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Abstract
BACKGROUND—In this study, we asked whether anti-CD3-activated T cells (ATCs) from cord
blood (CB) could be expanded and targeted to solid tumors or hematologic malignancies for
infusions after unrelated CB stem cell transplant and whether cord blood ATCs (CBATCs) could
reduce alloresponsiveness.

STUDY DESIGN AND METHODS—CB mononuclear cells (MNCs) were activated with anti-
CD3 (20 ng/mL) and expanded for 14 days in interleukin-2 (100 IU/mL). CBATCs were armed
with anti-CD3 × anti-CD20 (CD20Bi) or anti-CD3 × anti-Her2 (Her2Bi) bispecific antibodies
(CBaATCs) and tested for specific cytotoxicity, cytokine secretion, and alloresponsiveness.

RESULTS—Our results show the mean expansion of CBATCs to be 37-fold after 14 days of
culture from either frozen (n = 4) or fresh (n = 4) CB units. Cytotoxicity was optimal when
CBATCs were armed with 50 ng of CD20Bi/106 cells. Cytotoxicity peaked between Day 8 and
Day 10 for both bispecific antibodies. At an effector-to-target ratio of 25:1, the mean
cytotoxicities of CBATCs armed with Her2Bi or CD20Bi were 40% (n = 4) and 30% (n = 4),
respectively. CBaATCs exhibited peak specific interferon-γ enzyme-linked immunosorbent spots
on Day 10. CBATCs and CBaATCs suppressed responsiveness to alloantigens by 20% to 50%
when compared with normal allogeneic peripheral blood MNC response.

CONCLUSION—We showed that armed CBATCs mediate specific cytotoxicity, secrete low
levels of cytokines and chemokines, and demonstrate attenuated response to alloantigens.

Umbilical cord blood transplantation (CBT) has emerged as a viable option for patients with
hematologic and nonhematologic malignancies who do not have an HLA-matched sibling or
matched unrelated donor.1–4 The advantages of CBT include rapid access to a donor and a
greater tolerance for HLA-disparity due to the naivety of the newborn’s immune system.
Outcomes with CBT are comparable to transplant with bone marrow or peripheral blood
(PB) stem cells with an equal or lesser incidence of acute and chronic graft-versus-host
disease (GVHD).2 Unfortunately, CBT has been limited by a greater incidence in transplant-
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related mortality from opportunistic infections, primarily due to delays in neutrophil
engraftment and immune reconstitution.5,6 Thus, strategies to improve engraftment and
immune reconstitution, while decreasing relapse rates, may significantly improve outcomes
after CBT.

The number of total nucleated and CD34+ cells have been identified as the most critical
variables that predict engraftment and outcomes after CBT.7 To date, CBT has been
successfully employed in children, but its application has been limited in adults by
insufficient number of stem cells in a single cord blood (CB) unit.8 Strategies that have been
employed in an effort to circumvent the limitation of cell dose include the use of multiple
CB units and coinfusion of an ex vivo expanded CB unit.3,7 While transplantation with ex
vivo expanded CB cells has failed to enhance engraftment in clinical studies, both
preclinical and clinical studies have shown that the cotransplantation of two or more CB
units significantly improves the rate of engraftment over a single CB transplant when an
insufficient cell dose of hematopoietic stem cells (HSCs) is administered.3,7,9,10

Furthermore, patients receiving double-CB transplants have similar rates of acute and
chronic GVHD, transplant-related mortality, and disease-free and overall survival when
similar cell doses are compared between single- and double-CB transplants.11,12 These
findings support umbilical CB as a worthy stem cell source for allogeneic stem cell
transplant (alloSCT) and warrant further investigation into methods to optimize engraftment
and immune reconstitution.

Strategies that can boost immunity and outcomes after CBT include adoptive transfer of
activated T cells or tumor primed T cells.13 Even though CB contains significantly higher
absolute numbers of T, NK, and B lymphocytes than adult PB,14,15 CB T cells
fundamentally differ from “naive” adult T cells due to a relative Th2 bias with fewer CB T
cells expressing HLA-DR and CCR-5 activation markers.16 Moreover, a higher rate of CB T
cells progress through cell cycle and enter apoptosis compared with adult blood, indicating
high cell turnover.16 In vitro apoptosis of CB T lymphocytes can be prevented by cytokines
signaling through the common γ-chain cytokine receptor family including IL-2, IL-4, IL-7,
and IL-15.17–19 Circulating neonatal T cells express higher levels of the IL-7 receptor α-
chain (CD127) than adult naive T cells.19 IL-7 is involved in thymocyte development at a
stage preceding the T-cell receptor rearrangement.20 In contrast to IL-7, IL-15 induces the
differentiation of CD8 T lymphocytes in vitro.21 Studies by Szabolcs and colleagues13,22

have reported significantly enhanced T-cell expansion with IL-7, along with IL-2 and CD3/
CD28 costimulation. In addition, IL-7 promotes the preservation of a polyclonal T-cell
receptor repertoire and a surface phenotype that favors lymph node homing and lacks
alloreactivity while reducing the activation-induced cell death. Infusion of expanded CB T
cells may alleviate posttransplant lymphopenia and qualitative T-cell defects until immune
reconstitution is established.

In an earlier study,23 we showed that anti-CD3–activated murine splenocytes could enhance
survival in lethally irradiated (9 Gy) 6- to 8-week-old female BDF1 (C57BL6 × DBA, H2b/
H2d) mice after transplantation of syngeneic HSC-containing splenocytes. There was a
significant enhancement in overall survival after transplant in mice given dose-limiting
numbers of unmanipulated splenocytes. The infused anti-CD3–activated murine splenocyte
population consisted of 77.6% CD3+ cells. More recently, Hexner and coworkers24 showed
that T cells can enhance hematopoietic engraftment by stimulating stem-cell differentiation
in human xenografts in immunodeficient mice. Consistent with these findings, immune
reconstitution is significantly delayed in patients who receive T-cell-depleted alloSCT.
These studies strongly suggest that T cells play an important role in facilitating engraftment
and/or hematopoiesis.
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A graft-versus-leukemia (GVL) effect after alloSCT plays a major role in eradicating
residual disease after chemotherapy with both myeloablative and nonmyeloablative
conditioning regimens.25 Although GVHD provides the benefit of overlapping GVL effect,
it is restricted by its toxicity and high mortality rate. We hypothesize that CB anti-CD3–
activated T cells (CBATCs) can be expanded ex vivo, armed with bispecific antibodies
(BiAbs) and redirected to tumor targets while providing help for engraftment. In this study,
we show that CBATCs and CBATCs armed with anti-CD3 × anti-CD20 BiAb exhibit
significantly low alloreactivity and produce low levels of cytokines and chemokines yet
mediate effective target-specific killing.

MATERIALS AND METHODS
CB units

Fresh or cryopreserved CB units were obtained from the JP McCarthy Cord Blood Bank at
Karmanos Cancer Institute that were not qualified for banking according to the
preprocessing content of nucleated cell of less than 10 × 108. The cryopreserved CB units
were red blood cell depleted before cryopreservation and processed according to the
established CB banking procedure for clinical use.26,27 The protocols for obtaining CB or
PB from normal healthy donors for research use were approved by the Wayne State
University Human Investigation Committee. For fresh CB units, mononuclear cells (MNCs)
were separated by Ficoll-Hypaque density gradient centrifugation, washed 3× in RPMI 1640
(Lonza, Inc., Allendale, NJ), and reconstituted in RPMI 1640 supplemented with heat-
inactivated 10% fetal bovine serum (FBS; Valley Biomedical, Winchester, VA). The
cryopreserved CB units were thawed in a 37°C water bath, rapidly diluted in RPMI
containing 20% serum, washed, and reconstituted in RPMI 1640 containing 10% FBS
before use.

Production of anti-OKT3 × anti-CD20 and anti-OKT3 × anti-Her2 BiAbs
BiAbs were produced by chemical heteroconjugation of OKT3 (a murine IgG2a anti-CD3
monoclonal antibody, Ortho Biotech, Horsham, PA) and rituximab (a chimeric anti-CD20
IgG1, Genentech, Inc., San Francisco, CA) or trastuzumab (a humanized anti-Her2 IgG1,
Genentech, Inc.) as described previously.28 Before use, ATCs were armed using an optimal
concentration of BiAb (50 ng/106 ATC) for 30 minutes at room temperature with either anti-
CD3 × anti-CD20 (CD20Bi) or anti-CD3 × anti-Her2 (Her2Bi) BiAbs. After arming, the
armed ATCs (aATCs) were washed thrice to eliminate any unbound BiAb.

Expansion and generation of CBATCs
To establish the optimal dose of soluble anti-CD3 for activation, three CBMNCs were tested
for growth and expansion in 100 IU/mL IL-2 for 14 days. CBMNCs were tested for
activation with 5, 10, 20, 50, and 100 ng of OKT3/mL. Since our preliminary data show that
CD3+ T cells can be activated with 20 ng/mL OKT3, we expanded and activated T cells
from CBMNCs using 20 ng/mL OKT3 and 100 IU of IL-2 for 14 days at a concentration of
1 × 106 CBMNCs/mL in RPMI 1640 supplemented with 10% FBS and IL-2 every 2 to 3
days for all other experiments. CB T-cell expansion was determined for 4 frozen and 4 fresh
CB units over the course of 14-day cultures.

Cell lines
The human lymphoblastoid B-cell lines (Daudi, B9C, and Raji from ATCC, Norcross, GA)
and breast cancer cell line SK-BR-3 were maintained in RPMI 1640 (Lonza, Inc., Allendale,

Thakur et al. Page 3

Transfusion. Author manuscript; available in PMC 2013 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NJ) supplemented with 10% FBS (Lonza, Inc.), 2 mmol/L L-glutamine (Invitrogen,
Carlsbad, CA), 50 units/mL penicillin, and 50 mg/mL streptomycin (Invitrogen).

51Cr release cytotoxicity assay
Cytotoxicity directed at CD20+ targets (B9C, Raji and Daudi) or Her2/neu+ target (SK-
BR-3) were tested by arming ATC. ATC cultures were harvested from 5 to 6 CBMNC units
after 6, 8, 10, and 14 days of culture. CBATCs armed with 50 ng of CD20Bi/106 ATCs or
Her2Bi/106 ATCs were tested for cytotoxicity at various effector-to-target (E : T) ratios and
at specified time points to define the optimal time in culture for the development of specific
cytotoxicity.28,29

Enzyme-linked immunosorbent spots for interferon-γ–secreting T cells
Kinetics of interferon (IFN)-γ–producing CBATCs or CBATCs armed with CD20Bi were
detected by IFN-γ specific enzyme-linked immunosorbent spot (ELISpot) assay (BD
Biosciences, San Jose, CA) when stimulated with CD20+ target cells. ELISpots were
assessed after 18 hours of exposure to the stimulant cells at 10:1 E : T in ELISpot plates as
previously described.30 Briefly, 96-well plates (BD Biosciences) were coated with purified
anti-human IFN-γ (BD Biosciences). After being washed and blocked with RPMI 1640
supplemented 10% FBS, appropriate numbers of specific or nonspecific targets and effectors
were added to the plates and incubated overnight at 37°C. Plates were washed with
deionized water before washing with phosphate-buffered saline/0.05% Tween 20 followed
by incubation with IFN-γ–specific secondary antibody conjugated to horseradish peroxidase
(BD Biosciences). The assay was developed with 3-amino-9-ethylcarbazole as a
chromogenic substrate (BD Biosciences). Spots were captured and counted on a counter
using its accompanying software (CTL ImmunoSpot and ImmunoSpot software, Version 4,
Cellular Technology Ltd, Shaker Heights, OH).

Flow cytometry
Phenotyping was performed on CBMNCs on Day 0 or on Day 14 after expansion using
standard flow cytometry to determine the proportions of CD3+, CD4+, CD8+, CD25+,
CD56+, CD16+, CD45RA+, CD45RO+, CD19+, and CD20+ cells.

Mixed leukocyte cultures
Cultures were established in round-bottom 96-well plates. Responder peripheral blood
MNCs (PBMNCs; 5.0 × 104) were cultured with 1.0 × 105 irradiated (2500 rads) stimulator
PBMNCs in 200 mL RPMI 1640 supplemented with 10% autologous serum, 2 mmol/L L-
glutamine (Invitrogen), 50 units/mL penicillin, and 50 mg/mL streptomycin (Invitrogen) in
quadruplicate. On Day 5, cultures were pulsed with [3H]thymidine (2.0 mCi/well) for the
final 18 hours and [3H]thymidine incorporation was plotted as the mean counts per minute
of the 16 stimulator and responder combinations.

Measurement of cytokine secretion
Cytokines were measured in the supernatants of CBATCs unstimulated or stimulated with
target cells using a 25-plex human cytokine by Luminex array (Invitrogen) and a Bio-Plex
system (Bio-Rad Lab., Hercules, CA). The multiplex panel includes IL-1β, IL-1 receptor
antagonist, IL-2, IL-2R, IL-4, IL-5, IL-6, IL-7, IL-8, IL-13, IL-17, tumor necrosis factor
(TNF-α), IFN-α, IFN-γ, granulocyte-macrophage–colony-stimulating factor (GM-CSF),
macrophage inhibitory protein (MIP)-1α, MIP-1β, IFN-inducible protein (IP)-10, MIG,
eotaxin, RANTES, and monocyte chemotactic protein 1. The limit of detection for these
assays is less than 10 pg/mL, based on a detectable signal of more than twofold above
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background (Bio-Rad). Cytokine concentration was automatically calculated from a
standard curve by the computer software (BioPlex Manager, Bio-Rad).

Statistical analyses
All statistical analyses were performed using computer software (GraphPad Prism, Version
7.00 for Windows, GraphPad Software, San Diego, CA). Results from cytotoxicity assays,
ELISpot assays, and mixed lymphocyte response were analyzed using two-way analysis of
variance or t test.

RESULTS
Expansion and generation of CBATCs

CBMNCs were activated with 20 ng/mL OKT3 and consistently expanded up to 40-fold in
IL-2 for up to 14 days in culture from cryopreserved CB units (n = 4), as shown in Fig. 1A.
These results show that cryopreserved T cells in the umbilical cord can be consistently
expanded under the same conditions used to expand ATCs from PBMNCs.28–30 Therefore,
cryopreserved CB can potentially be used to enhance engraftment and provide a GVL effect.
Similar to frozen CB units, fresh CB units activated with 20 ng/mL OKT3 expanded 20- to
50-fold in IL-2 (Fig. 1B).

Phenotyping of CB before and after culture
To determine the phenotype of CBATCs, CBMNCs from 2 CB units and PBMNCs from a
normal donor were activated with OKT3 and expanded in IL-2 for 13 to 14 days in culture
and phenotyped for T-cell, B-cell, and NK-cell populations on Days 0 and 14 by flow
cytometry. Figure 1C (top) shows the expansion of CD3+ cells and a marked increase in the
proportion of CD8+ cells with a smaller proportion of CD4+ T cells. All CB-expanded
CD4+ T cells showed positive staining for CD25+. We then tested whether expression of
CD25 on T cells is due to the IL-2–mediated expansion or if there is a development of
CD4+CD25+ T regulatory cells (Tregs). Surprisingly, a higher percentage of T regulatory
cells (Tregs, CD4+CD25int/high-CD127low) were present in CBMNC-expanded ATCs
ranging from 6% to 17% compared to approximately 2.5% to 5% in PBMNC-expanded
ATCs. As expected, CB T cells were of naive phenotype (CD4+/CD45RA+ or CD8+/
CD45RA+) on Day 0 compared to PBMNCs, which expressed higher (CD4+/CD45RO+ or
CD8+/CD45RO+) memory phenotype compared to naive (CD4+/CD45RA+ or CD8+/
CD45RA+) phenotype. After activation and expansion on Day 14, the majority of CB T
cells were of memory phenotype (CD4+/CD45RO+ or CD8+/CD45RO+), which was
comparable to PB ATCs (Fig. 1C, middle). The numbers of CD56+ NK cells also increased
by twofold during the culture (Fig. 1C, bottom).

Cytotoxicity with CBATCs armed with Her2Bi is reproducible
CB units were thawed, activated, and expanded for 14 days to produce CBATCs, armed
with Her 2 Bidoses ranging from 5 to 500 ng/106 cells, and tested at the indicated E : T ratio
for cytotoxicity directed at SK-BR-3 cells (n = 8). Since arming doses of 50 ng and 500 ng/
106 cells showed similar cytotoxicity, we chose the 50-ng dose for all subsequent
experiments. Her2Bi-armed ATCs derived from four randomly chosen frozen CBATC and
four fresh CBATC samples were highly cytotoxic to SK-BR-3 ranging from 15% on Day 8,
40% on Day 10 (p < 0.009), and 35% on Day 14 (p < 0.0007) at an E : T of 25:1. These
results show that cryopreserved CB units can be consistently expanded ex vivo and armed
with BiAbs to mediate tumor-specific killing (Fig. 2).
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Development of CD20Bi-armed specific cytotoxicity
Similar to arming studies using Her2Bi, ATCs were armed with CD20Bi doses ranging from
0 to 500 ng/million ATCs and tested against Daudi cells at E : T ratios of 25:1 and 10:1. At
an E : T of 25:1, ATCs armed with doses of 50 ng and 500 ng/million exhibited comparable
cytotoxicity. Next, we defined the development of specific cytotoxicity in three different
CD20+ cell lines (Raji, Daudi, and B9C) by testing CBATCs harvested on Days 8, 10, and
14, and armed with CD20Bi at 50 ng/106 ATC (Fig. 3). Cytotoxicity of CBATCs armed
with CD20Bi was significantly elevated (30%; p < 0.0034) on Day 10 for Daudi cells, Days
8 to 10 for Raji cells (30%; p < 0.001), and approximately 30% for B9C cells on Day 8 (p <
0.003).

Defining the time course and specificity of armed CBATC cytotoxicity using IFN-γ
ELISpots

By using ELISpots as a surrogate marker of cytotoxic T cells and helper T cells that secrete
IFN-γ, the number of T cells secreting IFN-γ can be enumerated. CBATCs armed with
CD20Bi and unarmed ATCs were stimulated by coculture with the indicated target cells at
10:1 E : T ratio for 18 hours before ELISpot detection. CD20-armed CBATC results in a
specific increase in IFN-γ ELISpots when stimulated with CD20+ targets (Daudi and B9C)
on Day 10. The IFN-γ–producing cells declined by Day 14. These data show specificity of
the CD20Bi-armed CBATCs and that responses peaked on Day 10 (Fig. 4).

CBMNCs and CBATCs are nonresponsive to alloantigens in mixed leukocyte culture
assays

To determine the magnitudes of allogeneic responses, CBMNCs, CBATCs, and CD20Bi or
Her2Bi armed CBATCs (CBaATCs) from six different normal donors were stimulated with
irradiated (2500 rads) unrelated PBMNCs. As expected PBMNCs or CBMNCs did not
respond to irradiated autologous PBMNCs or CBMNCs, respectively (Fig. 5, top). The
allogeneic PBMNCs (mixed leukocyte culture [MLC] positive control) responded
vigorously whereby PBMNCs of individual A are responding to irradiated PBMNCs of
individual B. All of the data have been normalized to 100 = the allogeneic control
(allocontrol) (A × B*) and presented as percent allocontrol. The mean percent response of
CB to alloantigen was less than 50% (p < 0.001) of the allocontrol (Fig. 5A). Next, we tested
whether CBATCs added to the allocontrol (A × B*) would suppress a third-party MLC. The
mean alloresponsiveness of CBaATCs and CBATCs to alloantigen was approximately 50%
(p < 0.001) and less than 75% (p < 0.001) of the allocontrol, respectively. Adding allo-
CBATCs or -CBaATCs from the same CB or second CB in the MLC did not result in
enhanced alloreactivity in the presence of ATCs (Fig. 5B). In 16 allostimulation
combinations, CB, CBATCs, and CBaATCs were statistically less responsive than allo-PB
control (p < 0.001). These data show that CBATCs and CBaATCs are hyporesponsive to
alloantigens when compared with normal allo-PBMNCs.

Cytokine profile of CBATCs and CBaATCs
Next, we tested whether reduced alloreactivity of CBATCs or CBaATCs is due to reduced
ability of CBATCs and CBaATCs to produce cytokines and chemokines. Culture
supernatants of CBATCs or CBaATCs with or without allo-stimulation were tested for
cytokines and chemokines using multiplex cytokine array (n = 3). Both stimulated and
unstimulated CBATCs and CBaATCs produced reduced levels of Th1 and Th2 cytokines,
chemokines, and inflammatorycy tokines compared to PBATCs or PBaATCs. The only
cytokine that showed higher levels compared to the unstimulated CBATCs or CBaATCs
was IL-2 with comparable levels in both CBATCs and CBaATCs in the presence of Daudi
cells (Table 1).
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DISCUSSION
In this study, we investigated: 1) the expansion of T cells from fresh and frozen CB units; 2)
the functional ability of CBATCs or CBaATCs to mediate BiAb-redirected cytotoxicity after
expansion and the development of BiAb-mediated cytotoxicity in CBaATCs directed at
breast and lymphoma targets; 3) the phenotype of CBATCs after expansion; 4) the ability of
CBATCs and CBaATCs to mount or suppress an alloresponse in MLCs; and 5) the pattern
of cytokine and chemokine secretion after CBATCs and CBaATCs engage tumor targets.
Dose titrations show that the optimal arming dose is approximately 50 ng for each BiAb/106

CBATCs. Specific cytotoxicity as measured by 51Cr release assays or by IFN-γ ELISpots
responses peaked between 6 and 10 days for Her2Bi- and CD20Bi-armed ATCs,
respectively. These studies show that functional and cytotoxic T cells can be generated from
fresh or frozen CB and may be used to target tumor cells in vivo. Studies by others also
support the feasibility to expand various cell populations from CB. Previous studies have
reported that T, NK, and CD34+ cells could be expanded from CB.31,32 Kobari and
colleagues33 showed that the ex vivo expansion of CB CD34+ cells did not alter the capacity
to generate functional T lymphocytes or dendritic cells. Recently, IL-7 has been reported to
enhance CB T-cell expansion significantly, in combination with IL-2 and CD3/CD28
costimulation. Furthermore, tumor-specific cytotoxic T cells could be generated by priming
the expanded T cells against lymphoid and myeloid leukemia cells.34 CB T cells have also
been expanded and engineered with chimeric receptors targeting CD19 to improve the
antitumor properties. Serrano and colleagues35 demonstrated that CB T cells could be
genetically modified to express a chimeric CD19 receptor that targets and kills CD19+
tumor targets in vitro and reduced the size of CD19+ tumors in vivo in NOD/SCID mice.
Similarly, CB T cells can be redirected to kill leukemia and lymphoma cells by engineering
with a single-chain chimeric antigen receptor for CD19 containing an intracellular domain
of the CD3ζ chain with 4-1BB and intracellular domain of CD28.36 The study by Tammana
and coworkers36 showed a synergistic role of 4-1BB and CD28 costimulation in engineered
antileukemia CB effector cells. Our data show that CBATCs can be produced by anti-CD3
stimulation and expanded in IL-2 using the previously described methods28 and that
CBATCs are functionally comparable with PBATCs.

Consistent with another study,37 our data show that T cells in CB are predominantly of naive
phenotype (CD45RA+) with extremely low numbers of CD45RO+ memory phenotype
when compared with adult PBT cells. CB T cells after activation (anti-CD3) and expansion
(IL-2) showed a completely reversed pattern. CBATCs were predominantly CD45RO+
memory phenotype. Activated and expanded CBATCs (Day 14) were more than 90%
positive for CD3+ T cells with the majority being CD8+ T cells, similar to PBATCs.
Interestingly, the Treg population (CD4+CD25int/highCD127low) was higher in CBATCs (6
and 17%) as compared to PBATCs (2%) on Day 14.Treg cells play a central role in
immunoregulation and have been shown to prevent transplant rejection and also prevent
GVHD by suppressing allogeneic immune responses.38 It is likely that a higher percentage
of Tregs in CB may be responsible for depressed alloresponses. Other studies support that
CD25+ regulatory T cells inhibit the proliferation of CD4 and CD8 T lymphocytes and
thereby may control allogeneic immune responses.39

Next, we tested the activity of human CBMNCs, CBATCs, or CBATCs armed with CD20Bi
in 6-day MLCs (Fig. 5) along with fresh PBMNCs with fresh irradiated allogeneic
PBMNCs. The data clearly show that despite a brisk allogeneic response between the
PBMNCs of different donors, neither CBATCs nor CBaATCs exhibited any significant
activity against allogeneic stimulators. This in vitro data demonstrate that CBATCs or
CBaATCs are poor responders to allostimulation. The finding that CBaATCs do not
proliferate in response to alloantigens in MLC reactions suggests that CBATCs or
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CBaATCs could facilitate engraftment and GVL without augmenting GVHD. Similarly,
other studies show that human T cells or T cells activated with anti-CD3 and IL-2 can
inhibit the generation of alloresponsiveness.24,40,41 More recently, limited Th1 maturation
with low expression levels of 4-1BB/CD137, CD40L, and perforin during expansion have
also been correlated with low alloreactivity.13,22 Our previous study in murine model shows
that unfractionated murine ATC enhances engraftment when the number of stem cells are
dose limiting, supporting the premise that CBATCs enhance engraftment.23 The MLC data
strongly support the fact that CBaATCs derived from a second CB unit can help the primary
CB unit engraft since there is little alloreactivity in whole CB, CBATCs, or armed CBATCs.

CBATCs or CBaATCs (either unstimulated or stimulated with Daudi cells) produce lower
levels of both Th1 and Th2 cytokines and chemokines, which is in agreement with previous
studies in purified T cells or expanded T cells from CB.37,42,43 Donor T cells that are
activated by recipient alloantigen produce Th1-type cytokines and chemokines, which can
recruit and activate other effector cells, thus amplify the alloreactivity resulting in tissue
damage. Cytokines that are directly implicated in tissue damage during GVHD include
TNF-α and IFN-γ.44–49 Levels of these cytokines are significantly increased in allogeneic
recipients during GVHD reactions.46–49 Reduced incidence of GVHD and reduced severity
after CB transplantation, despite greater MHC disparity, are likely to be due to lower
expression of Th1 cytokines production in an alloreaction. Suen and coworkers50 also
reported that the impaired ability of CB to produce IL-12 and IL-15 in response to
stimulation may contribute to the decrease in IFN-γ, TNF-α production, and NK and LAK
activities. The transcription of many cytokine genes is regulated by nuclear factor of
activated T cells c2 (NFATc2), a member of the NFAT family.43,51 Kaminski and
colleagues43 showed that reduced expression of cytokines in CB T cells was associated with
the decreased expression of a transcription factor NFATc2. Low levels of Th1 and Th2
cytokine expression may also be attributed due to the reduced expression of Th1- and Th2-
associated transcription factors STAT4 and T-bet in umbilical CB.52,53

In spite of low levels of cytokine production, functional responses of CBATCs were not
compromised. Our data show that CBATCs derived from CB units exhibit specific
cytotoxicity directed toward CD20+ and Her2/neu+ targets in vitro when armed with
CD20Bi and Her2Bi, respectively. This finding is consistent with our preclinical studies
using human PB. We have previously expanded autologous PB ATCs ex vivo and armed
them with Her2Bi or CD20Bi for preclinical and Phase I and II trials28–30,54–56 and showed
that Her2Bi- and/or CD20Bi-armed ATCs 1) specifically kill targeted cell lines via a
perforin-mediated pathway, 2) can be safely administered to patients after chemotherapy
and/or autologous stem cell transplant, and 3) induce specific CTL activity against tumor
cell lines in patient PBMNCs. These data from our Phase I clinical trials involving aATC
infusions directed at Her2/neu in metastatic breast cancer patients and directed at CD20 in
non-Hodgkin’s lymphoma patients after autologous stem cell transplant suggest that armed
CBATCs may be clinically useful.

In summary, our data show that CBATCs can be expanded ex vivo and armed with CD20Bi
or Her2Bi to exhibit antigen-specific cytotoxicity toward CD20+ and Her2/neu+ tumor
targets, respectively, and that CBATCs or CBaATCs do not proliferate in response to
alloantigens. The attenuated response of CBATCs or CBaATCs to alloantigens and their
ability to suppress MLCs may translate into reduced GVHD, while CBaATCs redirected to
solid tumors or hematologic malignancies by BiAbs may enhance graft-versus-tumor effect
after CB stem cell transplant; these warrant further investigations.
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Fig. 1.
Fold expansion of anti-CD3-activated CB. (A) Four frozen CBMNC units were activated
with 20 ng/106 OKT3 and expanded in 100IUIL-2/106 cells consistently expanded 30- to
40-fold in 14 days. (●) CB1; (■) CB2; (▲) CB3; (▼) CB4. (B) Twenty- to 60-fold
expansion of 4 fresh CBMNC units in 14 days. (●) CB1; (■) CB2; (▲) CB3; (▼) CB4. (C,
top) Two CB units and 1 PB unit were pheno-typed by flow cytometry before and after anti-
CD3 activation by OKT3 and expansion in IL-2 for 13 days of culture. Results are
representative of two separate experiments. PB and 2 CBMNC units or activated and
expanded T cells on Day 14 were stained for total CD3+ cells, CD3/CD4+ CD3/CD8+, and
CD4+/CD25hi/CD127lo T cells and analyzed by flow cytometry. CBMNCs showed
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decreased proportions of CD3+, CD4+, and CD8+T cells compared to PBMNCs. Day 14
CB ATCs contained higher proportions of CD4+ CD25hi/CD127lo cells compared to PB
ATC. (C, middle) Staining for CD4+ or CD8+/CD45RO+ and CD4+ or CD8+/CD45RA+T
cells showed extremely low proportions of memory phenotype CD4+ or CD8+/CD45RO+
in CBMNCs compared with PBMNCs but activated and expanded T cells showed similar
proportions of CD4+ or CD8+/CD45RO+T cells. (C, bottom) NK-cell population in
PBMNCs or CBMNCs and activated expanded T cells on Day 14. On Day 14, CBATCs
showed a decreased proportion of CD16+ cells compared to PBATCs.

Thakur et al. Page 14

Transfusion. Author manuscript; available in PMC 2013 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Time course of the development of Her2Bi cytotoxicity directed at SK-BR-3. (A) ATCs
were armed with 0, 5, 50, and 500 ng/106 cells with Her2Bi. 51Cr release assay was
performed to determine cytotoxicity against SK-BR-3 target cells at different arming doses
(●, 0 ng/mL; ■, 5 ng/mL; ▲ 50 ng/mL; ▼ 500 ng/mL) and E : T ratios. (B-D) CBATCs
were harvested on the indicated days and armed with 50 ng/106 Her2Bi and tested for
specific cytotoxicity against SK-BR-3 by 51Cr release assay. (●) ATCs; (■) Her2Bi ATCs;
(▲) CD20Bi ATCs.
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Fig. 3.
Time course of the development of CD20Bi cytotoxicity directed at Daudi, Raji, and B9C
targets. (A) CD20Bi dose titration studies were performed with CB ATCs armed with 0, 5,
50, and 500 ng/106 cells. 51Cr-labeled targets (1 × 104 cells/round-bottomed microwell)
were tested at the indicated E : T ratios (●, 10:1; ■, 25:1). (B-D) Specific cytotoxicity
profiles of CD20Bi-armed ATCs harvested at 8, 10, and 14 days and armed with 50 ng
CD20Bi/106 CB ATCs were evaluated against Daudi, Raji, and B9C targets. (●) ATCs; (■)
aATCs. Results are expressed as mean (±SD) cytotoxicity for the indicated time point (n =
8).
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Fig. 4.
Time course to determine for IFN-γ ELISpots in CD20Bi- (♦) or Her2Bi- (●) armed ATCs
or unarmed ATCs stimulated with CD20+ Daudi cells (▲) and Her2/neu + SK-BR-3 cells
(■). ELISpots were developed after exposing CBATCs or CD20Bi-armed CBATCs to
Daudi and Her2Bi-armed CBATCs to SK-BR-3 targets at indicated time points (n = 4). Data
are expressed as IFN-γ ELISpots per 106 cells.
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Fig. 5.
(A) CBMNCs suppress MLC responses to alloantigens. The proliferative responses of
50,000 responders cocultured with 100,000 irradiated (2500 rad) stimulators were measured
by 3H thymidine incorporation assay after 6 days of culture. The allocontrol was normalized
to 100%, where PBMNCs of individual A are responding to irradiated PBMNCs of
individual B (A × B*), and all data are presented as % allocontrol. Response of CB to
alloantigen was less than 50% of the allo-control. (B) Armed or unarmed CB ATCs derived
from 14-day cultures were added to MLCs. The proliferative index of responders (CB) to
irradiated stimulator cells (*PB) showed attenuated responsiveness to alloantigens.
Similarly, response of CBaATCs to alloantigens was 50% less than the allocontrol (A =
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PBMCs from individual A; B = PBMCs from individual B; CB1 = cord blood #1; CB2=cord
blood #2; CB1 ATC =ATCs from cord blood #1, CB2 ATC = ATCs from cord blood #2.)
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TABLE 1

Cytokine profile of CBATCs and CBATCs armed with CD20Bi alone (unstimulated) or stimulated with Daudi
cells (CBATC + Daudi or CBaATC +Daudi) in culture supernatant*

Fold change

Th1 cytokines CBATCs + Daudi CBaATCs + Daudi CBATCs CBaATCs

GM-CSF −7.1 −20.9 −4.8 −4.4

IFN-γ −6.9 −37.9 −5.6 −5.2

IL-2 −2.4 −1.0 −15.2 −13.3

Th2 cytokine

  IL-13 −4.5 −18.7 −6.0 −3.0

  IL-5 −6.0 −2.3 −5.1 −7.4

  IL-4 −4.3 −4.5 −4.0 −5.5

  IL-10 −11.4 −98.1 −8.3 −15.0

Chemokines

  CCL3/MIP-1α −17.5 −290.9 −3.4 −11.3

  CCL4/MIP-1β −24.7 −220.9 −4.8 −13.8

  CCL2/MCP-1 −6.9 −4.6 −14.2 −9.6

  CCL5/RANTES −8.3 −18.4 −3.6 −8.2

  CXCL9/MIG −3.2 −3.1 −4.6 −12.8

  CXCL10/IP-10 −1.8 −2.5 −4.8 −5.2

Inflammatory cytokines

  IFN-α −4.0 −4.3 −4.6 −2.8

  IL-6 −7.5 −5.1 −6.0 −7.1

  TNF-α −4.7 −22.3 −2.9 −4.0

*
Negative number (−) indicates lower production in CBATCs or CBaATCs compared to PBATCs or PBaATCs.

IP-10 = IFN-inducible protein 10; MCP-1 = monocyte chemotactic protein 1.
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