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Key Points

• CB T cells mediate enhanced
antitumor responses compared
with PB T cells in a murine
model of B-cell lymphoma.

• The antitumor activity
correlates with increased
tumor-homing of CCR7high CB
CD81 T cells and rapid gain of
cytotoxic and Th1 function.

Unrelated cord blood transplantation (CBT) without in vivo T-cell depletion is increasingly

used to treat high-riskhematologicmalignancies. FollowingT-repleteCBT,naı̈veCBTcells

undergo rapid peripheral expansion with memory-effector differentiation. Emerging data

suggest that unrelated CBT, particularly in the context of HLA mismatch and a T-replete

graft,may reduce leukemic relapse.Tostudy the roleofCBTcells inmediatinggraft-versus-

tumor responses and dissect the underlying immune mechanisms for this, we compared

the ability of HLA-mismatched CB and adult peripheral blood (PB) T cells to eliminate

Epstein-Barr virus (EBV)-driven human B-cell lymphoma in a xenogeneic NOD/SCID/

IL2rgnullmousemodel. CBTcellsmediated enhanced tumor rejection comparedwith equal

numbersofPBTcells, leading to improvedsurvival in theCBgroup (P< .0003).Comparison

of CB T cells that were autologous vs allogeneic to the lymphoma demonstrated that this

antitumor effect was mediated by alloreactive rather than EBV-specific T cells. Analysis

of tumor-infiltrating lymphocytes demonstrated that CB T cells mediated this enhanced

antitumor effect by rapid infiltration of the tumor with CCR71CD81 T cells and prompt induction of cytotoxic CD81 and CD41 T-helper

(Th1) T cells in the tumor microenvironment. In contrast, in the PB group, this antilymphoma effect is impaired because of delayed

tumoral infiltration of PB T cells and a relative bias toward suppressive Th2 and T-regulatory cells. Our data suggest that, despite being

naturally programmed toward tolerance, reconstituting T cells after unrelated T-replete CBT may provide superior Tc1-Th1 antitumor

effects against high-risk hematologic malignancies. (Blood. 2015;126(26):2882-2891)

Introduction

Unrelated cord blood transplantation (CBT) appears to be more
permissive of an HLA mismatch between the recipient and donor,
with a lower risk of graft-versus-host disease (GVHD) for a given
degree of mismatch compared with hematopoietic cell transplanta-
tion from adult donors.1,2 This is likely to reflect the fact that,
comparedwith naı̈ve adult T cells, CBT cells are T-helper (Th)2-Tc2
biased with reduced inducible expression of Th1-Tc1 cytokines,
such as interferon g (IFN-g).3,4 In addition, the fetal immune system
is believed to induce immune tolerance after exposure to foreign
antigens.5,6 In vivo T-cell depletion leads to delayed T-cell re-
constitution after CBT, resulting in a high morbidity and mortality
from infection.7-10 We showed that omission of serotherapy leads
to enhanced thymus-independent T-cell expansion of donor CB
T cells.11 This enhanced T-cell reconstitution after CBT is CD41

T-cell biased, a pattern not observed after transplantation using a
bone marrow or peripheral blood (PB) stem cell graft, and, intrigu-
ingly, occurs despite 1 log lower T cells in the CB graft compared

with the bone marrow graft. Furthermore, these rapidly expanding
naı̈ve CB T cells differentiate into viral-specific T lymphocytes
within 2months, leading to rapid clearance of viral infections such as
cytomegalovirus and adenovirus.11 These observations suggest that,
despite an intrinsic bias toward anti-inflammatory Th2-Tc2 immune
responses, naive CB T cells can rapidly proliferate and differentiate
into antigen-specific T lymphocytes.

In viewof clinical data suggesting thatCBTappears associatedwith
a significantly lower risk of leukemic relapse, particularly after HLA-
mismatched12 and T-cell replete CBT,13-16 we questioned whether the
rapidly expanding T-cell compartment after CBT also accounts for
enhanced graft-versus-leukemia (GVL) effects. To determine whether
CBT cells canmediate potent antitumor effects in vivo and to elucidate
the mechanism for this, we compared the ability of HLA-mismatched
CBTcells vs adult PBTcells to reject Epstein-Barr virus (EBV)-driven
B-cell lymphoma in a xenograft tumor model in the immunodeficient
mouse strain NOD/SCID/IL2rgnull (NSG). We demonstrate that CB
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T cells mediate curative and enhanced antitumor responses compared
with PB T cells.

Methods

Generation of EBV-driven B-cell lymphoma cell lines

A total of 5 3 106 freshly isolated mononuclear cells from healthy CB or PB
donors were cultured with an EBV supernatant produced from the B95-8 cell
line in the presence of 1 mg/mL cyclosporin A to inhibit EBV-specific T-cell
responses as previously described.17 B-cell lymphoma cell lines (LCLs) were
transducedwith an SFG retroviral vector encoding green shiftedfirefly luciferase
(F-Luc) and cultured in RPMI medium with 10% fetal calf serum 1 1%
penicillin/streptomycin (RF10). Expression of F-Luc allows for noninvasive
monitoring of xenografted tumors in mice by luminescent imaging in vivo.

T-cell selection

Mononuclear cells were separated from CB and PB using Ficoll-Paque PLUS.
Negatively selected CD31 T cells were isolated using Milteyni Pan T-cell
Isolation Kit, human (130-096-535) and counted using a Sysmex XE-5000
automated hematology system. The purity of negatively selected T cells was
.94% (supplemental Table 2 available on the BloodWeb site).

Xenograft model and tumor imaging

NSG mice were obtained from the Jackson Laboratory and raised under
pathogen-free conditions. All animal studies were approved by the University
College London Biological Services Ethical Review Committee and licensed
under the Animals (Scientific Procedures) Act 1986 (Home Office, London,
UK). In primary murine modeling experiments performed to study the dif-
ferential GVL effect between CB and PB T cells, mice were inoculated with
53 106 F-Luc expressing EBV LCLs subcutaneously on the nape of the neck
on day –2. To evaluate the antitumor activity, 5 3 106 comparably HLA-
mismatched CB or PB CD31 T cells were injected intravenously (by tail vein
injection) after 2 days on day 10 (supplemental Figure 1). HLA typing was
performed for A, B, C, DRB1, andDQB1 antigens. In the first experiment, 10 of
10, and in the second experiment, 7 of 10, HLA antigens were mismatched
between CB T cells vs LCLs and PB T cells vs LCLs (supplemental Table 1).
Tumor growth was evaluated using the in vivo imaging system (Xenogen;
Caliper Life Sciences, Hopkinton, MA). Animals were imaged on day110,
120,125,130, and135. Photon emission from FLuc1 LCLs expressed in
photon per second per cm2 per steradian (p/s/cm2/sr) was quantified using
Living Image software (Xenogen) as previously described.18 In addition to
monitoring the tumor bioluminescence, 2-dimensional caliper measurements
of the tumorwere performed, and tumor volumewas derived using the following
formula: tumor volume5 1/23 (length3width2). Mice were euthanized if the
tumor growth exceeded the permitted threshold of 10 mm.

Secondary murine modeling experiments to study the mechanisms of the
GVL effect between CB and PB T cells are shown in a schematic diagram in
supplemental Figure 1.

Tumor-infiltrating lymphocytes

Tumors were minced and incubated in RF10 medium with 0.1 mg/mL
collagenase A (Roche) and 60U/mLDNase I (Sigma-Aldrich) for 30minutes
at 37°C. Tumors were then homogenized and filtered through a nylon filter
(70 mm), and the lymphocytes were isolated in RF-10. Tumor-
infiltrating lymphocytes (TILs) were studied for (1) IFN-g, tumor necrosis
factor (TNF)-a, and interleukin (IL)-4 responses; (2) perforin expression; and
(3) naı̈vememory effector differentiation and FoxP3 staining,19 as detailed in the
supplemental Methods.

Histology

Immunohistochemical mouse anti-human CD3 staining of tumor sections was
performed to study the extent of T-cell infiltration. Using Image J, 10 RGB

images of 403magnification for each tumor slide were converted to black and
white mask output using a calibrated threshold for each stack of images, and
averagedensity ofTcells per squaremillimeter of tumorwas calculated as shown
in supplemental Figure 2.20

Statistics

Statistical analysis was done usingGraphPad Prism software. Tumor volumes of
either photons/s/cm2/sr or mm3 are expressed as mean and standard error of
mean.A two-tailedStudent t testwas performed for comparisons of experimental
groups. A log-rank (Mantel-Cox) test was used to compare survival between
different groups of mice.

Results

CB T cells mediate enhanced antitumor effects compared with

PB T cells

We initially compared the antitumor effects of equivalent doses of
T cells derived fromcomparablyHLA-mismatchedCBvsPB in aNSG
mouse model of EBV-driven B-cell lymphoma. In 2 consecutive ex-
periments where mice were treated with 5 3 106 allogeneic T cells
derived from different donors 2 days after inoculation with 5 3 106

tumor cells, we observed that control mice receiving B-cell lymphoma
without T cells (n5 6) and mice receiving B-cell lymphoma followed
by PBT cells (n5 10) exhibited tumor growth exceeding the threshold
limit of 10mmbetween 20 and 22 days following tumor inoculation, so
that thesemice had to be euthanized. In contrast, 9 of 10mice receiving
the same dose of CB T cells showed slower tumor growth followed by
complete tumor regression (Figure 1A). Thesefindingswere confirmed
by measuring tumor bioluminescence in photons/s/cm2/sr using a
Xenogen-IVIS imaging system. The mean tumor bioluminescence
of the CB group on day 120 was significantly lower than that of the
PB and control group (9.656 2.653 109 vs 3.836 1.083 1010 and
3.04 6 0.84 3 1010, respectively; P , .01; Figure 1B). These IVIS
findingsweremirroredbycaliper-measured tumorvolumes.Onday120,
the mean tumor volume in the CB group was 204 mm3 (Figure 1C),
which was significantly lower than the mean tumor volume of the PB
(814 mm3) and control (812 mm3) group (P, .01).

Surviving mice in the CB group were monitored for 60 days after
T-cell injection without recurrence of tumor or xenogeneic GVHD.
This resulted in significantly improved survival in the CB group com-
pared with the PB group (P, .0003; Figure 1D). In addition to these
primary in vivo imaging experiments, the superior antitumor effect of
CB T cells was also observed in 2 additional functional experiments
with different CB and PBT-cell donors, where tumor volumeswere
measured using a caliper (supplemental Figure 3). This observation
suggests that CBT cells canmediate potent and enhanced graft-versus-
tumor effects compared with PB T cells in this model.

CB T cells are not xenoreactive, whereas PB T-cell antitumor

effects correlate with xenoreactivity

It is well established that human PB T cells can mediate
xenoreactivity.21-23 We next compared the xenoreactive capacity of
53 106 CB vs PB T cells in tumor-free NSG mice. In mice receiving
PB T cells, we observed the onset of xenoreactivity 3 weeks following
T-cell injection: all mice developed ruffled fur, lethargy, and weight
loss 3 weeks after T-cell injections (supplemental Figure 4A). In
contrast, mice receiving CB T cells did not develop any symptoms of
xenoreactivity, despite the presence of circulating human T cells up
to 60 days after injection. Xenogeneic GVHD in the PB T-cell group
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was confirmed histologically in the liver and skin with T-cell infil-
tration, distortion of normal architecture, and apoptotic changes around
the bile ducts and in the intradermal region, but this was not seen in CB
T-cell recipients (supplemental Figure 4B).

Tomodel the antitumor effects of PBT cells and how this correlates
with xenoreactivity,we performed a similar tumormodeling experiment
with a lower burden of B-cell lymphoma. We injected 2.53 106 LCLs
subcutaneously on day –2, followed by the tail vein injection of 53 106

PB T cells in the treatment but not the control group. We observed that
the control mice had tumor growth .10 mm on day 127 after tumor
inoculation, requiring thesemice to be euthanized. Inmice receiving PB
T cells, tumors grew for the first 3 weeks with no significant difference
in mean tumor bioluminescence between the tumors in the control and
PB T-cell groups (3.896 2.153 108 vs 5.696 1.69 3 108; P5 not
significant) but subsequently started regressing. This tumor regression
correlated with the onset of signs of xenoreactivity such as ruffled fur,
lethargy, and weight loss (supplemental Figure 5A-B).

Thus, the antitumor effect of CB T cells appears independent of
xenoreactivity. PB T cells can also mediate an antitumor effect in this
model, but thiswas attenuated comparedwithCBTcells and correlated
with xenoreactivity.

Antitumor effects of CB T cells are mediated

through alloreactivity

Because the B-cell lymphoma used in this model is an EBV-driven
tumor expressing viral antigens,24,25 we next determined whether the

tumor regression observed in theCBgroupwas due to an antiviral or an
alloreactive effect. To model this, we compared the ability of 53 106

autologous and allogeneic CB T cells to reject LCL tumors. We
observed that control mice receiving LCLs without T cells (n5 3) and
mice receiving LCLs followed by autologous CB T cells (n5 5) had
tumor growth exceeding the threshold limit of 10mmon day122 after
tumor inoculation and were therefore euthanized. In contrast, mice
injectedwith LCLs and allogeneicCBT cells (n5 5) had slower tumor
growth followed by complete tumor regression. On day 122, the
autologous CB T-cell group had a mean tumor volume (mm3) and
mean tumor bioluminescence (photons/s/cm2/sr) of 1223 6 72 and
1.326 0.253 1011, respectively. In contrast to these large tumors, the
mean tumor volume (mm3) andmean tumor bioluminescence (photons/
s/cm2/sr) in the allogeneic CB T-cell group were significantly lower:
12 6 6 and 1.80 6 1.09 3 109, respectively (P , .01; Figure 2A-C).
These results indicate that the tumor regressionobservedwithCBTcells
appears to be mediated through an alloreactive rather than an EBV-
specific T-cell response.

Enhanced recruitment of CB T cells to the tumor may mediate

a more potent antitumor effect

To study the immunologic basis of this differential antitumor effect
following the injection of CB and PB T cells, we first studied the
differences in the recruitment of TILs. In a separate allogeneic LCL
tumor experiment, mice receiving CB (n5 5) and PB (n5 5) T cells

Figure 1. Cord blood T cells mediate enhanced antitumor effects compared with peripheral blood T cells. (A) Representative experiment illustrates slower tumor

growth followed by rapid rejection of B-cell lymphoma in mice receiving allogeneic CB T cells compared with mice receiving allogeneic PB T cells and control mice. All images

are shown on 1 scale (range, 1.00e8-1.00e9 photons/s/cm2/sr). Tumor size in control mice and those receiving PB T cells exceeded threshold of 10 mm, and hence these

mice were euthanized. (B) Tumor bioluminescence (photons/s/cm2/sr) was measured using Xenogen-IVIS, and (C) tumor volume (mm3) was derived using caliper

measurements. Cumulative rate of tumor growth (mean and standard error of mean) from 2 separate experiments are plotted. These plots show a significantly slower rate of

tumor growth in the mice receiving CB T cells compared with the mice receiving PB T cells and the control group. (D) Regression of the tumor following infusion of CB T cells

led to significantly improved survival in this group compared with the PB group (P , .0003).
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were euthanized on day 115 following T-cell injections, and tumor
sections were studied. Immunohistochemistry staining of tumor
sections with CD3 antibody showed higher numbers of TILs in the
CB group compared with the PB group (Figure 3A). A significantly
higher number of TILs per square millimeter were observed in the CB
group compared with the PB group (47026 426 vs 12756 330; P,
.01; Figure 3B). Further, flow cytometric analysis of isolated TILs
showed that a majority of TILs in the CB group were CD81 T cells,
with a median CD4:CD8 ratio of 0.49 (range, 0.47–0.58;
Figure 3C). In contrast, CD41 T cells were predominant in the
PB group, with a median CD4:CD8 ratio of 1.72 (range, 1.60-1.88;
P , .01). This inversion of the CD4:CD8 ratio in the CB TILs was
observed despite a higher initial CD4:CD8 ratio in the injected CB
Tcells comparedwith the injected PBT cells (4.9 vs 2.9). This suggests
that CBCD81T cells are preferentially recruited to the tumor andmay
play a key role in mediating antitumor effects in this model.

CB TILs show a CD81 T-cell bias and higher CD8:Treg ratio than

PB TILs

To further gain insight into the kinetics of infiltration of CB and PB
T cells in this B-cell tumor and the role of regulatory T cells in this, we
compared the infiltration of CD41, CD81, and CD41CD251FoxP31

T-regulatory cells in the tumor on day 110 and day 120 after T-cell
injections. NSG mice were injected with 5 3 106 lymphoma cells
subcutaneously followed 2 days later by 5 3 106 CB (n 5 8) or PB
Tcells (n58).Ten and20days afterT-cell injections,4mice fromeach
group were euthanized, and isolated TILs were studied flow cyto-
metrically for the CD4:CD8 and CD8:CD41 T-regulatory cells ratio
(Figure 4A-C).

At day 110 and day 120 after T-cell injection, the median CD4:
CD8 ratio in the CB TILs was 0.58 (range, 0.51-0.69) and 0.03 (range,
0.03-0.06), respectively, compared with a median ratio of 1.54 (range,
1.3-1.9) and 0.26 (range, 0.14-0.33) in the PB TILs (P , .001 and
P, .001, respectively; Figure 4D). Thus, as previously observed, the
CD4:CD8 ratio in the CB TILs was significantly reversed compared
with PBTILs, despite a higher initial CD4:CD8 ratio in the injectedCB
T cells compared with the injected PB T cells (3.4 vs 2.7).

Similarly, at day110 andday120afterT-cell injection, themedian
CD8:CD41CD251FoxP31 ratio in the CBTILswas 29 (range, 25-52)
and 2043 (range, 950-3288), respectively, compared with a median
ratio of 11.9 (range, 7.8-15.5) and 132 (range, 72-166) in the PB TILs
(P , .01 and P , .01, respectively; Figure 4D). This observation
was complemented by the observed persistence of FoxP3 positivity in
3-dimensional color inspector images of 103 tumor sections in the PB
groupbut not in theCBgroup (supplemental Figure 6). This differential
pattern of T-cell infiltration indicate that, although CB CD81 T cells
may be the primary mediators of the enhanced antitumor effect in the
CB group, a relatively increased recruitment of T-regulatory cells
compared with cytolytic effectors may also attenuate the antitumor
effect in the PB group.

CCR7-enriched CB CD81 T cells have enhanced

tumor-homing ability

Because the vast majority of CB CD81 T cells are CCR7high

(Figure 5A) and CCR7 is a homing receptor for naı̈ve T cells,26-28

we sought to identify whether CCR71CD81 T cells predominantly
infiltrate the tumor.

We observed that CCR7 expression was similar in CB and PB
CD81 TILs (median, fluorescence intensity [MFI]5 68546 1542 vs
6737 6 1626; P 5 not significant). CCR7 MFI expression was
significantlyhigher inTILs comparedwith circulatingPBCD81Tcells
(1378610;P, 0.01),whereas circulatingCBCD81Tcells remained
CCR7high (MFI 5 21 128 6 534; Figure 5B-C). This indicates that
CCR7high CD81 T cells were primarily recruited to the tumor, and
higher expression of CCR7 may endow CB CD81 T cells with the
enhanced tumor-homing ability.

Tumor-infiltrating naı̈ve CB T cells rapidly differentiate into

memory/effector cells and gain IFN-g and TNF-a functions

For naı̈ve CB T cells infiltrating the tumor to exert antitumor effects,
they must undergo memory effector differentiation. Therefore, we
studied the memory phenotype of TILs and circulating lymphocytes
(CLs). We observed that TILs in the CB group rapidly underwent

Figure 2. Antitumor effects of cord blood T cells are mediated through alloreactivity. (A) Tumor regression was observed in mice receiving allogeneic CB T cells. Tumor

size in mice receiving autologous CB T cells exceeded 10 mm, and hence these mice were euthanized. This observation suggests that antitumor effects against B-cell

lymphoma are an allo-reactive effect and not an EBV-specific response. All images are shown on 1 scale (range: 1.00e8-1.00e9 photons/s/cm2/sr). (B) Tumor

bioluminescence (photons/s/cm2/sr) was measured using Xenogen-IVIS, and (C) tumor volume (mm3) was derived using caliper measurements. Cumulative rate of tumor

growth (mean and standard error of mean) are plotted.
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differentiation to central memory (CM) and effector memory (EM)
T cells, whereas circulating CB T cells remained naı̈ve (Figure 6A-B).
A similar percentage of CD81 TILs were observed to have a CM
and EM phenotype in the groups receiving CB and PB T cells (CM5
77.8 6 1.4 vs 78.0 6 1.8; EM 5 1.48 6 0.3 vs 2.1 6 0.5; P 5 not
significant).

Finally, mice in the PB (n 5 5) and CB (n 5 5) groups were eu-
thanized after the onset of tumor regression in both the groups (day126
after the injection of T cells), and isolated TILs were studied for dif-
ferences in effector functions.

CD81 TILs in both the groups demonstrated IFN-g responses, and
there was no difference in the percentage of CD81 TILs expressing
IFN-g responses in the 2 groups (3.5 6 0.14 vs 3.4 6 0.15; P 5 not
significant; Figure 7A). In contrast, a significantly higher percentage of
CBCD81TILs acquiredTNF-a responses (1.260.07 vs 0.4860.06;
P, .0001; Figure 7B). Likewise, both the percentage of CD81T cells
expressing perforin and theMFIwere significantly higher in CBCD81

TILs compared with PB CD81 TILs (MFI5 4436 16 vs 3656 13;
percentage of CD81 T cells 5 75 6 3.0 vs 58 6 5.0; P , .01;
Figure 7C). Thus, CB CD81 TILs rapidly acquire higher TNF-a
and perforin effector functions than PB T cells in the tumor
microenvironment.

We also studied the effector functions of CD41TILs to gain insight
into the role of intratumoral Th1/Th2 balance on differential antitumor
effects.A significantly higher percentage ofCD41TILswere identified
as Th2 TILs in the PB group comparedwith the CB group (166 2.0 vs

6.26 1.0; P, .001; supplemental Figure 7A-B). Th1/Th2 balance
measured as the IFN-g/IL-4 and TNF-a/IL-4 ratios was signifi-
cantly biased toward Th1 in the CB group compared with the PB
group (0.98 6 0.2 vs 0.3 6 0.06 and 0.88 6 0.05 vs 0.39 6 0.07;
P , .05 and P , .0001, respectively; supplemental Figure 6C-F).
Thus, CB CD41 TILs gained Th1-biased responses in the tumor
microenvironment.

Taken together, these observations indicate that naı̈ve CB T cells
can swiftly undergomemory effector differentiation and gain cytotoxic
effector functions in the tumor microenvironment.

Discussion

Unrelated CBT is increasingly used to treat high-risk hematologic
malignancies.12,13 It is therefore critical to determine whether the
rapidly expanding donor T cells following T-replete CBT can confer
differential GVL effects compared with donor T cells transferred with
adult stem cell sources, despite an intrinsic Tc2-Th2 bias in the CB
T cells.3,4We therefore compared the ability of CB vs adult PB T cells
to mediate an antitumor effect against the EBV-driven B-cell
lymphoma in NSG mice. In this model, we observed that CB T cells
mediate enhancedantitumor effectscomparedwithPBTcells, resulting
in improved survival of mice receiving CB T cells. As previously
described by other groups,29 CB T cells were not xenoreactive,
and tumor regression was associated with alloreactivity rather than

Figure 3. Cord blood T cells are rapidly recruited to the tumor compared with peripheral blood T cells. (A) Contiguous tumor sections (310) of the CB and PB groups

stained with CD3 and CD20 immuno-histochemical stain. Higher numbers of tumor-infiltrating CD31 T cells were seen in the CB group compared with the PB group. (B)

Density of tumor-infiltrating T cells per square millimeter (shown as scatter dot plot with median and interquartile range) was significantly higher in the CB group than in the PB

group. Importantly, as shown in C, a significantly lower CD4:CD8 ratio was observed in CB TILs compared with PB TILs, suggesting higher numbers of CD81 T cells infiltrated

the tumor in the CB group compared with the PB group.
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recognition of EBV antigens. In the primary in vivo tumor imaging
experiments, the superior antitumor effect observed with CB T cells is
unlikely to reflect differences in HLA mismatch between the PB and

CB T cells, as T cells from both sources were comparably mismatched
with the LCLs, and the effect was observed with 2 different donor-
recipient pairs. One limitation of our model is that both CB and PB

Figure 4. Cord blood TILs show a significant CD81 T-cell bias and higher CD8:T-reg ratio than peripheral blood TILs. Representative flow cytometry plots of (A) CD41

and CD81 T cells and (B) CD41CD251Foxp31 T cells at injection and in TILs on day110 and day 120 are shown. (C) CB TILs had a significantly lower CD4:CD8 ratio and a

significantly higher CD8:CD41 T-regulatory ratio compared with PB TILs on day 110 and day 120 after T-cell injection. The ratios are plotted on a log-scale as median and

interquartile range.

Figure 5. CCR7 enriched CB CD81 T cells have enhanced tumor-homing ability. (A) Normal donor CB CD81 T cells have significantly higher expression of CCR7

compared with normal donor PB CD81 T cells (expressed as mean and standard error of mean; n 5 3 in each group; P , .005). (B) Offset histogram plot and (C) cumulative

bar plot (mean and standard error of mean) showing fluorescence intensity of CD81 T cells from normal donors and TILs and in circulation. This figure indicates that

CCR7highCD81 T cells are primarily recruited to the tumor in both groups (P 5 not significant), and in the PB group, CCR7lowCD81 T cells remain in circulation (P , .01),

indicating a role of CCR7-mediated chemotaxis in this tumor model.
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T cells were highly (7-10 of 10) mismatched with the LCL tumor, and
ideally these experiments should be repeated with a more clinically
relevant degree of HLA matching (ie, 0-2 mismatches) but we were
unable to source CB units closely matched to the LCL tumor cells.
However,weplan toperform theseexperiment if suchCBunits become
available in future. The difference in antitumor effect mediated by CB
and PB T cells correlated with enhanced tumoral recruitment of CB
T cells compared with PB T cells. Analysis of TILs demonstrated that,
after adoptive transfer of CB T cells, CD81T cells rapidly infiltrate the
tumor with induction of cytotoxic CD81 and Th1 CD41 responses
in the tumor microenvironment. In contrast, in the PB group, this
antitumor effect appears attenuated because of delayed tumoral infil-
tration of PB T cells and a relative bias toward suppressive Th2
and T-regulatory cells.

Despite the strong expression of both major histocompatibility
complex class I and II in this lymphomaand the fact that bothCBCD41

and CD81 T cells proliferate robustly in response to stimulation with
allogeneic LCL in vitro, the majority of T cells recruited to the tumor
after transfer of CB T cells were from the CD81 subset. The role of
CD81TILs in tumor immunology has been demonstrated in numerous
murine models and also in cancer patients, including those with
leukemia.30-40 In a murine model of allogeneic bone marrow trans-
plantation for acute T-cell leukemia39 and chronicmyeloid leukemia,40

infusion of mixed donor CD41 and CD81 T cells or donor CD81

T cells alone mediated a potent GVL effect, whereas GVL was
not observedwith donor CD41 T cells alone. It is therefore apparent

that CD81 T cells are critical as antileukemic effectors at the tumor
site. Hence, in our model, the observation of the preferential
infiltration of CB CD81 TILs compared with PB CD81 TILs
suggests that CB CD81 T cells mediate the observed enhanced
antitumor responses.

Despite the naı̈ve phenotype of CB T cells, we observed a similar
percentage of CM and EM CD81 T cells in the CB and PB TILs.
Interestingly, circulating CB T cells did not undergo memory effector
differentiation, in contrast to circulating PB T cells, which showed an
increased percentage of EM T cells compared with PB TILs. These
findings suggest that naı̈veCBTcells rapidlyundergomemory effector
differentiationwithin the tumormicroenvironment,whereas circulating
CB T cells retain a naı̈ve phenotype.

Naı̈ve CB CD81 T cells rapidly gained effector activity including
expression of IFN-g, TNF-a, and perforin in the tumor microenviron-
ment.Weobserved similar percentages of IFN-g–secretingCD81TILs
in the CB and PB groups, whereas the percentage of TNF-a–secreting
and perforin-expressing CD81TILs was significantly higher in the CB
group. In contrast to the cytotoxic CD81 T-cell bias in the CB TILs,
a preponderance of CD41 TILs was observed in the PB group with
a relative bias toward suppressiveTh2 andT-regulatory cells.Although
CD81 TILs may primarily mediate cytotoxic antitumor effects, the
Th1/Th2 balance of CD41 TILs is also important in mediating tumor-
specific immune responses.41-45 In general, immune deviation toward
Th1 effectors mediates an antitumor response, whereas Th2 responses
prevent tumor rejection. The relative skewing of Th1/Th2 intratumoral

Figure 6. Tumor-infiltrating naive CB T cells rapidly differentiate into memory/effector cells. (A) Comparison of median percentages of naive, central memory, and

effector memory subsets in TILs and CLs on day 115 after T-cell injection. Naive CB T cells rapidly switched to the memory/effector phenotype in the tumor; however,

circulating CB lymphocytes remained naive. A similar percentage of CD81 TILs had central memory and effector memory phenotypes in both groups (P 5 not significant).

Interestingly, in the PB group, a significantly higher percentage of CLs had an effector memory phenotype compared with TILs (P , .0001). (B) Representative flow cytometry

plots of CD81 T cells infused on day 0, CD81 tumor-infiltrating lymphocytes, and CD81 circulating lymphocytes.
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balance toward Th1 in the CB TILs is noteworthy, because this
occurred despite the fact that naı̈ve CBCD41T cells are reported to be
physiologically biased toward Th2, produce lower levels of IFN-g than
adult naı̈veT cells invitro, and are hypermethylated at cytosine guanine
dinucleotide and non-cytosine guanine dinucleotide sites within the
IFN-g promoter.4 This therefore suggests that CB CD41 T cells can
rapidly mature into Th1 effectors in the tumor microenvironment.
Similarly, despite the immune-tolerant ontogeny of fetus,5,6 the CD81

T cell/CD41 T-regulatory balance was significantly skewed toward
CD81T cells in the CBTILs. The immunosuppressive role of FoxP31

regulatory T cells as a crucial tumor immune-evading mechanism
is well established.46-49 In a meta-analysis of TILs in cancer
sections, although CD31 and CD81 TILs were associated with
good prognosis and improved survival, the CD81/FoxP31 ratio
produced a more impressive hazard ratio compared with CD31 or
CD81TILs alone.50 The enhanced GVL effect after infusion of CD41

CD251 regulatory T cell-depleted donor lymphocytes has been
demonstrated further, indicating immune-evading role of T-
regulatory cells following allogeneic transplantation.51 Thus, Th1
CD41 T cells may synergize with tumor infiltrating CD81 cytotoxic
effectors to enhance antitumor effects after transfer of CB T cells,
whereas the relative Th2 bias and increased number of tumor-
infiltrating T-regulatory cells in the PB group may impair tumor re-
jection in this model.

The mechanisms by which CB T cells are recruited to the tumor,
proliferate preferentially in the tumor microenvironment, and mediate
enhanced antitumor effects in this model remain to be elucidated, and
this will require further work. CB CD81 T cells are predominantly
CCR7high compared with a mix of CCR7high and CCR7lowCD81

T cells in the PB. The CD81 T cells homing into the tumor in both

the CB and PB groupswere CCR7high, whereas CCR7lowCD81T cells
from the PB group remained in circulation. It is thus possible that high
expression of chemokine receptor CCR7 in CB CD81 T cells may
facilitate enhanced tumor homing. We therefore plan to optimize
disruption of CCR7 receptor in the CB T cells using the CRISPR/Cas9
system to more closely define the role of CCR7 receptor in tumor
homing.

More broadly, there is growing evidence that fetal and adult T cells
are functionally distinct populations with different gene expression
profiles arising from different ontogenic populations of hematopoietic
stem cells.52,53 Our as yet unpublished results indicate that the early
adaptive immune system derived after T-replete CBT recapitulates a
distinct molecular program of fetal ontogeny. Thus, these ontogenic
differences betweenCB and PBT cellsmay not only endowCBT cells
with the ability to rapidly reconstitute in the lymphopenic host
following CBT,11 but may also confer CB T cells with the ability to
rapidly infiltrate the tumor and activate and differentiate in the tumor
microenvironment.

In summary, CB T cells mediate more potent antitumor effects
than adult T cells in this B-cell lymphomamodel through enhanced
recruitment of naı̈ve CB T cells (particularly CB CD81 T cells),
prompt induction of memory effector differentiation, and gain of
cytotoxic effector functions in the tumor microenvironment. The
findings that CB T cells mediated an enhanced GVL effect without
exhibiting xenoreactivity parallel the clinical situation in humans
where CBT may exert a powerful GVL effect yet with reduced rates
of GVHD. Our work thus supports omission or minimization of
serotherapy from the preparative regimens of CBT recipients for high-
risk hematologic malignancies to enhance T cell-mediated GVL.
Althoughwe recognize the limitations in extrapolating from thismodel

Figure 7. Tumor-infiltrating naive CB T cells

rapidly gain effector functions such as IFN-g,

TNF-a and perforin. (A-C) Representative flow

cytometry dot plots and cumulative bar plots (mean

and standard error of mean) of percentages of CB and

PB CD81 TILs secreting IFN-g, TNF-a, and perforin

expression. Although no statistically significant differ-

ences were observed in the percentage of IFN-

g–secreting CD81 TILs in the 2 groups, a significantly

higher percentage of CD81 TILs in the CB group

secreted TNF-a. Perforin expression was also signifi-

cantly higher in the CB CD81 TILs than PB CD81 TILs

and is depicted as median fluorescence intensity and

percentage of CD81 TILs.
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system to the clinical setting and that other immune cells such as natural
killer cells following CB grafts may also mediate a GVL effect,54,55

these findings nonetheless provide a mechanistic insight into how
CB T cells may mediate the potent GVL effects observed after
T-replete CBT.
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