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Abstract

Tumor immunotherapy with T lymphocytes, which can recognize and destroy malignant cells, has

been limited by the ability to isolate and expand T cells restricted to tumor-associated antigens.

Chimeric antigen receptors (CARs) composed of antibody binding domains connected to domains

that activate T cells could overcome tolerance by allowing T cells to respond to cell surface

antigens; however, to date, lymphocytes engineered to express CARs have demonstrated minimal

in vivo expansion and antitumor effects in clinical trials. We report that CAR T cells that target

CD19 and contain a costimulatory domain from CD137 and the T cell receptor ζ chain have

potent non–cross-resistant clinical activity after infusion in three of three patients treated with

advanced chronic lymphocytic leukemia (CLL). The engineered T cells expanded >1000-fold in

vivo, trafficked to bone marrow, and continued to express functional CARs at high levels for at

least 6 months. Evidence for on-target toxicity included B cell aplasia as well as decreased

numbers of plasma cells and hypogammaglobulinemia. On average, each infused CAR-expressing

T cell was calculated to eradicate at least 1000 CLL cells. Furthermore, a CD19-specific immune

response was demonstrated in the blood and bone marrow, accompanied by complete remission, in

two of three patients. Moreover, a portion of these cells persisted as memory CAR+ T cells and

retained anti-CD19 effector functionality, indicating the potential of this major histocompatibility

complex–independent approach for the effective treatment of B cell malignancies.
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INTRODUCTION

Using gene transfer technologies, T cells can be genetically modified to stably express

antibody binding domains on their surface that confer novel antigen specificities that are

major histocompatibility complex (MHC)–independent. Chimeric antigen receptors (CARs)

are an application of this approach that combines an antigen recognition domain of a

specific antibody with an intracellular domain of the CD3-ζ chain or FcγRI protein into a

single chimeric protein (1, 2). Trials testing CARs are presently under way at a number of

academic medical centers (3, 4). In most cancers, tumor-specific antigens are not yet well

defined, but in B cell malignancies, CD19 is an attractive tumor target. Expression of CD19

is restricted to normal and malignant B cells (5), and CD19 is a widely accepted target to

safely test CARs. Although CARs can trigger T cell activation in a manner similar to an

endogenous T cell receptor, a major impediment to the clinical application of this

technology to date has been the limited in vivo expansion of CAR+ T cells, rapid

disappearance of the cells after infusion, and disappointing clinical activity (4, 6).

CAR-mediated T cell responses may be further enhanced with addition of costimulatory

domains. In a preclinical model, we found that inclusion of the CD137 (4-1BB) signaling

domain significantly increased antitumor activity and in vivo persistence of CARs compared

to inclusion of the CD3-ζ chain alone (7, 8). To evaluate the safety and feasibility for

adoptive transfer of T cells gene-modified to express such CARs, we initiated a pilot clinical

trial using autologous T cells expressing an anti-CD19 CAR including both CD3-ζ and the

4-1BB costimulatory domain (CART19 cells) to target CD19+ malignancies. To date, we

have treated three patients under this protocol. Some of the findings from one of these

patients are described in (9), which reports that this treatment results in tumor regression,

CART19 cell persistence, and the unexpected occurrence of delayed tumor lysis syndrome.

Here, we show that the CART19 cells mediated potent clinical antitumor effects in all three

patients treated. On average, each infused CAR T cell and/or their progeny eliminated more

than 1000 leukemia cells in vivo in patients with advanced chemotherapy-resistant chronic

lymphocytic leukemia (CLL). CART19 cells underwent robust in vivo T cell expansion,

persisted at high levels for at least 6 months in blood and bone marrow (BM), continued to

express functional receptors on cells with a memory phenotype, and maintained anti-CD19

effector function in vivo.

RESULTS

Clinical protocol

Three patients with advanced, chemotherapy-resistant CLL were enrolled in a pilot clinical

trial for CART19 cell therapy. Figure 1 presents a summary of the manufacturing process

for the gene-modified T cells (A) and the clinical protocol design (B). All patients were

extensively pretreated with various chemotherapy and biologic regimens (Table 1). Two of

the patients had p53-deficient CLL, a deletion that portends poor response to conventional

therapy and rapid progression (10). Each of the patients had a large tumor burden after the

preparative chemotherapy, including extensive BM infiltration (40 to 95%) and

lymphadenopathy; UPN 02 also had peripheral lymphocytosis. There was a low abundance

of T cells in the apheresis products (2.29 to 4.46%) (table S1) as well as likely impaired T

cell activation, as has been shown previously in CLL patients (11). Additional details of the

cell manufacturing and product characterization for the CART19 cell preparation for each

patient are shown in table S1. All patients were pretreated 1 to 4 days before CART19 cell

infusions with lymphodepleting chemotherapy (Table 1). A split-dose cell infusion schedule

was used to address potential safety concerns related to the evaluation of a previously

untested CAR that incorporated the 4-1BB costimulatory signaling domain.
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In vivo expansion, persistence, and BM trafficking of CART19 cells

Our preclinical data in two animal models, including mice bearing xenografts of primary

human precursor-B acute lymphoblastic leukemia (7, 8), indicated that CAR+ T cells that

express a 4-1BB signaling domain expanded after stimulation with anti-CD3/anti-CD28

mono-clonal antibody–coated beads (12) and had improved persistence compared to CAR+

T cells lacking 4-1BB. We developed a quantitative polymerase chain reaction (qPCR) assay

to enable quantitative tracking of CART19 cells in blood and BM. CART19 cells expanded

and persisted in the blood of all patients for at least 6 months (Fig. 2, A and B). Moreover,

CART19 cells expanded 1000- to 10,000-fold in the blood of patients UPN 01 and 03 during

the first month after infusion, reaching peak frequencies of 10 to >95% of circulating white

blood cells in UPN 01 and 03 (Fig. 2C). The peak expansion levels coincided with onset of

the clinical symptoms after infusion in UPN 01 (day 15) and UPN 03 (day 23). Furthermore,

after an initial decay, which can be modeled with first-order kinetics, the CART19 cell

numbers stabilized in all three patients from days 90 to 180 after infusion (Fig. 2B). The

CART19 cells also trafficked to the BM in all patients, albeit in 5- to 10-fold fewer numbers

than observed in blood (Fig. 2D). CART19 cells had a log-linear decay in the BM in UPN

01 and 03, with a disappearance half-life of ~35 days.

Induction of specific immune responses in the peripheral blood and BM compartments
after CART19 infusion

Peripheral blood (PB) and BM serum samples from all patients were collected and batch-

analyzed to quantitatively determine cytokine levels. A panel of 30 cytokines, chemokines,

and other soluble factors were assessed for potential toxicities and to provide evidence of

CART19 cell function. The full data set for all of the cytokines measured in each of the

three patients through the date of this publication is presented in tables S2 to S5. Of the

analytes tested, 11 had a threefold or more change from baseline, including four cytokines

[interleukin-6 (IL-6), interferon-γ (IFN-γ), IL-8, and IL-10], five chemokines [macrophage

inflammatory protein–1α (MIP-1α), MIP-1β, monocyte chemotactic peptide–1 (MCP-1),

CXC chemokine ligand 9 (CXCL9), and CXCL10], and the soluble receptors IL-1Rα and

IL-2Rα; IFN-γ had the largest relative change from baseline (Fig. 3). The peak time of

cytokine elevation in UPN 01 and 03 correlated temporally with both the previously

described clinical symptoms and the peak levels of CART19 cells detected in the blood for

each patient. Notably, cytokine modulations were transient, and levels reverted to baseline

relatively rapidly despite continued functional persistence of CART19 cells. Only modest

changes in cytokine levels were noted in UPN 02, possibly as a result of corticosteroid

treatment. We also noted a robust induction of cytokine secretion in the supernatants from

BM aspirates of UPN 03 (Fig. 3D and table S5). Although a pretreatment marrow sample

was not available, compared to the late time point (+176), we also observed elevated levels

for a number of factors in the +28 marrow sample for UPN 01 including IL-6, IL-8, IL-2R,

and CXCL9; in contrast, compared to the pretreatment marrow sample, no elevation in

cytokines was detected in the +31 day sample for UPN 02 (table S5).

One of the preclinical rationales for developing CAR+ T cells with 4-1BB signaling domains

was a projected reduced propensity to trigger IL-2 and tumor necrosis factor–α (TNF-α)

secretion compared to CAR+ T cells with CD28 signaling domains (7); indeed, elevated

amounts of soluble IL-2 and TNF-α were not detected in the serum of the patients. Lower

levels of these cytokines may be related to sustained clinical activity: Previous studies have

shown that CAR+ T cells are potentially suppressed by regulatory T cells (13), which can be

elicited by either CARs that secrete substantial amounts of IL-2 or by the provision of

exogenous IL-2 after infusion. Moreover, the TNF-α is complicit in cytokine storm–related

effects in patients, which are absent here.
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Prolonged receptor expression and establishment of a population of memory CART19
cells in blood

A central question in CAR-mediated cancer immunotherapy is whether optimized cell

manufacturing and costimulation domains will enhance the persistence of genetically

modified T cells and permit the establishment of CAR+ memory T cells in patients. Previous

studies have not demonstrated robust expansion, prolonged persistence, or functional

expression of CARs on T cells after infusion (14–17). The high persistence of CART19 cells

that we observed at late time points for UPN 03 facilitated a more detailed phenotypic

analysis of persisting cells. Flow cytometric analysis of samples from both blood and BM

169 days after infusion revealed the presence of CAR19-expressing cells in UPN 03 as well

as an absence of B cells (fig. S1, A and B). These CAR+ cells persisted in all three patients

beyond 4 months, as shown by qPCR (Fig. 2). The in vivo frequency of CAR+ cells by flow

cytometry closely matched the values obtained from the PCR assay for the CAR19

transgene. CAR expression was also detected on the surface of 5.7 and 1.7% of T cells in the

blood of patient UPN 01 on days 71 and 286 after infusion (fig. S2).

We next used polychromatic flow cytometry to perform detailed studies and further

characterize the expression, phenotype, and function of CART19 cells in UPN 03 using an

anti-CAR idiotype antibody (MDA-647) and the gating strategy shown in fig. S3. We

observed differences in the expression of memory and activation markers in both CD4+ and

CD8+ T cells based on CAR19 expression.

In the CD4+ compartment, at day 56, CART19 cells were characterized by a uniform lack of

CCR7, a predominance of CD27+/CD28+/PD-1+ cells distributed within both CD57+ and

CD57− compartments, and an essential absence of CD25 and CD127 expression, the latter

two markers defining regulatory CD4+ T cells (18) (Fig. 4A). In contrast, CAR− cells at this

time point were heterogeneous in CCR7, CD27, and PD-1 expression; expressed CD127;

and also contained a substantial CD25+/CD127− population. By day 169, although CD28

expression remained uniformly positive in all CART19 CD4+ cells, a fraction of the

CART19 CD4+ cells had acquired a central memory phenotype, with CCR7 expression, a

higher percentage of CD27− cells, the appearance of a PD-1− subset, and acquisition of

CD127 expression. At day 169, CAR− cells remained reasonably consistent with their day

56 counterparts, with the exception of a reduction in CD27 expression and a decrease in the

percentage of CD25+/CD127− cells.

In the CD8+ compartment, at day 56, CART19 CD8+ cells displayed primarily an effector

memory phenotype (CCR7−, CD27−, CD28−), consistent with prolonged and robust

exposure to antigen (Fig. 4B). In contrast, CAR− CD8+ T cells consisted of mixtures of

effector and central memory cells, with CCR7 expression in a subset of cells, and substantial

numbers of cells in the CD27+/CD28− and CD27+/CD28+ fractions. Although a large

percentage of both CART19 and CAR− cell populations expressed CD57, a marker

associated with memory T cells with high cytolytic potential (19), this molecule was

uniformly coexpressed with PD-1 in the CART19 cells, a possible reflection of the extensive

replicative history of these cells. In contrast to the CAR− cell population, the entirety of the

CART19 CD8+ population lacked expression of both CD25 and CD127, markers associated

with T cell activation and the development of functional memory cells (20). By day 169,

although the phenotype of the CAR− cell population remained similar to the day 56 cells, the

CART19 population had evolved to contain a population with features of central memory

cells, notably expression of CCR7 and higher levels of CD27 and CD28, as well as cells that

were PD-1−, CD57−, and CD127+.
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Effector function of CART19 cells after 6 months in blood

In addition to a lack of long-term persistence, a limitation of previous trials with CAR+ T

cells has been the rapid loss of functional activity of the infused T cells in vivo. The high

level of CART19 cell persistence and surface expression of the CAR19 molecule in UPN 03

provided the opportunity to directly test anti-CD19–specific effector functions in cells

recovered from cryopreserved PB samples. Peripheral blood mononuclear cells (PBMCs)

from UPN 03 were cultured with target cells that either did or did not express CD19 (Fig.

4C and fig. S3). Robust CD19-specific effector function of CART19 cells was observed by

the specific degranulation of CART19 cells against CD19+ but not CD19− target cells, as

assessed by surface CD107a expression. Notably, exposure of the CART19 population to

CD19+ targets induced a rapid internalization of surface CAR19 (see fig. S3 for constitutive

surface expression of CAR19 in the same effector cells in standard flow cytometric

staining). The presence of costimulatory molecules on target cells was not required for

triggering CART19 cell degranulation because the NALM-6 line, which was used as a target

in these studies, does not express CD80 or CD86 (21). Effector function was evident at day

56 after infusion and was retained at day 169 (Fig. 4C). Robust effector function of CAR+

and CAR− T cells could also be demonstrated by pharmacologic stimulation with phorbol

12-myristate 13-acetate (PMA) and ionomycin.

Profound antitumor clinical activity of CART19 cells

There were no significant toxicities observed during the 4 days after the infusion in any

patient other than transient febrile reactions. However, all patients subsequently developed

significant clinical and laboratory toxicities between days 7 and 21 after the first infusion.

With the exception of B cell aplasia, these toxicities were short-term and reversible. Of the

three patients treated to date, there are two complete responses and one partial response

lasting greater than 8 months after CART19 infusion according to standard criteria (22).

Details of past medical history and response to therapy are described in Table 1. The clinical

course of UPN 03 has been described in detail (9).

In brief, patient UPN 02 was treated with two cycles of bendamustine with rituximab,

resulting in stable disease; he received a third dose of bendamustine as lymphodepleting

chemotherapy before CART19 cell infusion. After CART19 infusion, and coincident with

the onset of high fevers, he had rapid clearance of the p53-deficient CLL cells from his PB

(Fig. 5A) and a partial reduction of adenopathy. He developed fevers to 40°C, rigors, and

dyspnea requiring a 24-hour hospitalization on day 11 after the first infusion and on the day

of his second CART19 cell boost. Fevers and constitutional symptoms persisted, and on day

15, he had transient cardiac dysfunction; all symptoms resolved after corticosteroid therapy

was initiated on day 18. His BM showed persistent extensive infiltration of CLL 1 month

after therapy despite marked PB cytoreduction. He remained asymptomatic at the time of

publication.

Patient UPN 01 developed a febrile syndrome, with rigors and transient hypotension

beginning 10 days after infusion. The fevers persisted for about 2 weeks and resolved; he

has had no further constitutional symptoms. He achieved a rapid and complete response

(Fig. 5, B and C). Between 1 and 6 months after infusion, no circulating CLL cells were

detected in the blood by deep sequencing (Table 2). His BM at 1, 3, and 6 months after

CART19 cell infusions showed sustained absence of the lymphocytic infiltrate by

morphology and immunohistochemical analysis (Fig. 5B). Computed tomography (CT)

scans at 1 and 3 months after infusion showed resolution of adenopathy (Fig. 5C). His

complete remission was sustained for more than 10 months at the time of this report.
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Molecular elimination of tumor and normal B cell reconstitution in patients

Using high-throughput immunoglobulin H (IgH) immune profiling, we characterized the

tumor burdens and normal B cell mass in patients UPN 01 and 03 (Table 2). For both

patients, we evaluated the complete B cell repertoire in patient PB samples obtained before

enrollment, at day −1 before T cell infusion, and after treatment in PB- and BM-derived

samples by quantifying rearranged CDR3 domains in IGH@ loci via deep sequencing; we

did not evaluate material from UPN 02 because he had clinically documented disease after

corticosteroid administration and residual CD19+CD20+ cells detected by clinical laboratory

analysis. In both patients, the preenrollment samples were dominated by the presence of a

single patient-unique CLL clone (99.7% in UPN 01 and 90.4% in UPN 03). No reduction in

tumor clone frequency was observed in UPN 01 (clone frequency, 99.8%) and UPN 03

(88.9%) after the preinfusion conditioning regimen. No rearranged B cell sequences were

detected for either UPN 01 and 03 samples at the first time points after infusion (days 28 and

31, respectively) in either PB or BM samples. At the day +176 time point, normal

rearranged B cell sequences could be detected in both PB (7362 of 285,305 sequences) and

BM samples (4451 of 202,535 sequences) for UPN 01, consistent with reconstitution of

normal B cells. No rearranged B cell sequences could be detected at this time point in PB or

BM for UPN 03. Notably, no rearranged IGH@ sequences related to the original tumor

could be detected in the day +176 PB or BM for either UPN 01 (PB: 0 of 285,305 sequence

reads, BM: 0 of 202,305 sequence reads) or UPN 03 (PB: 0 of 317,460, BM: 0 of 158,730

reads).

Plasma cells resident in the BM may be targets of CART19 cells

Plasma cells were enumerated in the BM of the patients by CD138 immunohistochemistry

on the core biopsies (table S9). In UPN 01, no CD138+ cells were identified after infusion,

whereas in UPN 02 and UPN 03, residual CD138+ cells were present after infusion, at lower

levels than in the preinfusion BMs. These results are consistent with reports that most

normal human plasma cells express CD19, unlike myeloma cells (23, 24). Consistent with

this, the serum immunoglobulin levels declined in UPN 01 (table S10) and in UPN 03 (9).

Considerations of in vivo CART19 effector–to–CLL target cell ratio

In our preclinical studies, we found that large tumors could be ablated and that the infusion

of 2.2 × 107 CAR T cells could eradicate tumors composed of 1 × 109 cells, for an in vivo

effector-to-target (E/T) ratio of 1:42 in humanized mice (8), although these calculations did

not take into account the expansion of T cells after injection. Estimation of CLL tumor

burden over time permitted the calculation of tumor reduction and the estimated CART19 E/

T ratios achieved in vivo in the three subjects based on number of CAR+ T cells infused.

Tumor burdens were calculated by measuring CLL load in BM, blood, and secondary

lymphoid tissues as described in the Supplementary Material. The baseline tumor burdens

(Table 1) indicate that each patient had on the order of 1012 CLL cells (that is, about 1 kg of

tumor load) before CART19 infusion (tables S7 and S8). Patient UPN 03 had an estimated

baseline tumor burden of 8.8 × 1011 CLL cells in the BM on day −1 (after chemotherapy and

before CART19 infusion) and a measured tumor mass in secondary lymphoid tissues of 3.3

to 5.5 × 1011 CLL cells. UPN 03 was infused with only 1.4 × 107 CART19 cells; using the

estimate of initial total tumor burden (1.3 × 1012 CLL cells) and the observation that no CLL

cells were detectable after treatment, we achieved a marked 1:93,000 E/T ratio. By similar

calculations, an effective E/T ratio in vivo of 1:2200 and 1:1000 was calculated for UPN 01

and 02 (table S6). Therefore, a contribution of serial killing by CART19 cells combined

with in vivo CART19 expansion of >1000-fold likely contributed to the powerful

antileukemic effects mediated by CART19 cells.
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DISCUSSION

Insufficient persistence, expression, and effector function of CARs in vivo has resulted in

limited success in the trials testing first-generation CAR T cells (14–16, 25, 26). Because

preclinical modeling demonstrated enhanced persistence of CARs that incorporated a 4-1BB

signaling molecule (7, 8), we developed second-generation CARs engineered with lentiviral

vector technology—an approach that was previously found to be safe in the setting of

chronic HIV infection (27). Our results show that when second-generation CARs were

expressed in T cells and cultured under conditions designed to promote engraftment of

central memory T cells (28, 29), CAR+ T cell expansion after infusion was improved

compared to previous reports. Moreover, CART19 cells induced a CD19-specific cellular

memory response. These CART19 cells tracked efficiently to sites of tumor and became

established as de facto “tumor-infiltrating lymphocytes” that exhibited CD19 specificity and

retained effector function in vivo in patient blood and marrow specimens for months.

What drives the expansion and persistence of CART19 cells in vivo? Our study is one of

few trials to have omitted IL-2 infusions (17, 26); thus, the CART19 cells likely expanded in

response either to homeostatic cytokines or to CD19 expressed on leukemic targets and/or

normal B cells. Indeed, the kinetics of cytokine release in serum and BM after the

introduction of CART19 into patients correlated with peak CART19 numbers, which

suggests that the decline in CART19 numbers may be initiated when cellular targets

expressing CD19 become limiting. The extended survival of these cells may be due in part

to the incorporation of the 4-1BB domain into the CAR itself or because of signaling

through either the natural T cell receptor (TCR) or CAR. Another possibility is related to the

presence of CART19 cells in BM specimens: CART19 cells could be maintained by

encountering B cell progenitors in the BM. This potential stimulation of CART19 cells by

normal B cells may provide a mechanism for CAR memory by means of “self-vaccination/

boosting” and, therefore, long-term tumor immunosurveillance. Although the mechanisms

driving CART19 homeostasis remain unclear, CAR therapy is clearly not always a transient

form of immunotherapy, as has been previously supposed. Thus, CARs with optimized

signaling domains may have a role both in remission induction and consolidation and in

continued immunosurveillance in cancer patients.

Our studies indicate that persisting CART19 cells consist of both central and effector

memory T cells, which likely contributes to their long-term survival compared to previous

reports. Signaling of 4-1BB has been reported to promote the development of memory in the

context of TCR signaling (30). But whether CAR T cells can differentiate in vivo into a

central memory–like state upon encounter and subsequent elimination of target cells

expressing the surrogate antigen remains to be resolved.

We have observed potent antileukemic effects in all three patients examined (9), including

two patients with p53-deficient leukemia. Previous studies with CARs have had difficulty

separating antitumor effects from lymphodepleting chemotherapy. However, the delayed

cytokine release, combined with the kinetics of tumor lysis in fludarabine-refractory patients

that was coincident, and possibly dependent, on in vivo CAR expansion in our study,

indicates that CART19 cells mediate potent anti-tumor effects. The present results do not

exclude a role for chemotherapy in potentiating the effects of CARs, and a number of

studies suggest plausible mechanisms for coordinate effects of chemotherapy and CAR T

cells (31, 32) in addition to the lymphodepleting aspects of chemotherapy, which promotes

homeostatic expansion of T cells (33), including, presumably, CART19 cells.

We have found that very low doses of CARs can elicit potent clinical responses. However,

the results to date do not support an obvious dose-response relationship. This pilot study was
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not designed to determine optimal biologic dose with what is essentially a dynamic cell

product, but to demonstrate safety of the CAR19 vector design. Nonetheless, the observation

that doses of CART19 cells several orders of magnitude below those tested in previous trials

can have clinical benefit may have important implications for future implementation of CAR

therapy on a wider scale as well as for the design of trials testing CARs directed against

targets other than CD19.

Although our second-generation CAR T cells led to considerable clinical effects, the lysis of

at least a kilogram of tumor burden in all three patients was accompanied with the delayed

release of potentially dangerously high levels of cytokines in two of the patients (9). We did

not observe classical cytokine storm effects; however, our trial was designed to mitigate this

possibility by deliberate infusion of CART19 cells over a period of 3 days and by using

signaling domains that did not promote secretion of IL-2 and TNF-α.

Humoral and cellular immunity against CAR-modified T cells has been reported in other

studies (34, 35). The presence of cells that express surface CAR19 at 6 and 9 months after T

cell infusion strongly suggests the absence of cellular and humoral immune responses

against CART19 cells. The absence of antibody responses is not surprising because the

therapy effectively eliminated B cells in patients. On the other hand, the absence of cellular

immunity against CART19 cells is perhaps surprising because the CAR19 construct contains

both murine sequences (the antibody determinants) and unique junctional fragments

between the different components of the CAR19 construct. These results raise the possibility

that B cell help may be required to prime T cell responses. It remains to be determined

whether the severe immunosuppression at baseline in the heavily pretreated CLL patients

might have contributed to the inability to reject the CART19 cells.

We used lentivirus vectors to transfer CAR19 into patient T cells. Lentiviral vectors have the

potential to be safer than retroviruses from the perspective of insertional mutagenesis, and

they have substantially higher efficiency for genetically engineering human T cells (36, 37).

We conducted the first study using a lentiviral vector for gene transfer in HIV (27). In that

study, and in patients enrolled in subsequent lentiviral vector–engineered T cells studies

(clinicaltrials.gov NCT00295477 and NCT00622232), no adverse events related to gene

transfer have been observed in more than 280 patient-years of observation. Analysis of

vector integration sites in several of these patients has not revealed any evidence for

abnormal expansions of cells due to vector-mediated insertional activation of proto-

oncogenes (38). Nonetheless, it will be important to continue to monitor patients enrolled in

this and other lentiviral gene transfer clinical trials carefully, particularly when new

constructs or targets are tested.

A thorough comparison of the vector, transgene, and cell manufacturing procedures with

results from ongoing studies at other centers will be required to gain a full understanding of

the key features required to obtain sustained function of CAR-expressing T cells in vivo.

Unlike antibody therapies, CAR-modified T cells have the potential to replicate in vivo, and

long-term persistence could lead to sustained tumor control and obviate the need for

repeated infusions of antibody. The availability of an off-the-shelf therapy composed of

non–cross-resistant killer T cells has the potential to improve the outcome of patients with B

cell malignancies.

MATERIALS AND METHODS

General laboratory statement

Research sample processing, freezing, and laboratory analyses were performed in the

Translational and Correlative Studies Laboratory (TCSL) at the University of Pennsylvania,
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which operates under principles of Good Laboratory Practice with established standard

operating procedures and/or protocols for sample receipt, processing, freezing, and analysis.

Assay performance and data reporting conform to MIATA guidelines (39).

Protocol design

The clinical trial (NCT01029366) was conducted as diagramed in Fig. 1. Patients with

CD19+ hematologic malignancy with persistent disease after at least two previous treatment

regimens and who were not eligible for allogeneic stem cell transplantation were eligible.

After tumor restaging, PB T cells for CART19 manufacturing were collected by apheresis

and the subjects were given a single course of chemotherapy during the week before

infusion, as specified in Table 1. CART19 cells were administered by intravenous infusion

with a 3-day split-dose regimen (10, 30, and 60%) at the dose indicated in Table 1, and, if

available, a second dose was administered on day 10; only UPN 02 had sufficient cells for a

second infusion. Subjects were assessed for toxicity and response at frequent intervals for at

least 6 months. The protocol was approved by the U.S. Food and Drug Administration

(FDA), the Recombinant DNA Advisory Committee, and the Institutional Review Board of

the University of Pennsylvania. The first day of infusion was set as study day 0.

Subjects: Clinical summary

The clinical summaries are outlined in Table 1. UPN 01 was first diagnosed with stage II B

cell CLL at age 55 in November 2000. He was asymptomatic and observed for about 1.5

years until he required therapy for progressive lymphocytosis, thrombocytopenia,

adenopathy, and splenomegaly in February 2002. Over the course of the next 8 years, he

received prior lines of therapy. His most recent therapy was two cycles of pentostatin,

cyclophosphamide, and rituximab 2 months before CART19 cell infusion—with a minimal

response. He then received one cycle of bendamustine as lymphodepleting chemotherapy

before CART19 cell infusion.

UPN 02 was first diagnosed with CLL in 2000 at age 68 when he presented with fatigue and

leukocytosis. He was relatively stable for 4 years, when he developed progressive

leukocytosis (195,000/μl), anemia, and thrombocytopenia requiring therapy. Karyotypic

analysis showed that the CLL cells had a deletion of chromosome 17p. Because of

progressive disease in 2007, he was treated with alemtuzumab with a partial response, but

within 1.5 years, he had progressive disease. He was re-treated with alemtuzumab for 18

weeks with a partial response and a 1-year progression-free interval. He then received two

cycles of bendamustine with rituximab without a significant response (Fig. 5A). He received

single-agent bendamustine as lymphodepleting chemotherapy before CART19 cell infusion.

The clinical summary of UPN 03 is as previously described (9).

Vector production

The CD19-BB-z transgene (GeMCRIS 0607-793) was designed and constructed as

described (7). A lentiviral vector was produced according to current good manufacturing

practices with a three-plasmid production approach at Lentigen Corp., as described (40).

Preparation of CART19 cell product

Methods of T cell preparation with paramagnetic polystyrene beads coated with anti-CD3

and anti-CD28 monoclonal antibodies have been described (41). Lentiviral transduction was

performed as described (27).
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Measurement of transgene persistence in vivo

Refer to the Supplementary Material.

Soluble factor analysis

Refer to the Supplementary Material for quantification of soluble factors and cytokines in

serum and BM.

Multiparameter flow cytometry

Refer to the Supplementary Material.

Cellular assays

Refer to the Supplementary Material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic representation of the gene transfer vector and transgene, gene-modified T cell

manufacturing, and clinical protocol design. (A) T cell manufacturing. Autologous cells

were obtained via leukapheresis, and T cells were enriched by mononuclear cell elutriation,

washed, and expanded by addition of anti-CD3/CD28–coated paramagnetic beads for

positive selection and activation of T cells. Residual leukemic cells were depleted. The

lentiviral vector was added at the time of cell activation and was washed out on day 3 after

culture initiation. Cells were expanded on a rocking platform device (WAVE Bioreactor

System) for 8 to 12 days. On the final day of culture, the beads were removed by passage

over a magnetic field and the CART19 cells were harvested and cryopreserved in infusible

medium. mAb, monoclonal antibody. (B) Clinical protocol design. Patients were given

lymphodepleting chemotherapy as described, followed by CART19 infusion #1 by

intravenous gravity flow drip over a period of 15 to 20 min. The infusion was given using a

split-dose approach over 3 days (10, 30, and 60%) beginning 1 to 5 days after completion of

chemotherapy. Endpoint assays were conducted on study week 4. At the conclusion of

active monitoring, subjects were transferred to a destination protocol for long-term follow-

up as per FDA guidance.
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Fig. 2.
Sustained in vivo expansion and persistence in blood and marrow of CART19 cells. (A to

D) qPCR analysis was performed on DNA isolated from whole blood (A to C) or bone

marrow (BM) (D) samples obtained from UPN 01, UPN 02, and UPN 03 to detect and

quantify CAR19 sequences. The frequency of CART19 cells is shown as average transgene

copies (A), total calculated CART19 cells in circulation (B), or as a fraction of circulating

white blood cells (WBCs) (C). (A) Copies CAR19/microgram DNA is calculated as

described in Materials and Methods. (B) The total number of lymphocytes (total normal and

CLL cells) versus total CART19+ cells in circulation is plotted for all three subjects using

the absolute lymphocyte count from complete blood count values and assuming a 5.0-liter

volume of peripheral blood. (C) % WBC is calculated as described in Materials and

Methods. (D) Bulk qPCR analysis of marrow to quantify CART19 sequences. The data from

patient UPN 03 in (A, C, and D) has been published in (9) and is reprinted here with

permission. Each data point represents the average of triplicate measurements on 100 to 200

ng of genomic DNA, with maximal percent coefficient of variation (CV) less than 1.56%.

Pass/fail parameters for the assay included preestablished ranges for slope and efficiency of

amplification, and amplification of a reference sample. The lower limit of quantification for

the assay established by the standard curve range was two copies of transgene per

microgram of genomic DNA; sample values below that number are considered estimates

and presented if at least two of three replicates generated a Ct value with percent CV for the

values 15%. CART19 cells were infused at days 0, 1, and 2 for UPN 01 and 03 and at days

0, 1, 2, and 11 for UPN 02.
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Fig. 3.
Serum and BM cytokines before and after CART19 cell infusion. (A to C) Longitudinal

measurements of changes in serum cytokines, chemokines, and cytokine receptors in UPN

01 (A), UPN 02 (B), and UPN 03 (C) on the indicated day after CART19 cell infusion. (D)

Serial assessments of the same analytes in the BM from UPN 03. Analytes with a greater

than or equal to threefold change are indicated and plotted as relative change from baseline

(A to C) or as absolute values (D). In (C) and (D), a subset of the cytokine data (IFN-γ,

CXCL10, CXCL9, IL-2Rα, and IL-6) from UPN 03 have been published in (9) and are

reprinted here with permission. Absolute values for each analyte at each time point were

derived from a recombinant protein-based standard curve over a threefold eight-point

dilution series, with upper and lower limits of quantification determined by the 80 to 120%

observed/expected cutoff values for the standard curves. Each sample was evaluated in

duplicate with average values calculated and percent CV in most cases less than 10%. To

accommodate consolidated data presentation in the context of the wide range for the

absolute values, data are presented as fold change over the baseline value for each analyte.

In cases where baseline values were not detectable, half of the lowest standard curve value

was used as the baseline value. Standard curve ranges for analytes and baseline (day 0)

values (listed in parentheses sequentially for UPN 01, 02, and 03), all in pg/ml: IL-1Rα:

35.5 to 29,318 (689, 301, and 287); IL-6: 2.7 to 4572 (7, 10.1, and 8.7); IFN-γ: 11.2 to

23,972 (2.8, not detected, and 4.2); CXCL10: 2.1 to 5319 (481, 115, and 287); MIP-1β: 3.3

to 7233 (99.7, 371, and 174); MCP-1: 4.8 to 3600 (403, 560, and 828); CXCL9: 48.2 to

3700 (1412, 126, and 177); IL-2Rα: 13.4 to 34,210 (4319, 9477, and 610); IL-8: 2.4 to 5278

(15.3, 14.5, and 14.6); IL-10: 6.7 to 13,874 (8.5, 5.4, and 0.7); MIP-1α: 7.1 to 13,778 (57.6,

57.3, and 48.1).
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Fig. 4.
Prolonged surface CAR19 expression and establishment of functional memory CART19

cells in vivo. (A and B) T cell immuno-phenotyping of CD4+ (A) and CD8+ (B) T cell

subsets. Frozen peripheral blood (PB) samples from UPN 03 obtained at days 56 and 169

after T cell infusion were subjected to multiparametric immunophenotyping for expression

of markers of T cell memory, activation, and exhaustion; data are displayed after

biexponential transformation for objective visualization of events. (C) Functional

competence of persisting CAR cells. Frozen PB samples from UPN 03 obtained at days 56

and 169 after T cell infusion were evaluated directly ex vivo for the ability to recognize

CD19-expressing target cells using CD107 degranulation assays. Presented data are for the

CD8+ gated population. The gating strategies for these figures are presented in fig. S2.
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Fig. 5.
Evaluation of clinical responses after infusion of CART19 cells. (A) UPN 02 was treated

with two cycles of rituximab and bendamustine with minimal response (R/B, arrows).

CART19 cells were infused beginning 4 and 14 days after bendamustine only (B, arrow).

The rituximab- and bendamustine-resistant leukemia was rapidly cleared from blood, as

indicated by a decrease in the absolute lymphocyte count (ALC) from 60,600/μl to 200/μl

within 18 days of the infusion. Corticosteroid treatment was started on day 18 after infusion

because of malaise and noninfectious febrile syndrome. The reference line (dotted) indicates

the upper normal limit for ALC. (B) Sequential BM biopsy or clot specimens from UPN 01

were stained for CD20. Leukemia infiltration was present before treatment was absent after

treatment; normalization of cellularity and trilineage hematopoiesis were also observed. (C)

Sequential CT imaging indicates rapid resolution of chemotherapy-resistant generalized

lymphadenopathy. Bilateral axillary masses in UPN 01 resolved by 83 days after infusion, as

indicated by arrows and circle.
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