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Synopsis
Numerous targeted therapies are being developed for patients with CLL. CAR-modified T cells
targeting CD19 expressed by normal and malignant B cells is a unique therapy and recent results
from four different trials highlight the dramatic potential of this therapy for patients with relapsed
CLL. Since adoptive transfer of CAR-modified T cells is a novel approach to cancer therapy there
are issues for the medical oncologist to consider when evaluating current and future clinical trials
for patients with CLL. Herein, we review the impact of CAR design, T cell production, T cell
dose, conditioning regimens, and tumor burden at the time of CAR-modified T cell infusion on the
efficacy of this therapy.
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Introduction
Chronic Lymphocytic Leukemia (CLL) is the target for numerous new investigational drugs
and immunotherapies. Unique among these is the genetic modification of T cells to B cell
antigens through the gene-transfer of a chimeric antigen receptor (CAR), which is composed
of an antigen-binding component fused to T cell signaling domains. A patient’s own T cells
are genetically modified and then adoptively transferred back to the patient to mediate
killing of malignant, and normal, B cells. Over the past 10 years, work initiated at our
center1, has transitioned this technology from pre-clinical models to clinical trials with
evidence of promising results.2–7 However, there are important details that should be
considered when evaluating and comparing the various CAR-modified T cells under study
since this therapy is unlike any traditionally used by the medical oncologist. The goal of this
article is to describe and evaluate these details that include CAR design, T cell production
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and dose, prior conditioning chemotherapy regimens, and tumor burden and discuss how
they may affect the treatment response in patients with CLL.

Clinical Trial Results
Clinical outcomes of 16 patients with CLL treated with CAR-modified T cells targeted to
the B cell specific CD19 antigen have recently been reported from four trials conducted at
various academic medical centers.2–7 The NCI reported their results with 4 patients with
relapsed CLL treated with fludarabine and cyclophosphamide followed by CD19-targeted
CAR-modified T cells. These patients, previously treated with an average of four
chemotherapy regimens, had variable anti-CD19 responses including a complete remission
(CR) of greater than 15 months in duration. In addition, several patients developed
anticipated B cell aplasia as a consequence of their treatment and exhibited systemic serum
cytokine elevations consistent with robust CAR-modified T cell activation. Investigators at
the University of Pennsylvania (UPenn)3,4 reported the results of 3 CLL patients treated
with CD19-targeted CAR-modified T cells, of which 2 patients had relapsed disease and 1
patient was chemotherapy-naïve, that were treated with bendamustine or pentostatin plus
cyclophosphamide as conditioning therapy prior to T cell infusion. Two of the patients had
ongoing CRs while the third achieved a partial remission (PR). Similar to the clinical
outcomes at the NCI, one of these patients experienced a prolonged (> 6 months) B cell
aplasia. We recently reported the largest cohort of CLL patients treated with CD19-targeted
T cells (Fig 1).2 Outcomes in these patients included objective responses with lymph node
reductions and B cell aplasia.2 Furthermore, our trial included a unique secondary endpoint
evaluating the requirement for conditioning therapy prior to gene-modified T cell infusion.
Lastly, investigators at the Baylor College of Medicine reported the results of 6 patients with
B cell malignancies, one of which had CLL.7 While no objective response was detected, the
patient did have stable disease (SD) for 10 months after T cell infusion. Of note, this trial did
not include prior conditioning chemotherapy.

Overall, the toxicities reported among the different trials were quite similar including fevers,
rigors, hypotension, and B cell aplasia.2–6 These toxicities began approximately 1 to 21 days
after initial T cell infusion. Furthermore, the toxicities appeared to be coincident with peaks
in cytokine production. 2–6 Collectively, in two of these patients their symptoms resolved
and cytokine levels decreased after initiation of steroid therapy.3

All of the reported trials present clinical evidence to support in vivo CD19 targeted T cell
efficacy. However, closer inspection of results and comparison of the trials focusing on
elements of CAR design, T cell production, and patient selection allows for a better
understanding regarding disparities in results from the individual trials, providing insight for
more rational designs of future CARs and therapeutic clinical trials. Furthermore, this
discussion will allow the medical oncologist to critically evaluate the multiple clinical trials
involving gene-modified T cell therapy available for their patients with CLL (Table 1).

CAR Design
CARs are generally classified as being of first generation, second generation, or third
generation design. This classification relates to the signal transduction domains incorporated
within the CAR (Fig 2). First generation CARs most commonly consist of a CD3ζ signaling
element, which when combined with an anti-CD19 single chain variable fragment (scFv)
successfully redirects T cells to mediate killing of B cells in vitro and in vivo in
immunodeficient preclinical animal models.1,8 However, these first-generation CARs
ultimately have been found to have limited in vivo efficacy with little evidence of T cell
persistence in these models.9–11 The reason for this limited efficacy is related to T cell
biology: T cells are optimally activated when they encounter antigen for the first time if they
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receive two signals, one mediated by CD3ζ (signal 1) and the other mediated by a co-
stimulatory receptor, most commonly CD28 (signal 2).1 This two-signal paradigm for
efficient T cell activation could be recapitulated through second-generation CARs that
included co-stimulatory T cell cytoplasmic signal domains proximal to CD3ζ cytoplasmic
signal domains (Fig 2).9,10 T cells modified to express second generation CARs
demonstrated enhanced in vivo tumor killing and persistence. While CD28 is the most
commonly utilized costimulatory signaling domain, others have modified second generation
CARs to include the costimulatory signal domains of 41BB, OX40, DAP10, and
CD27.10,12,13 Studies have demonstrated that additional signal domains enhance gene-
modified T cell function by increasing cytokine secretion and enhancing T cell proliferation
and persistence.12–14 Third generation anti-CD19 CARs, which have two co-stimulatory
domains combined with CD3ζ, demonstrate impressive results in pre-clinical animal
models, but have not been evaluated in CLL patients to date.15,16

Comparison of anti-CD19 CARs using different monoclonal antibody (Mab) derived scFv’s
have not been performed, although one could speculate that if the binding affinities of the
scFv’s were significantly different it could impact CAR-mediated T cell activation and
consequent B cell killing. To this end, studies at MSKCCC utilized a different scFv, derived
from the SJ25C1 hybridoma, when compared to studies at the NCI and UPenn wherein the
anti-CD19 CAR utilized a scFv derived from the FMC63 hybridoma.

The four clinical trials involving CLL patients have all used second generation CARs, but
the clinical trial results reported by Savoldo et al7 are unique for directly infusing a mixture
of T cells genetically modified with a first generation CD3ζ CAR and a second generation
CAR including the CD28 co-stimulatory domain. In a cohort of four patients (1 with CLL),
investigators clearly demonstrated that T cells with second generation CARs enhanced
persistence and/or expansion when compared to T cells modified with a first generation
CAR.

Investigators at UPenn have the only trial for CLL patients using a CAR that has a co-
stimulatory domain other than CD28, namely 41BB.3,4 At this time the only direct
comparison of anti-CD19 second generation CARs with a CD28 or 41BB co-stimulatory
domain (19-28z vs. 19-bbz) is in preclinical models and the results documenting protection
against B cell malignancies have been contradictory, possibly due to the fact that the anti-
CD19 scFvs were derived from different Mabs.10,12

T cell production
In most trials, CAR-modified T cells are generated ex vivo and include an initial activation
step followed by a gene-transfer step (Fig 3). All trials activate T cells with agonistic Mab-
mediated CD3 stimulation with or without additional CD28 co-stimulation.2–7 In three of
the reported clinical trials gammaretroviral vectors were used for gene-transfer, while
studies from UPenn utilized lentiviral vectors. However, given the small number of patients
treated to date on these trials it is not yet possible to assess the superiority of one viral
transfer system over the other. While in theory lentiviral gene transfer may increase safety
given prior reports of leukemogenic integration sites associated with gammaretroviruses, in
these cases the cells transduced were hematopoietic stem cells, not mature T cells.17,18 To
date, there have been no reports of insertional oncogenesis with gammaretroviral vectors in
the context of genetically modified mature lymphocytes. In fact, a recent report identified no
long-term sequelae in 43 subjects infused with gammaretroviral transduced T cells in several
clinical trials evaluating patients after an 11-year follow-up period.19

Another important consideration with respect to CAR-modified T cell technologies is how
efficiently and rapidly gene-targeted T cells can be produced. This is highlighted by two
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trials for lymphoma patients that involved the genetic modification of T cells targeted to the
CD20 antigen; an anti-CD20 CAR gene was introduced through electroporation and the
cells were subsequently expanded after drug-selection.20,21 No objective responses were
noted and a valid concern regarding these modest clinical outcomes was related to the long
culture period required to produce the T cells potentially resulting in “exhausted” T cells
with limited proliferative potential following infusion.22 In contrast, all CLL trials using
retroviral vectors generated the requisite T cell dose within 1–3 weeks, and consisted of T
cells that appear to have retained proliferative capacity.

An optimal anti-CD19 T cell product would be expected to provide immediate tumor
control, by way of direct cytotoxicity, but also have the ability to generate long-term
memory cells to mediate subsequent tumor immunosurveillance. Studies at our center and
the NCI characterized the immunophenotype of the final T cell product and confirmed the
expression of memory markers (CD62L 4 to 78%, CCR7 1–37%), suggesting that these T
cells had retained proliferative potential and the capacity to become long-term memory
cells.2,5,6

T cell dose, tumor burden, and conditioning treatment as predictors for
optimal CAR-modified T cell function

Unlike standard therapeutic drugs, T cells have a completely different dynamic regulating
their half-life and efficacy. For example, T cells ideally have the potential to proliferate and
persist long after adoptive transfer making the half-life of these T cells incalculable and their
effects indefinite. Scholler et al19 estimated the half-life of retrovirally gene-modified T
cells infused into patients to be at least > 16 years. When CAR-modified T cell trials were
being developed as a therapy for CLL and other indolent B cell malignancies, pre-clinical
and clinical studies identified major determinants for T cell function to be T cell dose, tumor
(or antigen) burden, and/or prior conditioning with chemotherapy or radiation
therapy.10,23,24 Reflecting upon currently published clinical results we can now comment on
how each of these variables appear to affect CAR-modified T cell function in patients with
CLL.

T cell dose is an intriguing variable because it is possible that T cells will expand after
transfer into optimally conditioned patients by homeostatic proliferation or in response to a
pro-proliferative cytokine profile.22 Therefore, as the T cell dose increases, T cell expansion
may plateau or decrease if limited by available cytokines or space in lymphoid tissues for
expansion.25 To this end, results from these trials do not identify any correlation between T
cell dose and clinical outcome.2–7 Specifically, an optimal anti-tumor response achieved at
UPenn was in a patient treated with a T cell dose 40–80x lower than that infused into the
other 2 patients reported in this cohort.3,4 Similarly, in our studies at MSKCC, we noted
better objective responses in a lower dose cohort when compared to patients treated at a 3-
fold higher CAR-modified T cell dose.2 Therefore, based on currently published reports
there does not appear to be a correlation between T cell dose and clinical outcome within a
large-range of clinically meaningful treatment doses (2 × 105 to 3.1 × 107 CAR+ T cells/kg).

We speculate that the T cell dose required for a positive clinical outcome may be affected by
tumor burden. In fact, we have previously reported an inverse correlation between tumor
burden and persistence of CAR-modified T cells in CLL patients treated on our protocol.2 A
similar inverse rank-order is noted among the three CLL patients treated at UPenn. The best
response in these studies, a CR with long-term B cell aplasia, was observed in the patient
with the lowest estimated tumor burden, while a more modest PR response was noted in the
patient with the greatest estimated tumor burden.3,4 These comparisons were assisted by the
measurement of CLL tumor burden, calculated as the sum of the nodal tumor mass, blood

Davila and Brentjens Page 4

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tumor mass, and bone marrow tumor mass.3 A similar calculation for CLL tumor burden
performed retrospectively on our treated patients was consistent with an inverse correlation
between tumor burden and clinical outcome (data not shown). How the function of CAR-
modified T cells is regulated by antigen and/or tumor burden is unknown but it is reasonable
to speculate that infused T cells may be rendered non-functional through tolerance or
exhaustion in the context of excessive tumor bulk and/or CD19 antigen expressed on normal
B cells.

If tumor burden is an important regulator of clinical outcome then it follows that
conditioning with chemotherapy or radiation therapy may enhance CAR-modified T cell
function in part though debulking tumor mass prior to CAR-modified T cell infusion. Pre-
clinical studies of CAR-modified T cells targeting B cell malignancies in immunocompetent
mice suggest that optimal anti-CD19 T cell cytotoxic function and subsequent persistence is
enhanced by lymphodepleting conditioning therapy prior to adoptive T cell transfer.24,26–28

Conditioning regimens used in these studies are variable and include γ-irradiation,
cyclophosphamide chemotherapy, as well as anti-CD20 monoclonal antibody
immunotherapy. While diverse, all these conditioning regimens have the ability to readily
lymphodeplete mice. One recent pre-clinical study found that in the presence of
overwhelming antigen, CAR+ T cells were sequestered in the lung and subsequently
eliminated prior to encounter with tumor.24 This mechanism is likely most relevant when
CAR-modified T cells target an abundant self-antigen such as CD19, which is expressed on
normal B cells, but does not exclude other mechanisms attributed to conditioning regimens
enhancing the function of adoptively transferred T cells such as homeostatic proliferation,
cytokine sinks, and regulatory T cell depletion.22

Given the pre-clinical findings with respect to conditioning regimens, all reported clinical
trials utilizing CD19-targeted T cells into CLL patients with the exception of the Savoldo et
al7 trial have been designed to include conditioning chemotherapy prior to CAR-modified T
cell infusion. The MSKCC clinical trial is to date the only one to compare cohorts of
patients treated with and without prior conditioning chemotherapy.2 Our results of 8 CLL
patients included 3 patients treated with CAR-modified T cells alone and 5 patients treated
with cyclophosphamide and then CAR-modified T cells. Inclusion of cyclophosphamide
conditioning chemotherapy before T cell infusion was associated with increased T cell
persistence and improved clinical outcomes despite the fact that this cohort was infused with
a lower dose of CAR-modified T cells than the non-conditioned cohort. It is important to
note that patients treated with cyclophosphamide conditioning in the MSKCC studies had
previously been treated with this agent as part of prior multi-chemotherapeutic regimens for
their CLL. Therefore, the relapsed CLL tumor cells were likely resistant to
cyclophosphamide. This assumption is further supported by an absence of tumor lysis, no
decrease in absolute lymphocyte count, and no decrease in lymphadenopathy after infusion
of the cyclophosphamide prior to infusion of the CAR-modified T cells. Therefore, the
potential benefit of this conditioning therapy would be related to lymphodepletion of non-
malignant chemo-sensitive normal B cells to reduce the CD19 antigen burden. In contrast,
two of the patients reported by UPenn were treated with chemotherapeutic regimens not
previously utilized in these patients and the other was treated with a regimen that they were
currently responding to; all the regimens used are known to be highly active in CLL.3,4

Long-term effects, such as B cell aplasia 10 months after treatment are likely to be related to
CAR-modified T cells, however, in these patients it is difficult to differentiate the observed
tumor reduction mediated by highly active chemotherapy regimens from those mediated by
the subsequently infused CAR-modified T cells. For example, one of the patients treated at
UPenn was induced into a CR after treatment with bendamustine and CAR-modified T cells,
but this patient had recovery of normal B cells and IgG serum levels.3,4 So it would be
difficult to determine the role bendamustine played in inducing a CR in this particular

Davila and Brentjens Page 5

Hematol Oncol Clin North Am. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



patient. The NCI conditioned its 4 CLL patients with a combination of fludarabine and high-
dose cyclophosphamide before infusion with CAR-modified T cells.5,6 Both drugs are
highly active against CLL so the relative contributions of the chemotherapy and T cells in
the overall tumor reduction remain difficult to assess.

The results from the clinical trials complement those from pre-clinical animal models
demonstrating that prior conditioning therapy is critical to the subsequent anti-CD19
efficacy of CAR-modified T cells. Nevertheless, the trials reported to date have created new
questions, which need to be addressed in future clinical studies. What is the optimal
conditioning regimen? Should the goal of the conditioning treatment be merely
lymphodepletion or should it also mediate substantial anti-tumor activity? Which of these
variables enhance the efficacy of one conditioning regimen versus another?

Based on the available published clinical data of anti-CD19 CAR T cell therapy, the most
active anti-tumor conditioning chemotherapy regimens are those which mediate tumor lysis
since these regimens are associated with the best clinical outcomes. Therefore, we believe
that most trials should include a tumor-responsive conditioning chemotherapy regimen,
which in turn reduces tumor bulk, enhances tumor antigen presentation to foster endogenous
antitumor immune responses, and enhances the persistence and function of adoptively
transferred CAR-modified T cells. While the use of highly active chemotherapy regimens
may blur the role of the CAR-modified T cells in the anti-tumor response, the latter may be
assessed, in part, by predicted CART cell mediated long-term B cell aplasia, persistence of
CAR-modified T cells, and loss of detectable clonal CLL tumor cell IgH rearrangement.

Future Directions
Promising clinical trial results have established the potential of anti-CD19 CAR-modified T
cell therapy for patients with CLL and spurred the clinical investigation of this technology at
multiple academic medical centers with currently 8 clinical trials using this technology
enrolling patients with CLL (Table 1). The optimal co-stimulatory domain for targeting CLL
may ultimately be addressed by a planned clinical trial at UPenn, Children’s Hospital of
Pennsylvania, and MSKCC funded by a NIH Special Translational Research Acceleration
Project (STRAP) award (Fig 4). In these studies, patients will be evaluated after infusion
with two populations of T cells: one modified with a 19-28z CAR, derived from MSKCC,
and the other modified with the UPenn 19-BBz CAR. Detection of both CAR-modified T
cell populations by quantitative PCR may assess whether either T cell population expands
better and/or persists longer in vivo. Additionally, lentiviral and gammaretroviral production
systems will be compared head to head in these studies, with respect to gene transfer
efficacy and CAR-modified T cell persistence.

Six of the currently open trials are performing T cell dose escalations to determine the
maximum tolerated T cell dose. While clinical evidence suggests that T cell dose may not be
a critical variable for optimal T cell function, these trials will allow the comparison of
toxicities and benefits among multiple cohorts of patients treated under similar conditions.
The results may finally suggest an acceptable dose of CAR-modified T cells, balancing
toxicities and clinical outcomes.

Our review highlights the importance of tumor burden and effective tumor debulking
conditioning regimens. At this time ongoing trials do not optimally evaluate tumor burden
before and after treatment. However, use of the tumor burden calculation for CLL described
in Kalos et al3 will allow for the reporting of tumor burden at the time of treatment and
retrospective analyses of anti-tumor responses. Universal utilization of the CLL tumor
burden calculation may allow prospectively a more rigorous evaluation of the suggested
inverse correlation between tumor burden and CAR-modified T cell anti-tumor efficacy.
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The clear pre-clinical and clinical evidence arguing for effective conditioning chemotherapy
prior to CAR-modified T cell infusion is reflected by the fact that all currently open clinical
trials include some form of conditioning therapy prior to T cell infusion (Table 1).
Variability of these conditioning regimens is quite broad spanning single agent
cyclophosphamide to a 5-drug regimen used in the context of an autologous stem cell
transplant. While current comparison of clinical trial outcomes are unlikely to identify an
optimal conditioning regimen it may help to further validate the role of prior conditioning to
enhance or optimize subsequently transferred CAR-modified T cells. Ultimately, future
clinical trials designed to compare conditioning regimens may need to be conducted to
prospectively identify an ideal regimen.

Initial first-in-man clinical trials using CAR-modified T cells treated only CLL patients with
relapsed and/or chemo-refractory disease. Despite this poor prognosis patient population,
there were clear instances of impressive clinical outcomes. Given the previously inferred
inverse correlation between tumor burden and anti-CD19 CAR-modified T cell anti-tumor
efficacy, we have recently opened a trial at MSKCC that utilizes anti-CD19 CAR-modified
T cells as a consolidation regimen for CLL following completion of initial upfront
chemotherapy. This trial is exclusively for CLL patients with detectable or minimal residual
disease (PR or MRD) after completing standard frontline chemotherapy (Fig 5). The goal of
this trial is to generate complete molecular remissions in patients with PR or MRD
following upfront chemotherapy. The results from this trial could support the application of
CAR-modified T cells at an earlier stage of disease progression if periods of remissions are
increased. Results from this upfront trial could have a major impact on the treatment of
patients with CLL by increasing the number of patients with complete molecular remissions,
long-term disease control, and/or delaying the start of subsequent salvage therapies.

In conclusion, the early reports from these trials in patients with relapsed and/or refractory
CLL clearly demonstrate the potential of CAR-modified T cell therapy. Significant work lies
ahead and a cooperative effort between academic medical centers will be required to
determine the optimal CAR design, prior conditioning regimen, and gene-transfer
methodology in order to rationally design second generation clinical trials to treat CLL
patients with optimized CAR-modified T cells. With a sustained collaborative effort by
academic medical centers to this end, the medical oncologist may soon have an established
novel and potentially curative approach for the treatment of CLL.
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Key Points

• Numerous targeted therapies are being developed for patients with CLL.

• CAR-modified T cells targeting CD19 expressed by normal and malignant B
cells is a unique therapy and recent results from four different trials highlight the
dramatic potential of this therapy for patients with relapsed CLL.

• Since adoptive transfer of CAR-modified T cells is a novel approach to cancer
therapy there are issues for the medical oncologist to consider when evaluating
current and future clinical trials for patients with CLL.
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FIGURE 1. MSKCC Treatment Schema using CAR-modified T cells for patients with relapsed
CLL
Patients with relapsed CLL are eligible for enrollment, leukapheresis, and infusion with
CAR-modified T cells after treatment with conditioning chemotherapy.
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FIGURE 2. The Chimeric Antigen Receptor
Most CARs are composed of the antigen-binding domains of a scFv, fused to the
transmembrane (TM) region of a protein such as CD8, which is fused to signal transduction
domains normally associated with a T cell receptor. The scFv binds an antigen and T cell
activation is mediated in part by the two signal transduction domains. The three diamonds
represent the three immunoreceptor tyrosine-based activation motifs present within CD3ζ.
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FIGURE 3. T cell isolation and gene-transfer
Peripheral blood leukocytes are isolated from the patient and T cells are enriched and
activated from this leukapheresis product with anti-CD3 and/or anti-CD28 ligation. Gene-
transfer can be accomplished by retroviral transduction (depicted here with spinoculation),
electroporation, RNA transfection, or via transposase activity. Afterwards, CAR-modified T
cells are expanded, in this example with a Wave Bioreactor, and ultimately adoptively
transferred back into the patient.
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FIGURE 4. MSKCC and UPenn Treatment Schema comparing 19-28z and 19-BBz CAR-
modified T cells in patients with relapsed CLL
Patients with relapsed CLL at MSKCC or UPenn are eligible for enrollment, leukapheresis,
and infusion with CAR-modified T cells after treatment with conditioning chemotherapy.
The patients are infused with a mixture of CAR-modified T cells composed of an equal ratio
of 19-28z+ T cells to 19-BBz+ T cells. Transduction of the 19-28z CAR occurs by
gammaretroviral transduction, while transduction of the 19-BBz CAR occurs by lentiviral
transduction. Production of both T cell groups occurs at the GMP facility located within the
medical center treating the patient. Enhanced T cell persistence and/or proliferation will be
determined by measuring the ratio of both CAR-modified T cell groups in treated patients.
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FIGURE 5. MSKCC Treatment Schema using CAR-modified T cells for patients with residual
CLL
This trial is open at MSKCC for patients with newly diagnosed CLL. Patients receive a
complete course of standard combination chemotherapy after developing an indication for
treatment. Afterwards, patients are stratified based on response to treatment. Patients with no
response or stable disease (NO OR) are not eligible for the trial. Patients with a PR or MRD
are eligible for enrollment, CAR-modified T cell production, and conditioning followed by
infusion with T cells. Patients with a CR are monitored for relapse by flow cytometry or by
a quantitative PCR for the IgH rearrangement associated with the CLL tumor cells.
Detection of MRD makes the patient eligible for enrollment and treatment with CAR-
modified T cells as above.
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