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Key Points

• The frequency of
CD81CD45RA1CCR71 cells,
a subset closest to T-memory
stem cells, correlates with
CAR–T-cell expansion in
lymphoma patients.

• IL-7 and IL-15 increase the
frequency of CD81CD45RA1

CCR71 cells during the ex
vivo expansion of CAR1

T cells.

Adoptive transferof T lymphocytes expressingaCD19-specific chimeric antigen receptor

(CAR.CD19) induces complete tumor regression in patients with lymphoidmalignancies.

Although in vivo persistence of CAR-T cells correlateswith clinical responses, it remains

unknownwhether specific cell subsetswithin theCAR–T-cell product correlatewith their

subsequent in vivo expansion and persistence. We analyzed 14 patients with B-cell

malignancies infused with autologous CAR.CD19-redirected T cells expanded ex vivo

using IL-2, and found that their invivoexpansiononlycorrelatedwith the frequencywithin

the infused product of a CD81CD45RA1CCR71 subset, whose phenotype is closest to

“T-memorystemcells.”Preclinicalmodels showed that increasing the frequencyofCD81

CD45RA1CCR71 CAR-T cells in the infused line by culturing the cells with IL-7 and IL-15

produced greater antitumor activity of CAR-T cells mediated by increased resistance to

cell death, following repetitive encounters with the antigen, while preserving their mi-

gration to secondary lymphoid organs. This trial was registered at www.clinicaltrials.gov

as #NCT00586391 and #NCT00709033. (Blood. 2014;123(24):3750-3759)

Introduction

Clinical experience with chimeric antigen receptor (CAR.CD19)-
redirected T cells in patients with B-cell malignancies corroborates
with previous studies with tumor infiltrating T lymphocytes in
melanoma patients by showing a correlation between in vivo expan-
sion and the persistence of adoptively transferred CAR-T cells and
clinical outcome.1-6 It remains unclear, however, if specific T-cell
subsets within the infused cellular products correlate with the capacity
of CAR-T cells to expand and persist in vivo.

To generate CAR-T cells, T lymphocytes are generally activated
fromunselected peripheral bloodmononuclear cells (PBMCs) through
cross-linking antibodies (CD3 and/or CD28), transduced with g ret-
roviral or lentiviral vectors encoding the CAR, and then expanded
ex vivo using the gc chain cytokine, IL-2.

1,7,8 T-cell products obtained
using these procedures are phenotypically heterogeneous, but pre-
dominantly composed of antigen-experienced T cells as they express
the CD45RO isoform. Although the great majority of these cells are
effector-memory cells, less than 10% co-express CD62L and
CCR7,9-14 which are the canonical central-memory cells.2,8

Studies of adoptive T-cell transfer in mice and nonhuman pri-
mates suggest that although effector-memory T cells have robust
cytolytic function, only central-memory T cells and other less
differentiated T-cell subsets, such as naı̈ve and the recently defined
“T-memory stem cells,” are critical for in vivo expansion, survival,

and long-term persistence. For instance, in nonhuman primates, only
virus-specific cytotoxic T lymphocytes selectively expanded from
CD62L1 cells as a surrogate marker of central-memory T cells, show
robust and long-term persistence comparedwith T cells with identical
antigen specificity but generated from the CD62L– fraction.15 In
mouse xenograft models, human “T-memory stem cells” identified in
the CD45RA1 T-cell compartment and expressing CD62L, CCR7,
and high levels of CD95 show expansion, survival, and antitumor
activity that are superior even to central-memory T cells.16,17

The translation of these fundamental discoveries into T-cell
manufacturing protocols that will select or generate predominantly
central-memory or “T-memory stem cells” is a matter of intense
investigation. However, the clinical relevance of these specific
subsets in the context of adoptive T-cell therapies in cancer patients
remains to be validated. In this study, we demonstrate for the first
time, in a clinical setting, that only the frequency of a subset of CD81

T cells that phenotypically resemble T cells closely related to
“T-memory stem cells” within the CAR–T-cell product correlates
with in vivo expansion.We also found that substituting alternative gc
chain cytokines for IL-2, namely IL-7 and IL-15, better preserves this
T-cell subset ex vivo, suggesting that these cytokines will have a
significant impact on the future clinical applications of CAR–T-cell
therapies.
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Material and methods

Patients enrolled in the clinical study

Fourteen patients with relapsed/refractory B-cell malignancies were infused
with autologous T-cell products genetically manipulated to express a second
generation (CD28 endodomain) CD19-specific CAR (CAR.CD19), accord-
ing to protocols approved by regulatory agencies.8 Approval was obtained
from the Baylor College of Medicine Institutional Review Board, and the
study was conducted in accordance with the Declaration of Helsinki. T-cell
lines were manufactured by stimulating unselected T cells with OKT3 and/or
CD3/CD28 antibodies and IL-2.8 Persistence of CAR-T cells was evaluated
in peripheral blood at different time points after infusion by a specific quan-
titative polymerase chain reaction (qPCR) assay.8

Cell lines and CAR-T cell generation

Raji (CD191 lymphoma) was maintained in RPMI 1640 (Gibco-BRL)
supplemented with 10% fetal bovine serum (Hyclone Laboratories, Logan,
UT) and 2 mM L-glutamine (Gibco-BRL, San Francisco, CA). Human
PBMCs, obtained from healthy volunteer donors (Gulf Coast Regional Blood
Center, Houston, TX), were stimulated by plate-bound OKT3 (1 ng/mL) and
CD28 antibodies (1 ng/mL) (BDBiosciences,Mountain View, CA), and then
cultured inmedia containing 45%Click’smedia (Irvine Scientific, SantaAna,
CA), 45% RPMI 1640, 10% fetal bovine serum (Hyclone), 1% L-glutamine
(Invitrogen, Carlsbad, CA), IL-2 (100 U/mL) (Teceleukin; Hoffmann-La
Roche, Rockville, MD) or IL-7 (10 ng/mL) (PeproTech, RockyHill, NJ), and
IL-15 (5 ng/mL) (Peprotech). Stimulated PBMCs were then transduced with
a g retroviral vector encoding the CAR.CD19.8 Transduced cells were fed
with IL-2 (50U/mL) or IL-7 (10 ng/mL) and IL-15 (5 ng/mL) twice aweek for
12 to 14 days of culture before subsequent analysis.

Flow cytometry and antibodies

CAR–T-cell lines were stained with fluorescent-labeled antibodies against
CD3, CD4, CD8, CD25, CD27, CD28, CD45RA, CD45RO, CD56, CD57,
CD69, CD107a/b, and CD127 (BD, Franklin Lakes, NJ); CCR1-6, CXCR1,
CXCR3, andCXCR4-6 (BioLegend, SanDiego, CA); CCR7 (R&DSystems,
Minneapolis, MN), and anti-IgG1-CH2-CH3 (Jackson ImmunoResearch,
West Grove, PA). For intracellular staining, cells were fixed and per-
meabilized using Cytofix/Cytoperm solution, and stained with antibodies
against IFN-g, perforin, and granzyme-B in Perm/Wash buffer. Data were
acquired using fluorescence-activated cell sorter (FACSCalibur; BD) and
analyzed by FlowJo 9.3.2 software (Tree Star, Ashland, OR).

Cytokine production by CAR-T cells

CAR-T cells were cocultured with target tumor cells Raji (1:1 effector to
target ratio [E:T]ratio) for 24 hours before the culture supernatant was
collected. The presence of IL-2 and IFN-g was quantified by enzyme-linked
immunosorbent assay (R&D Systems).

Apoptosis analysis

CAR-T cells were cocultured with irradiated Raji tumor cells for 3 days,
stained with CD4 and CD8 antibodies, then washed and stained with
Annexin-V/7-AAD kit (BD) using the buffer provided.

Carboxyfluorescein diacetate succinimidyl ester (CFSE)

dilution assay

CAR-T cells were labeled with CFSE (Invitrogen) as previously described.18

CFSE-loaded CAR-T cells were then stimulated by irradiated Raji cells for
3 days without the addition of exogeneous cytokines, and then stained with
CD4 and CD8 antibodies. The dilution of CFSE was determined by FACS.
Proliferation and division index of CD41 or CD81 CAR-T cells were cal-
culated by FlowJo 9.3.2 software.

Repeated stimulation and in vitro coculture experiments

CAR-T cells (0.53 106 cells) were stimulated by irradiated Raji cells (1:1 E:T)
for 3 days, counted by Trypan Blue dye exclusion, and then re-stimulated for
a total of 3 rounds without the addition of exogeneous cytokines. To assess
antitumor activity in vitro, CAR-T cells were cocultured with “live” target
tumor cells (1:2 E:T). After 3 days of coculture, cells were stained with CD3
and CD19 antibodies, and the percentage of tumor cells (CD191CD32) was
measured by FACS.

In vitro migration assay

CCL21 (400 ng/mL) (R&D Systems) was added to the lower chamber of
transwell plates (5 mM membrane) in serum-free media. CAR-T cells were
cultured in serum-free media overnight and equal numbers of total T cells
(105)were added to theupper chamber for 6hours.Thenumber of cellsmigrating
toward the CCL21-compartment was quantified via FACS bead-counting.

In vivo migration assay

Eight-week-old nonobese diabetic/severe combined immunodeficiency/gc
2/2

(NSG) mice (The Jackson Laboratory, Bar Harbor, ME) were subcu-
taneously engrafted with Epstein-Barr virus (EBV) transformed human
B lymphocyte cell lines (EBV-LCL). Two to 3 weeks after engraftment, 107

CAR-T cells were infused intravenously. Three days after T-cell infusion,
mice were euthanized and peripheral blood, spleen, and tumor were
collected, and CAR-T cells were enumerated in the blood and spleen using
bead counting.

In vivo antitumor activity

Eight-week-old NSG mice were infused with 0.5 3 106 Raji cells in-
travenously. One week after infusion, mice were intravenously injected with
107 T cells transduced with the CAR and Firefly luciferase. Signal from
infused T cells was monitored using the Xenogen-IVIS Imaging System
(Caliper Life Sciences, Hopkinton, MA). Because the tumor burden in mice
infused with tumor cells according to the schedule described above induces
rapid hind-limb paralysis, to assess the antitumor effects, we reduced the tumor
load andNSGmicewere infusedwith 0.23106Raji tumor cells, intravenously.
Two days later, mice were injected with 107 CAR-T cells. Mice developing
hind-limb paralysis, which indicates tumor progression, were euthanized.
Survival curves were generated by GraphPad Prism version 5.0 for Mac
(GraphPad Software, San Diego, CA). Institutional Animal Care and Use
Committee approval was obtained from the Baylor College of Medicine.

Results

CD81CD45RA1CCR71 subset correlates with in vivo expansion

of CAR-T cells infused in patients with B-cell malignancies

We analyzed 14 autologous CAR-T cell lines generated and infused
in 14 patientswith relapsed/refractoryB-cellmalignancies (C.A.R and
B.S., manuscript in preparation).8 All T-cell lines were manufactured
using recombinant IL-2 as a growth factor and were genetically
modified with a g retroviral vector encoding a CAR.CD19 that
includes the CD28 co-stimulatory endodomain.8 The time required to
generate sufficient T cells for infusion in our dose escalation studywas
15 6 6 days. T-cell infusions were well tolerated in all patients, and
there were no symptoms or signs associated with systemic in-
flammatory response syndrome or cytokine storm that required
a specific medication. We found no significant correlation between in
vivo CAR–T-cell expansion/persistence and the following: CAR–T-
cell dose; time for ex vivo culture; fold expansion ex vivo; cytotoxic
activity ex vivo; proportion of CD41 or CD81 T-cell subsets, or
CD45RO,CD62L, or CD28 expression inCAR-T cells (supplemental
Table 1, available on the BloodWeb site). By contrast, we found that
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the percentage of both total CD45RA1 and CAR1CD45RA1 T cells
infused, correlated with the peak height of the qPCR CAR transgene
signals in vivo (Figure 1A-C). A similar correlation was also found
considering the absolute numbers of total CD45RA1, CAR1

CD45RA1, and CD45RA1CCR71 T cells infused (supplemental
Figure 1), and the area under the curve during the first 6 weeks after
CAR–T-cell infusion (supplemental Figure 1). This correlation with
CD45RA1 cellswas not determinedby a preferential expression of the
CAR in this subset because CAR detection by phenotypic analysis
was equally distributed in all subsets analyzed, based on the ex-
pression of CD45RA, CD45RO, CCR7, CD27, or CD28 (Figure 1D
and supplemental Figure 2). When we further characterized the
CD45RA1 subset, we found that CAR1CD81CD45RA1CCR71

cells (Figure 1E) correlated with the in vivo expansion/persistence.
Indeed, the infused lines containing.5% of CAR1CD81CD45RA1

CCR71 cells produced significantly higher PCR signals in peripheral
blood (Figure 1F), and had greater ex vivo expansion following
T-cell–receptor (TCR) stimulation (supplemental Figure 1) than
lines containing,5%ofCAR1CD81CD45RA1CCR71 cells. These
clinical data indicate that the frequency of CAR.CD19-expressing
CD81CD45RA1CCR71T cells in the infused product correlateswith
the subsequent expansion of CAR-T cells in the first 6 weeks after
infusion, and reinforces the need to develop manufacturing strategies
that consistently preserve this subset in the final product.

IL-7 and IL-15 are superior to IL-2 for preserving the

CD81CD45RA1CCR71 population in ex vivo expanded

CAR-T cells

Having established that the frequency of CD81CD45RA1CCR71

CAR-T cells in the infused product correlates with subsequent in
vivo engraftment, we investigated if alternative g-chain cytokines to
IL-2 better preserved this specific subsetwhen used as growth factors
to prepare the final T-cell products. Because of their known activity
on the naı̈ve and central-memory compartments,19 we selected IL-7
and IL-15 and compared their activity to IL-2 in our cultures. We
found that IL-7 and IL-15 produced greater expansion of CAR.
CD19-expressing CD81 cells, retaining both CD45RA and CCR7
expression (31%6 4%) compared with IL-2 (14%6 5%; P, .01)
(Figure 2A-Cand supplementalTable 2).Of note,CD45ROexpression
was conserved in CAR-T cells cultured in either condition, while
CD45RA expression was higher in IL-7 and IL-15 expanded CAR-
T cells (Figure 2D), suggesting that these CD81CD45RA1CCR71

T cells have indeed entered the pool of antigen-experienced T cells,
but still retain some naı̈ve phenotypic markers. Other well-defined
memory-associated surfacemarkers such asCD27,CD28,CD62L, and
CD127were expressed equally byCAR-Tcells, irrespective ofwhether
the cells had been grown in IL-2 or in IL-7, and IL-15 (Figure 2E).
These data further highlight that phenotypically only the frequency of

Figure 1. Co-expression of CD8, CD45RA, and

CCR7 in CAR-T cells correlates with their in vivo

expansion in lymphoma patients. (A-B) Illustrates the

correlation between the percentage of CD45RA1 and

CAR1CD45RA1 cells in the T-cell products and the

peaks of the qPCR signals of CAR-T cells in the

peripheral blood of infused patients. (C) Detection of

CAR-T cells by qPCR in the peripheral blood of

patients who received T-cell products with low or high

CAR1CD45RA1 cells, respectively. (D) Equal CAR

expression by phenotypic analysis in CD45RA1 and

CD45RO1 cells. (E) Representative flow cytometry

plots of CAR-T cells with low and high frequency of

CD81CD45RA1CCR71 cells. (F) Peaks of the qPCR

signals of CAR-T cells in the peripheral blood of

patients infused with CAR-T cell lines containing .5%

or ,5% CAR1CD81CD451CCR71 cells.
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cells co-expressing CD45RA and CCR7 discriminates between T cells
exposed to IL-2 or IL-7, and IL-15.

The preservation and expansion of CD81CD45RA1CCR71CAR-
Tcells in thepresence of IL-7 and IL-15didnot diminish their functional
properties compared with CAR-T cells grown in IL-2. In particular,
transduction efficiency, cell expansion (up to 2 weeks), and CD4:CD8
ratios were all equal (supplemental Figure 3). CAR-T cells also
displayed similar intrinsic activation responses to TCR and CD28
stimulation, since the expression of activation markers including
CD95, CD137, CD69, and CD25 were comparable (supplemental
Figure 3). Lytic proteins (perforin and granzyme B) and the extent
of degranulation upon CAR-specific engagement were also
similar. Finally, CAR-T cells had similar Th1/Tc1 responses, as
demonstrated by the production of IFN-g and IL-2 following
coculture with tumor target cells (supplemental Figure 3).

IL-7 and IL-15 do not promote preferential transduction of naı̈ve

T cells

To determine whether the higher frequency of CD81CD45RA1

CCR71 CAR-T cells promoted by IL-7 and IL-15 is due to an
increased susceptibility of initial naı̈ve subset to retroviral trans-
duction, we isolated antigen-experienced cells (CD45RO1) from
naı̈ve cells (CD45RA1), and labeled the former population with the
PKH26 dye. Labeled CD45RO1 cells were then mixed with unlabeled
naı̈ve cells to the sameCD45RO:CD45RAratio detected in the unsorted

population (Figure 3A). Mixed cells were activated and transduced in
the presence of either IL-2 or IL-7, and IL-15.As shown in Figure 3B-C,
the transduction frequencies of PKH26– cells (derived from CD45RA1

cells)were similar both in IL-2 and in IL-7, and IL-15 culture conditions.
Moreover, IL-7 and IL-15 did not enhance naive T-cell–cycling, as the
percentage of Ki671 cells was similar in both culture conditions at the
time of retroviral transduction (Figure 3D). Notably, CD45RO ex-
pressionwas detected by day 3 after retroviral transduction on unlabeled
CD45RA1 cells, and IL-7 and IL-15 significantly enriched cells co-
expressingCD45RAandCD45RO(Figure 3E-F). Lastly, using reverse
labeling (CD45RA1 cells labeled with PKH26 and unlabeled
CD45RO1 cells), we found that transduction of CD45RO1 cells was
also comparable in IL-2 and IL-7, and IL-15 culture conditions
(Figure 3G). Hence, IL-7 and IL-15 cytokines appear to directly
preserve theCD45RA1CCR71 subset ex vivo rather than promoting
more efficient retroviral transduction of naı̈ve cells.

Compared with IL-2, IL-7 and IL-15 produce superior survival for

CAR-T cells exposed to serial antigen stimulation

Having shown that IL-7 and IL-15 cytokines preserve CAR-T cells
co-expressing the CD45RA and CCR7 markers, we determined if
this subset had functional advantages. We assessed the proliferation
and effector function of T cells after repeated stimulation through the
CAR, to mimic the in vivo conditions of CAR-T cells with multiple
sequential tumor encounters in the absence of exogenous cytokines

Figure 2. IL-7 and IL-15 better preserve CD81

CD45RA1 CCR71 cells in ex vivo expanded CAR-

T cells than IL-2. (A) T-cell memory phenotypic

analysis based on CD45RA and CCR7 expression by

CAR-T cells exposed to either IL-2 or IL-7 and IL-15

(n 5 4). (B) Representative flow cytometry analysis. (C)

Numeric expansion of CAR1CD81CD45RA1CCR71

cells in culture conditions with either IL-2 or IL-7 and

IL-15 (n5 3). (D) Expression of the CD45RO and CD45RA

isoforms by CAR-T cells. Data shown are represen-

tative of 3 independent experiments. (E) Expression

of CD27, CD28, CD62L, and CD127 in CAR-T cells.

Data shown are representative of 3 independent

experiments.
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(Figure 4A). In parallel to our observations in patients infused with
CAR–T-cell products containing CD81CD45RA1CCR71 T cells,
we found that CAR-T cells generated in IL-7 and IL-15 showed
greater and more sustained expansion than those generated in IL-2
(45-fold vs 25-fold; P, .001) (Figure 4B). Consistent with IL-7 and
IL-15 preservation of CD45RA1CCR71 cells within the CD81

cells, but not in the CD41 subset, we observed that CD41 T cells
progressively dominated CD81 T cells in the IL-2 expanded cells,
whereas the CD4:CD8 ratio remained relatively stable in IL-7 and
IL-15 expanded cells (Figure 4C). The preservation of the CD81

subset in CAR-T cells generated in IL-7 and IL-15 compared with
IL-2 was mostly attributed to their reduced activation-induced cell
death (Figure 4D), as their proliferative potential was essentially
unaffected (Figure 4E). When the CD45RA1CCR71 double-
positive (DP) subset was removed from CAR–T-cell products
generatedwith IL-7 and IL-15, we found that these depleted cells lost
their advantage and had similar responses after repetitive CAR
stimulation as CAR-T cells exposed to IL-2, while sorted CD45RA1

CCR71 cells showed the greatest proliferation and viability after
repetitive stimulation (Figure 4F-G). This indicates a strict relation-
ship between the presence of IL-7 and IL-15 and the maintenance of
the CD81CD45RA1CCR71 subset.

The effector function, and thus the antitumor activity of
CAR-T cells generated in IL-7 and IL-15 after repeated antigen-
specific stimulation, was also stronger at high E:T ratios com-
pared with IL-2 (Figure 5A-B) (residual tumor cells 8% vs 25%;
P , .01 after the 2nd stimulation), and accompanied by sig-
nificantly increased production of IFN-g and more robust

degranulation (Figure 5C-D). This effect can also be attributed
to the CD45RA1CCR71 subset enriched by IL-7 and IL-15
insofar as its removal abolished the enhanced IFN-g production
and degranulation (Figure 5E-F).

CCR7 expression by IL-7 and IL-15 expanded CAR-T cells

facilitates efficient homing to secondary lymphoid organs

Because CCR7 is an essential chemokine receptor for T-cell
homing to secondary lymphoid organs, we evaluated whether the
differential expression of CCR7 in CAR-T cells driven by IL-7
and IL-15 modifies trafficking toward lymphoid-specific homing
signals, including CCL21 and CCL19. As shown in Figure 6A,
CAR-T cells exposed to IL-7 and IL-15, that overall express higher
levels of CCR7, migratedmore effectively along the CCL21 gradient
in a conventional migration assay than CAR-T cells exposed to
IL-2 (57% 6 13% vs 23% 6 3%; P , .005) that overall express
lower levels of CCR7 (Figure 2B). Because human CCR7 is also
responsive to murine-derived CCL19 and CCL21 chemokines,20

we assessed the in vivo migration of CAR-T cells to secondary
lymphoid organs. We engrafted NSG mice with subcutaneous
EBV-LCLs, which served as a competitive migratory signal for
lymphoid homing to CCL19/21 chemokines.21 We found that
CAR-T cells exposed to IL-7 and IL-15 were present at a higher
frequency in the spleen by day 3 after systemic infusion compared
with CAR-T cells exposed to IL-2 (4 6 0.5 cells 3 104 vs 4 6 1
cell 3 103 per spleen; P , .005) and in the peripheral blood
(1269 6 370 cells vs 73 6 70 cells per 100 ml blood; P , .05)

Figure 3. IL-7 and IL-15 do not promote preferential

transduction of naı̈ve T cells. (A) Schematic repre-

sentation of the labeling process to distinguish T cells

originated from naı̈ve (CD45RA1) and antigen-experi-

enced (CD45RO1) T cells by labeling with PKH26 dye

before activation and retroviral transduction with either

IL-2 or IL-7 and IL-15. (B) Gating strategy and represen-

tative data showing CAR expression by T cells originated

from naive T cells. (C) CAR expression in PKH26– cells

(originally CD45RA1) after activation and transduc-

tion (n 5 5). (D) Percentage of Ki671 cells on PKH26–

cells (originally CD45RA1) prior to retroviral transduction

(n 5 5). (E-F) Expression of CD45RA and CD45RO on

PKH26– cells (originally CD45RA1) after activation and

transduction. Representative dot plots (E) and summary

of 3 experiments (F). (G) CD45RA1 cells were labeled

with PKH26, and transduction on PKH26- cells (originally

CD45RO1) was assessed (n 5 3).
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(Figure 6B). Notably, when analyzing the T cells detected in mouse
peripheral blood, the expression of CCR7 and CD45RA by CAR-
T cells exposed to IL-7 and IL-15 was significantly higher than
IL-2–cultured CAR-T cells (Figure 6C-D), suggesting that the ex
vivo exposure to these cytokines imprints T cells to retain the
naı̈ve phenotypic markers even when the cytokines are no longer
available in vivo. Finally, IL-7 and IL-15 did not affect the ex-
pression of chemokine receptors sensing inflammatory signals,
such as RANTES, CXCL9, and CXCL10 (Figure 6E), and thus
did not impair their migration to the tumor site (Figure 6F-G).

CAR-T cells exposed to IL-7 and IL-15 have improved in vivo

persistence and antitumor activity

Our in vitro data showing that CAR-T cells exposed to IL-7 and IL-15
have an increased subset of CD81Tcells retainingCD45RAandCCR7
expression, superior lymphoid homing capacity and prolonged func-
tionality after repeated antigen stimulations, would suggest superior
persistence and antitumor activity in vivo. InNSGmice engraftedwith
a high tumor burdenofRaji cells and infusedwithCAR-Tcells labeled
with FFLuc (Figure 7A), we consistently observed that CAR-T cells
exposed to IL-2 had a short half-life and disappeared by day 3 post-

infusion (Figure 7B-C). In sharp contrast, IL-7 and IL-15 expanded
CAR-T cells were detectable for more than 14 days after infusion and
accumulated in the spinal cord where tumor cells were primarily
localized (Figure 7B-C). Bioluminescence imaging data were also
supported by FACS analysis, showing infiltration of T cells in the
spinal cord by day 14 (Figure 7D). When we followed mice for
antitumor effects of CAR-T cells, we found that IL-2 expanded
CAR-T cells only modestly delayed the onset of hind-limb paralysis
compared with control nontransduced T cells, whereas mice infused
with IL-7 and IL-15 expanded CAR-T cells had significant delays in
disease/paralysis progression (P, .001) (Figure 7E-F).

Discussion

We show for the first time in a clinical study of adoptively transferred
CAR-modified T cells that the frequency of a T-cell subset within the
transferred lymphocytes phenotypically closest to “T-memory stem
cells” positively correlates with their subsequent in vivo expansion
during the first 6 weeks after infusion in patients with B-cell ma-
lignancies. In addition, we report that this subset can be significantly

Figure 4. CAR-T cells exposed to IL-7 and IL-15

display superior proliferative capacity after serial

stimulations. (A) CAR-T cells expanded with IL-2 or

IL-7 and IL-15 were stimulated 3 times with irradiated

CD191 target tumor cells (Raji) in the absence of

exogenous cytokines. After each stimulation, cells were

counted and phenotypic analysis was performed by flow

cytometry. (B) Cell count of CAR-T cells after each antigen

stimulation (n 5 4). (C) Ratio of CD41 and CD81 T cells

before and after 2 consecutive antigen stimulations (n5 5).

(D) Apoptosis of CD41 and CD81 CAR-T cells after

antigen stimulation assessed by Annexin-V and 7-AAD

staining (n 5 3). (E) CAR-T cells were labeled with CFSE

before being stimulated by tumor cells. CFSE dilution was

determined by flow cytometry on CD41 and CD81 T cells

by day 3 of culture. Data shown are representative of 3

independent experiments. (F-G) CD45RA and CCR7 DP

T cells were sorted by flow cytometry from IL-7 and IL-15

expanded CAR-T cells (IL-7115 DP). Negative fraction

was also collected as IL-7115 DP(n). After sorting, IL-2

expanded (IL-2), IL-7 and IL-15 expanded (IL-7115), IL-7/

15 DP, IL-7, and IL-15 DP(n) CAR-T cells were stimulated

as in (A). Cell counts (F) and apoptosis on CD41 or CD81

T cells (G) were measured by flow cytometry (n 5 3).
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increased in proportion and in absolute numbers in the final product
by substituting IL-7 and IL-15 combination for IL-2 as growth factor
support during ex vivo generation of the CAR-T cells.

The use of unselected T lymphocytes collected from the pe-
ripheral blood remains the most convenient and simple means of
generating CAR-redirected T cells for clinical use. Manufacturing
these cells requires ex vivo TCR stimulation and the addition of
exogenous cytokines, such as IL-2, to induce the proliferation and
expansion of circulating memory T cells and naı̈ve T cells, which
then transition to antigen-experiencedT cells and express theCD45RO
isoform.8,22 Within the heterogeneous T-cell subsets composing ex
vivo expanded clinical grade CAR–T-cell lines, we found that neither
CD62L, a frequently used surrogate marker of central-memory cells,
nor CD28, previously associated with the in vivo persistence of tumor
infiltrating T lymphocytes,23-25 correlated with the expansion or
persistence of infused CAR-T cells in lymphoma patients.

Importantly, we identified in the infused CAR-T cell lines, a subset
of CD81 T cells that while co-expressing the CD45RO isoform,
retained expression of the naı̈ve CD45RA isoform and CCR7, and is
the only subset that correlates with in vivo expansion of CAR-T cells
in lymphoma patients. The expression of CD45RO within a CD81

CD45RA1CCR71 T-cell compartment places this subset in a differ-
entiation stage that is closely related to the previously described
“T-memory stem cells” that are phenotypically similar but lack
CD45RO expression.16,26,27 CD95, another maker associated with
“T-memory stem cells,” was not included in the phenotypic panel we
routinely use to characterize clinical grade CAR-T cell lines infused
into the patients, but we confirmed its co-expression in two clinical cell
lines from which residual material was available. Moreover, our data

from CAR-T cell lines subsequently generated from healthy donors,
show that the subset of CAR-redirected CD81CD45RA1CCR71

also co-express CD95, CD25, CD28, and CD62L, further indicating
that this antigen-experienced population co-expressing the CD45RO
isoform is indeed closely related to “T-memory stem cells” as it retains
both phenotypic and functional elements of “naı̈vity” or “stem-ness.”

Patients enrolled in our clinical study presented with relapsed/
refractory lymphoma, frequently recurred even after autologous
stem-cell transplantation.8 In addition, these patients did not receive
specific lymphodepletion before infusion of CAR-T cells, thus,
we did not observe sustained clinical responses in our cohort of
patients. We cannot, therefore, determine a correlation between the
numbers ofCD81CD45RA1CCR71-infusedCAR-T cells and clinical
responses. Nevertheless, increasing the numbers of cells in the
CD81CD45RA1CCR71 subset in CAR–T-cell products is a high
priority to ensure robust expansion and persistence of human
CAR-T cells.

In transgenic mouse models or severe combined immunodeficiency
models of alloreactivity, it has been previously suggested that IL-7 and
IL-15 favors the generation of central-memory and “T-memory stem
cells.”26,28-30We found that IL-7 and IL-15 can also significantly enrich
for the CD81CD4RA1CCR71 subset in CAR–T-cell lines generated
following routine clinical grade manufacturing procedures, doubling
their amount compared with cultures using IL-2, and improving anti-
tumor effects in a preclinical model. Of note, this benefit is achieved
without any specific T-cell manipulation before initiating the manufac-
turing of the CAR-T cells, such as the selection of naı̈ve precursors.26

The combination of IL-7 and IL-15 used to expand unselected
T lymphocytes has beneficial effects on many of the T-cell subsets

Figure 5. CAR-T cells exposed to IL-7 and IL-15

display superior effector function after serial stim-

ulations. (A) CAR-T cells expanded with IL-2 or IL-7

and IL-15 were first stimulated with irradiated CD191

target tumor cells (Raji). Three days after stimulation,

cells were collected and subjected to coculture and

intracellular cytokine production assays. (B) CAR-

T cells were cocultured with target tumor cells at 1:3

E:T ratio. Percentages of residual tumor cells in the

culture were determined by flow cytometry by day 3 of

culture (n 5 4). (C-D) Intracellular IFN-g staining and

degranulation analysis of CAR-T cells after the 2nd

consecutive antigen stimulation (n 5 4). Minimal (,2%)

expression of IFN-g or CD107 was observed when cells

were not stimulated by Raji. (E-F) Intracellular IFN-g

staining and degranulation analysis of CAR-T cells after

the 2nd consecutive antigen stimulation after depletion

of the DP subset (n 5 3).
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composing clinical grade CAR–T-cell products, so that the enrich-
ment of the CD81CD45RA1CCR71 populationmay not be the only
mechanism bywhich improved expansion and persistence of infused
cells is obtained. For example, IL-15 can reverse anergy,31 promote
survival by Bcl-2 upregulation,32-34 and confer resistance to the
inhibitory effects of regulatory T cells of effector-memory T cells.18

Furthermore, IL-7 drives the homeostatic expansion of naı̈ve T cells
andcontributes inmaintaining thepoolof central-memoryTcells.35,36

The molecular signature we performed on CAR-T cells expanded
either in IL-2 or IL-7 and IL-15 by day 14 of culture, also shows
differences in their gene expression pattern, further underlining that
IL-7 and IL-15 promotemolecular modifications likely deriving from
different T-cell subsets (supplemental Figure 4). However, our data
clearly indicate that the increased frequency of the CAR-redirected
CD81CD4RA1CCR71 cells induced by IL-7 and IL-15, compared

with IL-2, plays an independent and critical role. Indeed, irrespective
of their phenotypic characteristics and cytokine exposure, CAR.
CD19-T cells have robust cytotoxic activity against tumor cells, but
it is only the CD81CD45RA1CCR71 subset that numerically ex-
pands upon repetitive CAR stimulation, suggesting that only these
cells are preserved after encountering multiple tumor cells in vivo.
Removal of CD45RA1CCR71 cells from the CAR–T-cell product
exposed to IL-7 and IL-15 abrogates this advantage, even if all other
T-cell subsets remain intact. Thus, the effects of IL-7 and IL-15 on
the CD81CD45RA1CCR71 subset are direct and specific rather
than the results of a more generalized perturbation on all T-cell
subpopulations simultaneously exposed to these cytokines.

For long-term persistence, some adoptively transferred T cells must
also enter secondary lymphoid organs and constantly replenish the
pool of circulating T cells that then migrate to tumor sites.13,28 The

Figure 6. High CCR7 expression of CAR-T cells

exposed to IL-7 and IL-15 facilitates homing to

secondary lymphoid organs. (A) Equal numbers of

CAR-T cells expanded either with IL-2 or IL-7 and IL-15

were subjected to migration assay toward CCL21

(n 5 4). (B) NSG mice were subcutaneously implanted

with EBV-LCL and then infused with CAR-T cells.

CD451CD31 cells were numerated by flow cytometry in

blood and spleen 3 days after T-cell infusion (n 5 5).

(C-D) Expression of CD45RA and CCR7 in CAR-T cells

in vivo. Data summarize 3 mice per group from 2 inde-

pendent experiments. (E) Expression of other chemokine

receptors by CAR-T cells. Data shown are represen-

tative of 3 independent experiments. (F-G) Detection

of CAR-T cells at the tumor sites in vivo. Data are

obtained from 3 mice per group from 2 independent

experiments.
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CD81CD45RA1CCR71 subset contains CAR-T cells that pre-
serve the lymphoid-homing receptor CCR7, and better migrate to
lymphoid organs. Our experiments demonstrate that IL-7 and IL-15
preserve more cells expressing functional levels of CCR7 than IL-2,
thereby allowing superior migration to murine spleen in our model.
Overall, the greater expansion capacity, effector function, and
migration to secondary lymphoid organs translate into longer in
vivo persistence and greater antitumor activity of CAR-T cells
grown in IL-7 and IL-15. It is, however, important to point out that
our observation was derived from clinical experience with a CAR.
CD19 that contains the CD28 co-stimulatory endodomain. Whether
the CD81CD45RA1CCR71 subset is also relevant in CAR-T cells
with different antigen specificity or alternative co-stimulatory domains
such as 4-1BB remains to be elucidated. Finally, insofar as the subset
of CAR1CD41CD45RA1CCR71 was not particularly abundant in
T cells expanded either with IL-2 or with IL-7/IL-15, we did not
specifically study if this subset also plays a relevant role.

Although IL-7 and IL-15 doubles the numbers of CD81

CD45RA1CCR71 cells in CAR–T-cell products compared with
IL-2, there may be approaches that can produce an even greater
selective expansion. Manipulation of the Wnt/b-catenin pathway
represents one possibility,16,17,22 although we and others have
found that b-catenin accumulation often leads to a reduced T-cell

expansion and differentiation arrest.22,37 These effects would
preclude obtaining sufficient T cells for adoptive therapies. How-
ever, it is possible that a “therapeutic window” exists in which
IL-7 and IL-15 can be combined with the Wnt/b-catenin pathway
to balance adequate T-cell expansion with the preservation of
CD81CD45RA1CCR71 cells.

In conclusion, the frequency of a CD81CD45RA1CCR71T-cell
subset that is phenotypically closest to “T-memory stem cells”
correlates with overall in vivo expansion of CAR-T cells in lym-
phoma patients. The combination of IL-7 and IL-15 plays a crucial
role in increasing the number of CD81CD45RA1CCR71within the
CAR–T-cell products, enhancing their persistence and antitumor
activity in preclinical models. It may be beneficial to substitute
this combination of cytokines in the manufacturing protocols, and
thereby increase the therapeutic benefits of CAR-T cells.
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