15]. Means and
standard errors were calculated from four to six repli-
cates per sample.

T cell sub-population profiling
Changes in T cell sub-populations were quantitated by
flow cytometric analysis as described [18,19]. CD8-PE-
Cy5, CD16-PE, CD25-APC, CD45RA-FITC, CD45RO-PE,
CD56-APC, CD127-PE, and CD152-PE-Cy5 were pur-
chased from BD Biosciences (San Jose, CA). CD3-FITC
and CD4-APC were purchased from Miltenyi Biotec
(Auburn, CA).

Quantitation of released cytokines in co-cultures
ATC expanded with or without ipilimumab were armed
with EGFRBi and co-cultured with COLO356/FG at 10:1
E:T ratio. The amount of cytokines released by unarmed
ATC or aATC in the co-culture supernatant was quanti-
tated using 25-plex human cytokine Luminex Assay
(Invitrogen, Carlsbad, CA) in the Bio-Plex System (Bio-
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Rad Lab., Hercules, CA) as described [19,20]. Analysis
panel includes IL-1β, IL-1 receptor antagonist (IL-1Ra),
IL-2, IL-2R, IL-4, IL-5, IL-6, IL-7, IL-8, IL-13, IL-17,
tumor necrosis factor (TNF)-α, interferon (IFN)-α, IFN-
γ, granulocyte macrophage colony-stimulating factor
(GM-CSF), macrophage inhibitory protein (MIP)-1α
(CCL3), MIP-1β (CCL4), interferon inducible protein
(IP)-10, monokine induced by IFN-γ (MIG or CXCL9),
eotaxin, regulated on activation normal T cell expressed
and secreted (RANTES or CCL5), and monocyte
chemotactic protein (MCP)-1 (CCL2). Bio-Plex Manager
Software was used to calculate the cytokine concentra-
tions using a recombinant cytokines-derived standard
curve.

Statistical analysis
Quantitative data are presented as the means of at least
three or more independent experiments with standard er-
rors. Paired, two-tailed t-test and matched sample one-
way ANOVA were used to determine whether the data
were statistically significant.

Results
Ipilimumab affects T cell effector functions in dose
dependent manner
In order to determine the optimal in vitro concentration of
ipilimumab, concentrations equivalent to in vivo dosage
Figure 1 Dose dependent enhancement of anti-tumor cytotoxicity of e
cell cytotoxicity was examined by adding ipilimumab at the initiation of ATC
from 0 to 50 μg/mL. ATC were harvested on day 14, armed with EGFRBi or CD
(left) or 4 hours with Daudi (right) for cytotoxicity assay. BiAb-mediated tumor s
a mean ± SE of 3 donors (COLO356/FG) or 4 donors (Daudi). The dose-depende
one-way ANOVA for COLO356/FG (*p < 0.05) and Daudi (**p < 0.05).
(3mg/kg) [14] for an average body weight (~75-88kg)
[21] were tested in the ATC expansion culture by dose
titration. T cells in PBMC derived from three healthy
donors were activated by anti-CD3 mAb and expanded
with IL-2 for 10-14 days. The expansion cultures were
initiated with 0 (control), 0.5, 5.0, and 50 μg/mL of ipili-
mumab. ATC were harvested and armed with CD20Bi
or EGFRBi to target CD20 positive Burkitt’s lymphoma
cell line (Daudi) or EGFR positive pancreatic cancer cell
line (COLO356/FG), respectively. Cytotoxicity was mea-
sured by 51Cr release assay at effector:target (E:T) of
25:1. In both COLO356/FG and Daudi targeting,
tumor-specific cytotoxicity was significantly enhanced
(p < 0.05) in a dose dependent manner (Figure 1). The
highest T cell cytotoxicity was observed at 50 μg/mL of
ipilimumab with mean percent increases of 69.8% and
49.0% for EGFRBi and CD20Bi targeting, respectively.
Based on these results, a dose of 50 μg/mL was chosen
for all the subsequent experiments unless otherwise
indicated.

Enhanced cytotoxicity is sustained at lower E:T
In order to confirm the ability of ipilimumab to enhance
the specific cytotoxicity at lower E:T, 51Cr release assay
was repeated with healthy donors using the 50 μg/mL
dose of ipilimumab. Consistent with the dose titration
results, ipilimumab significantly enhanced the BiAb-
xpanded ATC by ipilimumab. Effect of ipilimumab on BiAb-mediated T
expansion cultures from healthy donors at various concentrations ranging
20Bi, and co-cultured at 25:1 E:T ratio for 18 hours with COLO356/FG
pecific cytotoxicity was measured by 51Cr release assay. Each bar represents
nt effect of ipilimumab was statistically significant in matched sample,
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mediated tumor specific cytotoxicity at E:T of 25:1 and
12.5:1 with both EGFRBi and CD20Bi, targeting
COLO356/FG and Daudi, respectively (Figure 2a and b).
The mean percent increases in the cytotoxicity were
37.7% (p = 0.0001) and 27.5% (p < 0.0004) against
COLO356/FG and Daudi. The enhanced cytotoxicity
was sustained at the lower E:T of 12.5:1, and EGFRBi
aATC had an even higher percent increase of 84.9%
(p < 0.0001) (Figure 2a).
Figure 2 Enhanced BiAb mediated cytotoxicity in ipilimumab supplem
healthy donors were expanded with 0 (control) or 50 μg/mL of ipilimumab
specific cytotoxicity. EGFRBi armed ATC and COLO356/FG were co-cultured
difference in the specific cytotoxicity was measured by 51Cr release assay (l
normalized to the control group to calculate the percent increase (right). (
ratios of 25:1 (n = 11) and 12.5 (n = 8), and specific cytotoxicity was measur
ipilimumab group was normalized to the control group to calculate the pe
The bar within each box shows a median while + symbol represents a mea
t test was performed.
Increased cytotoxicity by BiAb-armed T cells from
patients with gastrointestinal (GI) cancers in the presence
of ipilimumab
Since T cells obtained from cancer patients may be de-
fective in antitumor function due to an immunosuppres-
sive tumor microenvironment in vivo [22-27], we tested
whether ipilimumab could enhance cytotoxicity in T
cells from GI patients. T cells from cryopreserved leuka-
pheresis products of three patients with gastrointestinal
ented ATC of healthy donors. (a) T cells in PBMC derived from
, and ATC were harvested, armed and tested for BiAb-mediated tumor
for 18 hours at E:T ratios of 25:1 (n = 9) and 12.5:1 (n = 7), and
eft). Cytotoxicity of EGFRBi armed ATC in the ipilimumab group was
b) CD20Bi armed ATC and Daudi were co-cultured for 4 hours at E:T
ed by 51Cr release assay (left). Cytotoxicity of CD20Bi armed ATC in the
rcent increase (right). Each bar represents a mean ± SE for≥ 7 samples.
n for each data set. For each set of data, a paired two-tailed
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(2 colorectal and 1 pancreatic) cancers were activated by
anti-CD3 mAb with or without ipilimumab and ex-
panded for 14 days with IL-2. Harvested ATC were
armed with EGFRBi and tested for cytotoxicity against
COLO356/FG at E:T of 25:1 and 12.5:1. Ipilimumab
clearly enhanced the EGFRBi-mediated tumor specific
cytotoxicity by ATC derived from GI patients (Figure 3,
left panel). The mean percent increases were 33.9%
(p = 0.017) and 32.7% (p = 0.021) at E:T of 25:1 and
12.5:1, respectively (Figure 3, right panel).
Figure 3 Ipilimumab enhanced BiAb-mediated cytotoxicity of ATC de
cryopreserved PBMC of 3 patients with gastrointestinal cancer were expand
on day 14, armed with EGFRBi, and tested for the tumor specific cytotoxici
at E:T ratios of 25:1 and 12.5:1 E:T ratios. For each group, a paired two-tailed
the ipilimumab group was normalized to the control group to calculate th
tients. For each set of data, paired, two-tailed t test was performed. (lower)
anti-CD3 stimulation and expanded with IL-2 in the presence of 0 (control)
feeding to determine the T cell proliferation. The bars represent means for
Ipilimumab enhances proliferation of activated T cells
Both in vivo and in vitro studies have shown that block-
ing CTLA-4 signaling enhances T cell proliferation, and
in some cases, synergistic enhancement was observed
when Treg cells were depleted prior to T cell stimulation
[2,13]. We examined an effect of ipilimumab on the
proliferation of ATC from PBMC without physical Treg-
depletion. T cell proliferation was monitored by measur-
ing the cell concentrations each time the cultures were
fed. As shown in the lower panel of Figure 3, ATC
rived from patients with gastrointestinal cancer. T cells in
ed with 0 (control) or 50 μg/mL ipilimumab, and ATC were harvested
ty (n = 3). (left): EGFRBi armed ATC and COLO356/FG were co-cultured
t test was performed. (right): Cytotoxicity of EGFRBi armed ATC in

e percent increase. Each bar represents a mean ± SE is shown for 3 pa-
: T cells in PBMC derived from healthy donors were activated with
or 50 μg/mL ipilimumab (n = 18). Cell counts were performed at each
each data set (paired two-tailed t test).
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Figure 4 Ipilimumab altered the T cell-subpopulation profile in expanded ATC. (a): ATC expanded with ipilimumab had a decreased CD4/8
ratio (n = 11) (left). The panel summarizes 11 experiments (n = 11); the bars in the boxes are medians while + symbols represent means. One
representative flow cytometry analysis is shown (right). (b): The proportion of CD4 and CD8 T cells were determined in the presence or absence
of ipilimumab. Control and ipilimumab groups in each of 11 experiments are connected with a trend line. (c): The expanded 8 ATC products
were analyzed by flow cytometry to show the change in the Treg population (CD3+CD4+CD25high/+CD127low/-). The bars in the boxes are
medians while + symbols represent means. (d): NKT cell population (CD3+CD56+) in the expanded ATC products is shown. Each bar represents a
mean with standard error of eight experiments (n = 8). Each bar represents a mean ± SE of 8 experiments, and paired, two-tailed t test
was performed.
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proliferation increased by 18.61% (p = 0.0029) in the
presence of ipilimumab.
Ipilimumab decreases CD4/CD8 ratio and Treg population
in expanded ATC
Recent clinical studies demonstrated that patients who
receive ipilimumab exhibit increased proliferation of
both CD4 and CD8 T cells [28,29]. Based on the en-
hanced cytotoxicity and the increased proliferation of
ATC in our study, we hypothesized that ipilimumab may
enhance T cell cytotoxicity by preferentially promoting
CD8 T cell expansion. Expanded ATC were harvested
after 14 days of culture, and the changes in T cell sub-
populations were quantitated by flow cytometry. The
CD4/CD8 ratio was significantly decreased (p = 0.010)
in the presence of ipilimumab, indicating an increase
in CD8 population (Figure 4a). To clarify the changes
responsible for the decreased CD4/CD8 ratio, CD4
and CD8 T cell populations were separately quanti-
tated (Figure 4b). Proportion of CD4+ cells decreased
(p = 0.0011) while proportion of CD8+ cells increased
(p = 0.0430). There was no significant difference in
CD4CD8 double positive T cells (data not shown). Fur-
thermore, when the proportion of Treg cells between
control and ipilimumab-supplemented ATC preparations
were compared, there was a statistically significant re-
duction in the Treg population (n = 8, p = 0.0234) in the
ipilimumab group (Figure 4c).
Secretion of immune activating chemokines and
cytokines were elevated by ipilimumab
ATC were expanded with ipilimumab at 0, 0.5, 5.0 and
50 μg/mL concentrations to determine whether ipilimu-
mab could alter the cytokine secretion levels in a dose
dependent manner. The harvested ATC were armed
with EGFRBi and co-cultured with COLO356/FG at 10:1
E:T for 24 hours and supernatants were harvested.
Among 25 different cytokines and chemokines in the
analysis panel, there was a pattern of dose dependent in-
crease in the secretion of chemokines CCL2, CCL3,
CCL4, CCL5, CXCL9, and GF-CSF (Figure 5a). Cytokine
analysis of the cultures also revealed that ATC expanded
in the presence of ipilimumab secreted increased
amount of IFN-γ, IL-2R, IL-12, and IL-13, whereas the
secretion of IL-10 was decreased (Figure 5b).

Discussion
Previously we have shown that T cells expanded from
the leukapheresis product or PBMC from the immuno-
suppressive environment of cancer patients can be stim-
ulated to improve their functions in vitro as well as
in vivo [30,31]. ATC armed with anti-CD3 x anti-tumor
associated antigen BiAbs exhibit high levels of specific
cytotoxicity against tumor cells expressing Her2/neu
[17,18,32], CD20 [15], GD2 [33], and EGFR [16,19] via
redirected non-MHC-restricted perforin/granzyme-
dependent killing. Furthermore, arming with BiAbs
creates artificial cytotoxic T lymphocytes wherein TCR
engagement via BiAb-bridge between the armed ATC
and the antigen on the tumor cells induces release of
significantly higher levels of IFN-γ, IL-2R, IL-12, CCL3,
CCL4 and CXCL9, compared to unarmed ATC used as
controls [19]. In this study, we demonstrated that the
addition of ipilimumab at the initiation of culture signifi-
cantly improves T cell proliferation, BiAb-mediated
tumor-specific cytotoxicity, and synthesis of inflamma-
tory chemokines and cytokines. Phenotypic analysis of T
cell subpopulations showed a decreased Tregs popula-
tion with a concomitant decrease in IL-10 secretion as
well as a reduced CD4/CD8 ratio in the ATC products
expanded in the presence of ipilimumab. The reduced
CD4/CD8 ratio may account for the increased specific
cytotoxicity. These data demonstrate that ipilimumab
can improve ATC proliferation and effector functions
while it diminishes immune suppressive Treg activity.
Enhanced T cell proliferation in the presence of ipili-

mumab may be due to the inhibition of the interaction
between pre-existing Treg cells and monocytes/dendritic
cells in PBMC that were indirectly activated upon anti-
CD3 stimulation of T cells. In addition, it is likely that
ipilimumab blocked the CTLA-4-mediated inhibitory
signaling in activated effector T cells as CTLA-4 expres-
sion is known to peak around 2 days after anti-CD3
stimulation [3,4]. However, it is not clear whether de-
creased CD4 percent population was due to a direct ef-
fect of ipilimumab on CD4 T cell proliferation or due to
an enhanced CD8 Tcell expansion induced by ipilimumab.
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Figure 5 The pattern of dose-dependent changes in cytokine secretion levels in ATC expanded with Ipilimumab. Anti-CD3 activated T cells in
PBMC derived from 3 healthy donors were cultured in the presence of 0 (control), 0.5, 5.0 and 50 μg/mL ipilimumab for 14 days. Harvested ATC were
armed with EGFRBi and co-cultured with COLO356/FG target cells at 10:1 E:T for 24 hours. The supernatants were collected and quantitated in the
multi-plex Luminex assay. (a): Shows changes in the secretion levels of CCL2, CCL3, CCL4, CCL5, CXCL9, and GM-CSF. (b): Shows changes in the
secretion levels of IL-2R, IFN-γ, IL-12, and IL-13. Each bar represents a mean ± SE of 3 healthy donors (n = 3).
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As shown in the Figure 4d, the NKT cell population in
some healthy donors persisted during the ATC culture
period in both control and ipilimumab ATC prepara-
tions with no significant difference. NK cell activation is
a complex set of signal transduction pathways including
direct cell-cell signaling from APCs and humoral
Figure 6 A schematic summary of our study results showing a pivota
cell activation. (a) CTLA-4 on the surface of Treg or early activated T cells
CD86 on antigen presenting cells. (b) Ipilimumab enhances proliferation of
the decreased CD4/CD8 ratio. The enhanced CD8+ T cell proliferation resul
Daudi and COLO356/FG models. The enhanced antitumor activity was con
secretion. Although there was no difference between control and ipilimum
activation may have contributed in the increased cytotoxicity and IFN-γ sec
signaling via cytokines and chemokines [34]. Since the
ATC culture was fed with IL-2, which is a NK cell
stimulatory factor [34,35], and antigen-bound IgG is also
known to activate NK and NKT cells via Fcγ receptor
bindings [34], NKT cells may be activated by IL-2 and Fc
binding of ipilimumab bound to CTLA-4 on the surface
l role that ipilimumab may play in modulating T cell and NK/NKT
competes with CD28 in binding with co-stimulatory factors CD80 or
CD8+ T cells while proliferation of CD4+ T cells was reduced, hence
ted in the improved BiAb-mediated antitumor cytotoxicity in both
sistently observed in elevated secretion of IFN-γ and decreased IL-10
ab groups in NKT cell proliferation, ipilimumab-mediated NKT cell
retion.
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of ATC which in turn may have exhibited the elevated
secretion of INF-γ and CTL activity. Additional studies
with purified NKT cells will be needed to address the ef-
fects of ipilimumab on NK and NKT cells.
The cytokine quantitation studies revealed that ipilimu-

mab enhances the secretion of various cytokines and che-
mokines in a dose-dependent manner. Dose dependent
(ipilimumab) increase in IFN-γ and IL-12 suggest gener-
ation of Th1 cytokines produced during armed ATC
mediated killing of target cells. These cytokines and che-
mokines may activate endogenous immune cells in vivo
[30,31]. However, the role of soluble IL-2R (sIL-2R) in cul-
ture supernatant is not clear. Both Tregs and activated T
cells can release IL-2R, and measurable levels of sIL-2R in
the blood have been shown to indicate sustained immune
activation [36]. On the other hand, sIL-2R also competes
for IL-2 binding on activated T cells, thereby inhibiting T
cell proliferation [36,37]. Increased release of sIL-2R has
also been shown to induce differentiation of CD4 T cells
into FOXP3+ Treg [38]. Since proliferation and activation
were both enhanced in the presence of ipilimumab, in-
creased levels of sIL-2R in this study are likely due to the
activation of T cells rather than its immune suppressive
activity.
Intriguingly, decreased levels of IL-10 suggest that ipili-

mumab attenuates the release of IL-10 in dose-dependent
manner. IL-10 has been shown to contribute in tumor de-
rived immune suppression [39] by suppressing CD4 T cells
[40] and inducing myeloid derived suppressor cells [41].
The increased chemokine secretion suggests that ipili-

mumab can promote not only the cytotoxicity of the ex-
panded ATC but also their ability to recruit endogenous
immune cells [30,31] such as memory T cells, monocytes,
dendritic cells, macrophages, NK cells, and neutrophils.
These data further indicates that ipilimumab can augment
effector activities of ATC while inhibiting the regulatory
components of the immune system (Figure 6).
In summary, we demonstrated that ipilimumab can im-

prove ATC proliferation, enhance the BiAb-mediated
tumor-specific cytotoxicity, and increase cytokine synthe-
sis, while it attenuates Treg activity as shown by decreased
level of IL-10 secretion and reduced Treg population. This
mechanism may be clinically relevant since ipilimumab
treatment of PBMC from GI patients was able to enhance
BiAb-mediated cytotoxicity of ATC directed at pancreatic
cancer cell line COLO356/FG. The approach of using ipi-
limumab to optimize effector functions of ex vivo ex-
panded ATC may improve the efficacy of BiAb-mediated
antigen targeted adoptive T cell immunotherapy without
increasing ipilimumab related toxicities.

Abbreviations
APC: Antigen presenting cells; ATC: Activated T cells; BiAb: Bispecific
antibody; CTLA-4: Cytotoxic T-lymphocyte antigen-4; GI
cancer: Gastrointestinal cancer; CCL: Chemokine (C-C motif) ligand;
CXCL: Chemokine (C-X-C motif) ligand; DMEM: Dulbecco’s modified Eagle’s
medium; EGFR: Epidermal growth factor receptor; FBS: Fetal bovine serum;
FDA: The Food and Drug Administration; GD2: Disialoganglioside;
GM-CSF: Granulocyte-macrophage colony-stimulating factor; IFN: Interferon;
IL: Interleukin; MCP: Monocyte chemotactic protein; MIP: Macrophage
inhibitory protein; TNF: Tumor necrosis; IP: Interferon inducible protein;
MIG: Monokine induced by IFN-γ; RANTES: Regulated on activation, normal T
cell expressed and secreted; NK: Natural killer cells; NKT: Natural killer T cells;
Th: Helper T cells; PBMC: Peripheral blood mononuclear cells; RPMI: Roswell
Park Memorial Institute.

Competing interests
LGL is a co-founder of Transtarget Inc. AD receives research funding from
BMS. HY, AT, and MC have no competing interests.

Authors’ contributions
HY designed the study, performed experiments, analyzed data and statistics,
and wrote the manuscript. AT participated in the cytokine assay and data
analysis. AT, LGL MC and AD participated in the design of the study and in
drafting the manuscript. All authors read and approved the final manuscript.

Acknowledgements
This study was supported in part by R01 CA 092344 (LGL) and R01 CA
140314 (LGL) from National Cancer Institute, the Ruth F. Rattner and Ann F. &
Norman D. Katz Charitable Foundation, Ray and Lynn Wood Neag
Foundation, Helen L. Key charitable Trust, and the Young Family Foundation.

Author details
1Departments of Oncology, Wayne State University and Barbara Ann
Karmanos Cancer Institute, 740.1 Hudson Webber Cancer Research Center,
4100 John R., Detroit, MI 48201, USA. 2Medicine, Wayne State University and
Karmanos Cancer Institute, Detroit, MI 48201, USA. 3Immunology and
Microbiology, Wayne State University and Karmanos Cancer Institute, Detroit,
MI 48201, USA.

Received: 18 October 2013 Accepted: 5 June 2014
Published: 9 July 2014

References
1. Kalathil S, Lugade AA, Miller A, Iyer R, Thanavala Y: Higher frequencies of

GARP(+)CTLA-4(+)Foxp3(+) T regulatory cells and myeloid-derived
suppressor cells in hepatocellular carcinoma patients are associated with
impaired T-cell functionality. Cancer Res 2013, 73:2435–2444.

2. Suarez N, Alfaro C, Dubrot J, Palazon A, Bolanos E, Erro L, Hervas-Stubbs S,
Martinez-Forero I, Morales-Kastresana A, Martin-Algarra S, Sangro B, Lecanda
F, Perez-Gracia JL, Gonzalez A, Melero I: Synergistic effects of CTLA-4
blockade with tremelimumab and elimination of regulatory T lympho-
cytes in vitro and in vivo. International Journal of Cancer 2011,
129:374–386.

3. Maszyna F, Hoff H, Kunkel D, Radbruch A, Brunner-Weinzierl MC: Diversity
of clonal T cell proliferation is mediated by differential expression of
CD152 (CTLA-4) on the cell surface of activated individual T lympho-
cytes. J Immunol 2003, 171:3459–3466.

4. Jago CB, Yates J, Camara NO, Lechler RI, Lombardi G: Differential
expression of CTLA-4 among T cell subsets. Clin Exp Immunol 2004,
136:463–471.

5. Linsley PS, Nadler SG, Bajorath J, Peach R, Leung HT, Rogers J, Bradshaw J,
Stebbins M, Leytze G, Brady W, Malacko AR, Marquardt H, Shaw SY: Binding
stoichiometry of the cytotoxic T lymphocyte-associated molecule-4
(CTLA-4). A disulfide-linked homodimer binds two CD86 molecules.
The Journal of Biological Chemistry 1995, 270:15417–15424.

6. van der Merwe PA, Bodian DL, Daenke S, Linsley PS, Davis SJ: CD80 (B7-1)
Binds Both CD28 and CTLA-4 with a Low Affinity and Very Fast Kinetics.
J Exp Med 1997, 185:393–404.

7. Peggs KS, Quezada SA, Korman AJ, Allison JP: Principles and use of anti-
CTLA4 antibody in human cancer immunotherapy. Curr Opin Immunol
2006, 18:206–213.

8. Walunas TL, Lenschow DJ, Bakker CY, Linsley PS, Freeman GJ, Green JM,
Thompson CB, Bluestone JA: Pillars article: CTLA-4 Can function as a negative
regulator of T cell activation. Immunity. 1994. 1: 405–413.
J Immunol 2011, 187:3466–3474.



Yano et al. Journal of Translational Medicine 2014, 12:191 Page 11 of 11
http://www.translational-medicine.com/content/12/1/191
9. Krummel MF, Allison JP: CD28 and CTLA-4 have opposing effects on the
response of T cells to stimulation. J Exp Med 1995, 182:459–465.

10. Leach DR, Krummel MF, Allison JP: Enhancement of antitumor immunity
by CTLA-4 blockade. Science 1996, 271:1734–1736.

11. Fecci PE, Ochiai H, Mitchell DA, Grossi PM, Sweeney AE, Archer GE, Cummings
T, Allison JP, Bigner DD, Sampson JH: Systemic CTLA-4 blockade ameliorates
glioma-induced changes to the CD4+ T cell compartment without affecting
regulatory T-cell function. Clin Cancer Res 2007, 13:2158–2167.

12. Sorensen MR, Holst PJ, Steffensen MA, Christensen JP, Thomsen AR:
Adenoviral vaccination combined with CD40 stimulation and CTLA-4
blockage can lead to complete tumor regression in a murine melanoma
model. Vaccine 2010, 28:6757–6764.

13. Sutmuller RP, van Duivenvoorde LM, van Elsas A, Schumacher TN,
Wildenberg ME, Allison JP, Toes RE, Offringa R, Melief CJ: Synergism of
cytotoxic T lymphocyte-associated antigen 4 blockade and depletion
of CD25(+) regulatory T cells in antitumor therapy reveals alternative
pathways for suppression of autoreactive cytotoxic T lymphocyte
responses. J Exp Med 2001, 194:823–832.

14. Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB,
Gonzalez R, Robert C, Schadendorf D, Hassel JC, Akerley W, van den
Eertwegh AJ, Lutzky J, Lorigan P, Vaubel JM, Linette GP, Hogg D,
Ottensmeier CH, Lebbe C, Peschel C, Quirt I, Clark JI, Wolchok JD, Weber JS,
Tian J, Yellin MJ, Nichol GM, Hoos A, Urba WJ: Improved survival with
ipilimumab in patients with metastatic melanoma. The New England
Journal of Medicine 2010, 363:711–723.

15. Gall JM, Davol PA, Grabert RC, Deaver M, Lum LG: T cells armed with anti-
CD3 × anti-CD20 bispecific antibody enhance killing of CD20+ malignant
B cells and bypass complement-mediated rituximab resistance in vitro.
Exp Hematol 2005, 33:452–459.

16. Reusch U, Sundaram M, Davol PA, Olson SD, Davis JB, Demel K, Nissim J,
Rathore R, Liu PY, Lum LG: Anti-CD3 × anti-epidermal growth factor
receptor (EGFR) bispecific antibody redirects T-cell cytolytic activity to
EGFR-positive cancers In vitro and in an animal model. Clin Cancer Res
2006, 12:183–190.

17. Sen M, Wankowski DM, Garlie NK, Siebenlist RE, Van Epps D, LeFever AV,
Lum LG: Use of anti-CD3 x anti-HER2/neu bispecific antibody for redirecting
cytotoxicity of activated T cells toward HER2/neu + tumors.
J Hematother Stem Cell Res 2001, 10:247–260.

18. Thakur A, Norkina O, Lum LG: In vitro synthesis of primary specific
anti-breast cancer antibodies by normal human peripheral blood
mononuclear cells. Cancer Immunol Immunother 2011, 60:1707–1720.

19. Thakur A, Schalk D, Tomaszewski E, Kondadasula SV, Yano H, Sarkar FH, Lum
LG: Microenvironment generated during EGFR targeted killing of
pancreatic tumor cells by ATC inhibits myeloid-derived suppressor cells
through COX2 and PGE2 dependent pathway. J Transl Med 2013, 11:35.

20. Zitron IM, Thakur A, Norkina O, Barger GR, Lum LG, Mittal S: Targeting and
killing of glioblastoma with activated T cells armed with bispecific
antibodies. BMC Cancer 2013, 13:83.

21. Fryar CD, Gu Q, Ogden CL: Anthropometric reference data for children
and adults: United States, 2007–2010. Vital Health Stat 2012, 11:1–48.

22. Pistoia V, Morandi F, Bianchi G, Pezzolo A, Prigione I, Raffaghello L:
Immunosuppressive microenvironment in neuroblastoma. Front Oncol
2013, 3:167.

23. Gallina G, Dolcetti L, Serafini P, De Santo C, Marigo I, Colombo MP, Basso G,
Brombacher F, Borrello I, Zanovello P, Bicciato S, Bronte V: Tumors induce a
subset of inflammatory monocytes with immunosuppressive activity on
CD8+ T cells. The Journal of Clinical Investigation 2006, 116:2777–2790.

24. Jackson C, Ruzevick J, Phallen J, Belcaid Z, Lim M: Challenges in
immunotherapy presented by the glioblastoma multiforme
microenvironment. Clin Dev Immunol 2011, 2011:20.

25. Evans C, Dalgleish AG, Kumar D: Review article: immune suppression and
colorectal cancer. Aliment Pharmacol Ther 2006, 24:1163–1177.

26. Pancione M, Giordano G, Remo A, Febbraro A, Sabatino L, Manfrin E,
Ceccarelli M, Colantuoni V: Immune escape mechanisms in colorectal
cancer pathogenesis and liver metastasis. J Immunol Res 2014, 2014:11.

27. Bayne LJ, Beatty GL, Jhala N, Clark CE, Rhim AD, Stanger BZ, Vonderheide
RH: Tumor-derived granulocyte-macrophage colony-stimulating factor
regulates myeloid inflammation and T cell immunity in pancreatic
cancer. Cancer Cell 2012, 21:822–835.

28. Weber JS, Hamid O, Chasalow SD, Wu DY, Parker SM, Galbraith S, Gnjatic S,
Berman D: Ipilimumab increases activated T cells and enhances humoral
immunity in patients with advanced melanoma. J Immunother 2012,
35:89–97.

29. Kavanagh B, O’Brien S, Lee D, Hou Y, Weinberg V, Rini B, Allison JP, Small EJ,
Fong L: CTLA4 blockade expands FoxP3+ regulatory and activated
effector CD4+ T cells in a dose-dependent fashion. Blood 2008,
112:1175–1183.

30. Lum LG, Thakur A, Pray C, Kouttab N, Abedi M, Deol A, Colaiace WM,
Rathore R: Multiple infusions of CD20-targeted T cells and low-dose IL-2
after SCT for high-risk non-Hodgkin’s lymphoma: a pilot study.
Bone Marrow Transplant 2014, 49:73–79.

31. Lum LG, Thakur A, Liu Q, Deol A, Al-Kadhimi Z, Ayash L, Abidi MH, Pray C,
Tomaszewski EN, Steele PA, Schalk DL, Yano H, Mitchell A, Dufresne M,
Uberti JP, Ratanatharathorn V: CD20-targeted T cells after stem cell
transplantation for high risk and refractory non-Hodgkin's lymphoma.
Biol Blood Marrow Transplant 2013, 19:925–933.

32. Grabert RC, Cousens LP, Smith JA, Olson S, Gall J, Young WB, Davol PA, Lum
LG: Human T cells armed with Her2/neu bispecific antibodies divide, Are
cytotoxic, and secrete cytokines with repeated stimulation. Clin Cancer
Res 2006, 12:569–576.

33. Yankelevich M, Kondadasula SV, Thakur A, Buck S, Cheung NK, Lum LG:
Anti-CD3 × anti-GD2 bispecific antibody redirects T-cell cytolytic activity
to neuroblastoma targets. Pediatr Blood Cancer 2012, 59:1198–1205.

34. Long EO, Kim HS, Liu D, Peterson ME, Rajagopalan S: Controlling natural
killer cell responses: integration of signals for activation and inhibition.
Annu Rev Immunol 2013, 31:227–258.

35. Boyman O, Krieg C, Homann D, Sprent J: Homeostatic maintenance of T
cells and natural killer cells. Cell Mol Life Sci 2012, 69:1597–1608.

36. Lindqvist CA, Christiansson LH, Simonsson B, Enblad G, Olsson-Stromberg U,
Loskog AS: T regulatory cells control T-cell proliferation partly by the
release of soluble CD25 in patients with B-cell malignancies. Immunology
2010, 131:371–376.

37. Boyman O, Sprent J: The role of interleukin-2 during homeostasis and
activation of the immune system. Nat Rev Immunol 2012, 12:180–190.

38. Yang ZZ, Grote DM, Ziesmer SC, Manske MK, Witzig TE, Novak AJ, Ansell SM:
Soluble IL-2Ralpha facilitates IL-2-mediated immune responses and
predicts reduced survival in follicular B-cell non-Hodgkin lymphoma.
Blood 2011, 118:2809–2820.

39. Kim R, Emi M, Tanabe K, Arihiro K: Tumor-driven evolution of
immunosuppressive networks during malignant progression. Cancer Res
2006, 66:5527–5536.

40. Brooks DG, Walsh KB, Elsaesser H, Oldstone MB: IL-10 directly suppresses
CD4 but not CD8 T cell effector and memory responses following acute
viral infection. Proc Natl Acad Sci U S A 2010, 107:3018–3023.

41. Beckebaum S, Zhang X, Chen X, Yu Z, Frilling A, Dworacki G, Grosse-Wilde
H, Broelsch CE, Gerken G, Cicinnati VR: Increased levels of interleukin-10 in
serum from patients with hepatocellular carcinoma correlate with
profound numerical deficiencies and immature phenotype of circulating
dendritic cell subsets. Clin Cancer Res 2004, 10:7260–7269.

doi:10.1186/1479-5876-12-191
Cite this article as: Yano et al.: Ipilimumab augments antitumor activity
of bispecific antibody-armed T cells. Journal of Translational Medicine
2014 12:191.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Cell lines
	Generation of ATC
	Production of bispecific antibodies and arming of ATC
	Cytotoxicity/51Cr release assay
	T cell sub-population profiling
	Quantitation of released cytokines in co-cultures
	Statistical analysis

	Results
	Ipilimumab affects T cell effector functions in dose dependent manner
	Enhanced cytotoxicity is sustained at lower E:T
	Increased cytotoxicity by BiAb-armed T cells from patients with gastrointestinal (GI) cancers in the presence of ipilimumab
	Ipilimumab enhances proliferation of activated T cells
	Ipilimumab decreases CD4/CD8 ratio and Treg population in expanded ATC
	Secretion of immune activating chemokines and cytokines were elevated by ipilimumab

	Discussion
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

