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T cells expressing anti-CD19 chimeric antigen receptors
(CARs) can induce complete remissions (CRs) of diffuse large
B cell lymphoma (DLBCL). The long-term durability of these
remissions is unknown. We administered anti-CD19 CAR
T cells preceded by cyclophosphamide and fludarabine condi-
tioning chemotherapy to patients with relapsed DLBCL. Five
of the seven evaluable patients obtained CRs. Four of the five
CRs had long-term durability with durations of remission of
56, 51, 44, and 38 months; to date, none of these four cases
of lymphomas have relapsed. Importantly, CRs continued after
recovery of non-malignant polyclonal B cells in three of four
patients with long-term complete remissions. In these three
patients, recovery of CD19+ polyclonal B cells took place 28,
38, and 28 months prior to the last follow-up, and each of these
three patients remained in CR at the last follow-up. Non-malig-
nant CD19+ B cell recovery with continuing CRs demonstrated
that remissions of DLBCL can continue after the disappearance
of functionally effective anti-CD19 CAR T cell populations.
Patients had a low incidence of severe infections despite long
periods of B cell depletion and hypogammaglobulinemia.
Only one hospitalization for an infection occurred among the
four patients with long-term CRs. Anti-CD19 CAR T cells
caused long-term remissions of chemotherapy-refractory
DLBCL without substantial chronic toxicities.

INTRODUCTION
Chimeric antigen receptors (CARs) are fusion proteins that have
antigen recognition domains and T cell signaling domains.1–3 CAR-
expressing T cells can specifically recognize malignancy-associated
antigens and destroy cells expressing a targeted antigen.2,4–7 Anti-
CD19 CAR T cells can induce remissions of B cell lymphoma,8–14

but the long-term durability of these remissions remains a critical
unanswered question.

Diffuse large B cell lymphoma (DLBCL) is the most common type of
lymphoma and can be divided into numerous subtypes.15 Relapsed
DLBCL carries a grim prognosis.16,17 Patients with DLBCL not
entering at least a partial remission (PR) after second-line chemo-
therapy had a median overall survival of 4 months.18 The median
overall survival of patients with DLBCL that progressed after autolo-
gous hematopoietic stem cell transplantation (HSCT) was less than
10 months.19,20 When newly diagnosed DLBCL relapsed from
complete remission (CR) in a large study of standard therapies,
87% of relapses occurred within 3 years of the end of therapy, which
emphasized that late relapses of DLBCL are much rarer than early
relapses.16

After anti-CD19 CAR T cell therapy, normal B cells are often depleted
for varying lengths of time.8,21–24 Patients with B cell depletion from
long-term anti-CD20 monoclonal antibody therapy have a modestly
increased risk of infections.25 B cell depletion after anti-CD19 CAR
T cell infusions could also increase the risk of infections, so durability
of lymphoma remissions after recovery of normal B cells is preferable.

The results reported here show that anti-CD19 CAR T cells can
induce long-term remissions of DLBCL that continue after recovery
of normal B cells.
RESULTS
Long-Term CRs of Relapsed DLBCL after Anti-CD19 CAR T Cell

Therapy

This report covers seven patients with subtypes of DLBCL treated in a
completed clinical trial cohort.10 All patients with lymphoma evalu-
able for response are included. Our previous report of these same
patients covered toxicities and short-term lymphoma responses.10

We are now reporting long-term response durability, long-term
CAR T cell persistence, and long-term B cell recovery. All patients
underwent extensive lymphoma therapy prior to protocol enrollment
(Table 1). Of the seven patients, five entered CR after CAR T cell infu-
sion. Of the five CRs, four were durable, with durations of response
ranging from 38 to 56 months (Figures 1A and 1B; Table 1). None
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Table 1. Patient Characteristics and Responses

Patient
Number

Age
(Years) Sex Lymphoma Type

Prior Lymphoma Therapy before CAR T Cell Protocol
Enrollment

Chemotherapy
Conditioning Regimenc

CAR T Cell Dose
(CAR+ T Cells/kg)d

Best Response,
Overall Duration
(Months)eCy (mg/kg) Flu (mg/m2)

2 43 F PMBCLa R-CHOP, R-ICE, methotrexate + Ara-C, X-ray therapy 60 125 5 � 106 CR, 56f

7 42 M DLBCL NOSa
R-CHOP, R-ICE + lenalidomide, phase I clinical trial,
X-ray therapy, rituximab + cytarabine + etoposide

60 75 2.5 � 106 CR, 51f

8 44 F PMBCLa
R-CHOP, R-ICE, brentuximab, R-high-dose Ara-C,
lenalidomide + rituximab, R-GDP, X-ray therapy,
three different phase I clinical trials

60 125 2.5 � 106 CR, 38g

9 38 M PMBCLa
R-EPOCH, R-ICE, gemcitabine + oxaliplatin +
rituximab

120 125 2.5 � 106 SD, 1

11 58 F
DLBCLa from
CLL (Richter’s
transformation)

fludarabine, fludarabine + R, bendamustine + R (two
different times), hyper-CVAD (two different times),
R-ICE, X-ray therapy, R + methylprednisolone,
R + cisplatin + gemcitabine + dexamethasone,
methotrexate + Ara-C, R + Ara-C

60 125 1 � 106 PR, 1

14 43 M DLBCL NOSa R-CHOP, R-ESHAP 60 125 1 � 106 CR, 6

15 64 F DLBCL NOSb
R-CHOP, R-ICE, high-dose chemotherapy followed
by autologous stem cell transplantation

60 125 1 � 106 CR, 42f

Ara-C, cytarabine; CLL, chronic lymphocytic leukemia; CVAD, cyclophosphamide, vincristine, doxorubicin, dexamethasone; Cy, cyclophosphamide; DLBCL, diffuse large B cell
lymphoma; F, female; Flu, fludarabine; M, male; NOS, not otherwise specified; PMBCL, primary mediastinal B cell lymphoma; PR, partial response; R, rituximab; R-CHOP, rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisone; R-EPOCH, rituximab, etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin; R-ESHAP, rituximab, etopo-
side, methylprednisolone, high-dose Ara-C, cisplatin R-GDP, rituximab, gemcitabine, dexamethasone, cisplatin; R-ICE, rituximab, ifosfamide, carboplatin, and etoposide; SD, stable
disease.
aLymphoma was chemotherapy refractory. Chemotherapy refractory was defined as failure of the lymphoma to be in partial remission or complete remission 1 month after the end of
the regimen.
bLymphoma relapsed after autologous stem cell transplantation.
cCy was administered on days �7 and �6. Flu was administered on days �5 to �1, except it was administered on days �5 to �3 for patient 7. Doses listed are the total doses of each
agent given to each patient, not the daily doses.
dCAR T cells were infused on day 0.
eThe best response obtained is given. For all patients with ongoing CRs, the best response and current responses are both CR. Duration of response is defined as the time that response
was first documented, which was usually 1 month after infusion, until the last follow-up or progression of lymphoma.
fOngoing response.
gPatient 8 became not evaluable for lymphoma response 39 months after CAR T cell infusion because she developed myelodysplastic syndrome and underwent allogeneic hemato-
poietic stem cell transplantation while her lymphoma remained in CR.
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of the patients with long-term CRs received any lymphoma therapy
during the follow-up period after CAR T cell infusion.

Three of the four patients with long-term remissions had ongoing CRs
at the time of this report. Patient 2 had chemotherapy-refractory pri-
mary mediastinal B cell lymphoma (PMBCL) that is currently in an
ongoingCR. Patient 7 had chemotherapy-refractoryDLBCLnot other-
wise specified (NOS) that is currently in an ongoing CR. Patient 15 had
DLBCLNOS that relapsed 17months after autologousHSCT; the lym-
phoma of patient 15 is also in an ongoing CR. Patient 8 had chemo-
therapy-refractory PMBCL. Patient 8 obtained a CR after anti-CD19
CARTcell infusion.Becauseof concernovernewcytopenias39months
after CAR T cell infusion, patient 8 underwent a bone marrow biopsy
that revealed myelodysplastic syndrome (MDS) with excess blasts.
Standard bone marrow cytogenetics analysis showed a normal karyo-
type. MDS is common in patients with heavily treated lymphoma
because of extensive chemotherapy exposure,26,27 and patient 8 had
received 10 prior lines of therapy before anti-CD19 CAR therapy
(Table 1). No T cell abnormalities were detected in the bone marrow
of patient 8 by flow cytometry or immunohistochemistry, and only
2246 Molecular Therapy Vol. 25 No 10 October 2017
0.04% of total bone marrow cells contained the CAR gene as assessed
by qPCR. At the time of the MDS diagnosis, patient 8’s lymphoma
was in CR, and she underwent allogeneic HSCT to treat her MDS.

Blood CAR+ Cell Quantification

The number of CAR T cells peaked during the first 14 days after infu-
sion in all patients and then dropped to very low or undetectable
levels (Figure 1C). Very low levels of CAR T cells persisted long
term in two of four patients with long-duration CRs. At the last
follow-up 39 months after infusion, 0.08% of patient 8’s peripheral
blood mononuclear cells (PBMCs) were CAR+. At the last follow-
up 43 months after infusion, 0.02% of patient 15’s PBMC were
CAR+. B cells did not recover in patient 8, but B cells did recover in
patient 15 despite the low level of persisting CAR T cells at the
time of and after B cell recovery (Figure 1D). In contrast, blood
CAR T cells were last detected by qPCR 5 months after infusion in
patient 2 and 4 months after infusion in patient 7. These results
show that CRs can continue after blood CAR T cells are undetectable.
A summary of the duration of persistence of CAR T cells in all seven
patients is provided in Table 2.
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B Cell Recovery and Immunoglobulin Recovery

Among patients with long-term CRs, blood B cell counts recovered in
patients 2, 7, and 15 but not patient 8 (Figure 1D). Recovery of CD19+

polyclonal B cells in patients 2, 7, and 15 took place 28, 38, and
28months prior to their last follow-up, respectively, and these three pa-
tients all remained in CR at their last follow-up appointments. The
recovery of polyclonal CD19+ B cells demonstrated that remissions
of DLBCL can continue after functionally effective CART cells capable
of eliminating B cells were no longer present. The lack of B cell recovery
in patient 8 may ormay not have been due to the low level of persisting
CAR T cells in this patient. Immunoglobulin M (IgM) recovered to
normal levels in two of three patients in long-term CRs with B cell re-
covery (Figure 1E). For unknown reasons, immunoglobulin A (IgA)
serum levels returned to normal in only one of three patients in long-
term CRs with B cell recovery (Figure 1F). Patients 2, 7, and 8 received
prophylactic intravenous immunoglobulin G (IgG) to prevent infec-
tions; serum IgG levels are shown in Figure 1G.We administered intra-
venous IgG when the serum IgG level dropped below 500 mg/dL. Only
patient 2 had a serumIgG level in the normal range at the last follow-up,
but both patients 7 and 15 had serum IgG levels of greater than
500 mg/dL without intravenous IgG support at the last follow-up.

We analyzed the phenotypes of blood B cells after recovery of B cells
in patients 2, 7, and 15. The B cell phenotypes are shown in Figure 2.
The B cells that recovered after anti-CD19 CAR T cell therapy
expressed both CD19 and CD20. The recovering B cells were poly-
clonal, as shown by a normal ratio of kappa to lambda light chains
on these B cells (Figure 2). After recovery, most B cells expressed
immunoglobulin D (IgD) but not CD27, which is a phenotype consis-
tent with naive B cells.28 Naive B cells usually make up 60%–70% of
blood B cells; patient 15’s B cells contained a higher than normal per-
centage of naive B cells with 97% IgD+CD27� B cells.28

Despite prolonged B cell depletion and incomplete immunoglobulin
recovery, severe infections were rare. Among the patients with long-
term CRs, the only hospitalization for infection was a 2-day hospital-
ization that was required for treatment of pneumonia in patient 2.
Patient 8 had a mild respiratory infection from respiratory syncytial
virus and was treated as an outpatient. Patient 15 had herpes zoster
that resolved with outpatient treatment. Aside from minor upper
respiratory infections, patients with long-term remissions did not
have any other infections.

DISCUSSION
The most important finding of this work is that multi-year CRs of
DLBCL occur after anti-CD19 CAR T cell infusions. These results
raise the possibility that anti-CD19 CAR T cells can be curative for
chemotherapy-refractory lymphoma. Patients had substantial acute
toxicity that was previously reported,10 but they did not have chronic
toxicity directly attributable to CAR T cells except B cell depletion and
hypogammaglobulinemia.

It is unclear what degree of CAR T cell persistence is necessary to
obtain prolonged CRs of lymphoma. If CAR T cells kill all malignant
cells early after infusion, only short-term persistence of the CAR
T cells is necessary; however, if all malignant cells are never elimi-
nated, CAR T cells persisting long term might be able to maintain
remissions by continuously detecting and killing malignant cells to
prevent clinically evident relapse. In some of the currently reported
patients, remissions continued after the disappearance of CAR
T cells from the blood. This is consistent with our finding that remis-
sions can continue after recovery of non-malignant CD19+ B cells.
Continued remissions with recovery of non-malignant B cells pro-
vided clear evidence that lymphoma remissions can continue after
the disappearance of an effective anti-CD19 T cell response. One lim-
itation of our work is that CAR T cells were quantified in blood but
not in other tissues except in patient 8, where CAR T cells were
assessed in the bone marrow. It is possible that CAR T cells persisted
longer in tissues such as lymph nodes but again, the recovery of non-
malignant CD19+ B cells demonstrated a lack of functional anti-
CD19 CAR T cells in patients 2, 7, and 15 while the lymphomas of
these patients remained in remission.

Different B cell malignancies might have varying susceptibility to
complete elimination by anti-CD19 CAR T cells. Varying susceptibil-
ities to complete elimination might determine the importance of CAR
T cell persistence inmaintaining remissions of different malignancies.
Acute lymphoblastic leukemia (ALL) has a CR rate of 70%–94% with
anti-CD19 CAR T cell treatment but a substantial number of patients
with ALL relapse within 1 year after CAR T cell therapy, with some
patients relapsing because of loss of CD19 expression on the ALL
blasts.3,23,29 Some patients with ALL enter sustained remissions after
anti-CD19 CAR T cell therapy.3 It is possible that these patients with
ALL stayed in remission because their leukemia cells were completely
eliminated by a powerful CAR T cell response early after infusion.

We have not identified characteristics that differentiate the four of
seven patients with DLBCL in the currently reported cohort who
obtained long-term CRs from the other three patients in the cohort.
There was not an association between peak blood CAR+ cell levels
and long-term CR. Patients 7 and 8 had low peak CAR+ cell levels
of 8/mL and 16/mL, respectively, while patients 2 and 15 had high
peak CAR+ cell levels of 60/mL and 777/mL, respectively (Figure 2C).
The phenotypes of the infused CAR T cells were previously deter-
mined by flow cytometry and reported; the T cell phenotypes were
not consistent among patients obtaining long-term CRs.10 Of course,
given the small number of patients in this report, T cell characteristics
associated with response could have been missed.

The patients with long-term remissions of DLBCL reported here were
treated on a protocol that had certain characteristics that were
different than some current anti-CD19 CAR T cell protocols. One
important difference was the very limited use of immunosuppressive
drugs such as tocilizumab and corticosteroids despite the significant
cytokine-release syndrome and neurologic toxicity experienced by
the patients soon after CAR T cell infusion.10 Aside from a single
4-mg/kg dose of tocilizumab that was administered to patient 15,
the four patients with long-term remissions did not receive any
Molecular Therapy Vol. 25 No 10 October 2017 2247
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Figure 1. Complete Remissions of Long Duration and Assessment of B Cell and Immunoglobulin Recovery in Patients Receiving Anti-CD19 CAR T Cells

(A) Patient 7 had chemotherapy-refractory DLBCL NOS. Patient 7’s lymphoma went into a CR that is ongoing (at the time of this report) after CAR T cell infusion as shown on

positron emission tomography (PET) imaging. Examples of sites of lymphoma in this patient are indicated by the red arrows pointing to the black lesions. Note that the brain,

heart, kidneys, and bladder are normally dark on these images and do not represent lymphoma in the after- treatment images. (B) Patient 8 had chemotherapy-refractory

PMBCL that had undergone 10 previous lines of therapy. At the time of enrollment in the anti-CD19 CAR trial, she had extensive abdominal lymphoma, as shown by PET. The

patient entered a complete remission that was ongoing 39 months after CAR T cell infusion, at which time she was diagnosed with myelodysplastic syndrome. Lymphoma is

(legend continued on next page)
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Table 2. Summary of Low-Level CAR+ Cell Persistence and Time Points

When CAR+ Cells Were Last Detected

Patient
Last Time Point after Infusion That Blood
CAR+ Cells Were Detectable by qPCR

Limit of Detection
in Each Patient (%)

2
CAR+ cells last detected 5 months after
infusion

0.004

7
CAR+ cells last detected 4 months after
infusion

0.005

8

CAR+ cells still detectable at a level of 0.08%
39 months after CAR T cell infusion prior to
being removed from the study to receive
allogeneic stem cell transplantation for
myelodysplastic syndrome

0.017

9
CAR+ cells still detectable at a level of 0.03%
prior to going off-study to receive standard
lymphoma therapy 3 months after infusion

0.005

11

CAR+ cells still detectable at a level of 0.06%
prior to going off-study to receive standard
lymphoma therapy 2 months after CAR T cell
infusion

0.020

14
CAR+ cells last detected 3 months after
infusion

0.005

15
CAR+ cells still detectable at a level of 0.02%
43 months after CAR T cell infusion

0.004

CAR+ cell levels are given as a percentage of total PBMCs that contained the CAR gene.
CAR gene levels were determined by qPCR. The limit of detection is different in each
patient because an individual PCR standard curve was made for each patient by diluting
DNA from each patient’s infused CAR T cells in the patient’s pretreatment peripheral
blood mononuclear cell DNA.
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immunosuppressive drugs. We were willing to tolerate toxicity to
avoid any chance of abrogating the efficacy of the CAR T cells by
administering immunosuppressive agents. Whether the durability
of the responses was related to this lack of administration of immu-
nosuppressive drugs is not known. No immunosuppressive drugs
were administered to the three patients in this cohort who did not
obtain long-term remissions. Another factor to consider is that all
seven reported patients received a chemotherapy conditioning
regimen of cyclophosphamide and fludarabine. The chemotherapy
given prior to CAR T cell infusions is intended to enhance the activity
of the CAR T cells. We have previously reported that chemotherapy
regimens of cyclophosphamide and fludarabine lead to increases in
serum interleukin (IL)-15 and IL-7, among other cytokines.13,30 Con-
ditioning regimens of cyclophosphamide and fludarabine have been
utilized in multiple anti-CD19 CAR studies that have reported high
remission rates of lymphoma.10–13 We also treated other patients in
this cohort in addition to the patients with DLBCL reported here,
indicated by the white arrows pointing to red areas. Note that the brain, heart, kidneys, a

after-treatment images. (C) BloodCAR+ cell levels were determined by qPCR. CAR+ cell

(D) Blood B cell levels were determined by flow cytometry for CD19 at multiple time po

numbers recovered in three of four patients in long-term CRs. B cell and immunoglob

because these patients developed progressive lymphoma, which was a criteria for patien

The dashed line represents the lower limit of the normal range. The patient symbols used

determined for patients in long-term CRs. (F) Serum IgA levels were determined for patie

because patients 2, 7, and 8 received infusions of intravenous IgG.
including three patients with chronic lymphocytic leukemia, one pa-
tient with an indolent B cell lymphoma NOS, and one patient with
splenic marginal zone lymphoma. Aside from the patient with splenic
marginal zone lymphoma, all of these patients are in ongoing CRs.

The fact that only one hospitalization for infection occurred in the
four patients with long-term remissions of lymphoma suggests that
infection risk is not a limiting problem for anti-CD19 CAR T cell
therapies, but studies in a larger number of patients are needed to
further address the risk of infection. Our results show that remissions
can continue for long periods of time after B cell recovery, so any
increased infection risk that might occur after anti-CD19 CAR
T cell infusions is potentially temporary, but remissions are poten-
tially permanent in some patients.

In patients 2 and 7, there was a substantial lag time between the disap-
pearance of CAR T cells from the blood and full recovery of blood B
cell counts. We hypothesize that the lag time between the disappear-
ance of CAR T cells from the blood until full recovery of B cell counts
is attributable to one of two reasons. First, an undetected persisting
bone marrow CAR T cell population could have been present. We
did not regularly assess for bone marrow CAR T cells, since we infre-
quently did post-treatment bone marrow biopsies on these patients.
Another possible explanation for this lag time between the disappear-
ance of CAR T cells from the blood until recovery of blood B cells is
that the anti-CD19 CAR T cells cause profound depletion of primitive
B cell precursors, so a substantial amount of time is required for re-
covery of B-lineage cells.

These results show that anti-CD19 CAR T cells can cause long CRs of
chemotherapy-refractory DLBCL and that anti-CD19 CAR T cells are
possibly a curative therapy for lymphoma. Importantly, patients in
long-term remissions did not suffer substantial chronic toxicity.
Not all patients with lymphoma who receive anti-CD19 CAR
T cells obtain sustained CRs, and CAR T cells cause substantial
short-term toxicity early after infusion; therefore, more research is
needed to improve anti-CD19 CAR T cell therapies.
MATERIALS AND METHODS
Clinical Trial

This clinical trial (ClinicalTrials.gov NCT00924326) tested an anti-
CD19 CAR designated FMC63-28Z.31 This CAR is encoded by a
gamma-retrovirus, and it includes a murine single-chain variable
fragment and a CD28 costimulatory domain.31 The same CAR is
used in axicabtagene ciloleucel.12 All patients gave informed consent.
nd bladder are normally red on these images and do not represent lymphoma in the

numbers peaked in the first 2 weeks after infusion for all patients and then decreased.

ints after CAR T cell infusion in patients who obtained long-term CRs. Blood B cell

ulin recovery of patients not obtaining long-term CRs is not included in this figure

ts to be removed from the study, so the patients were removed from the study. (D–G)

in (D) were used to represent the same patients in (E)–(G). (E) Serum IgM levels were

nts in long-term CRs. (G) Serum IgG levels are shown. Note that IgG levels fluctuate
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Figure 2. Phenotype of Recovering B Cells after Anti-CD19 CAR T Cell Therapy

The phenotypes of recovering B cells in the three patients with recovery of B cells during long-term complete remissions are shown. (A) is patient 2, (B) is patient 7, and (C) is

patient 15. The time from CAR T cell infusion until B cell analysis was 50 months for patient 2, 45 months for patient 7, and 43 months for patient 15. The first column of plots

shows the CD19 and CD20 phenotype of B cells. The number on the plot is the percentage of cells outside the box in the left lower quadrant. This number also represents the

sum of the percentages of cells that are either CD19+ or CD20+. The plot is gated on CD3�, CD56�, CD16�, and CD14� lymphocytes. The second column of plots shows

that the recovering B cells were polyclonal as shown by flow cytometry for immunoglobulin kappa and lambda. Plots are gated on all CD19+ and/or CD20+ lymphocytes. The

third column of plots shows the IgD and CD27 phenotype of recovering B cells after CAR T cell infusion. Plots are gated on CD20+ lymphocytes. CD27 is a marker of memory

B cells, and IgD expression is found on B cells that have not undergone isotype switching. Most cells had a CD27�, IgD+ phenotype, which is consistent with naive B cells.
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This research was approved by the National Cancer Institute (NCI)
Institutional Review Board. Patients treated in a previously reported
cohort of this trial were included in this report if they had any subtype
of DLBCL and were evaluable for lymphoma response (Table 1).10

Nine patients with DLBCL were treated in this previously reported
cohort. Note that two patients from the previously reported cohort
were not evaluable for long-term response: one patient refused to
2250 Molecular Therapy Vol. 25 No 10 October 2017
return for follow-up, and the other patient died 16 days after CAR
T cell infusion.10 Patient 15 was previously reported as having a
PR, but this patient converted from PR to CR 8 months after treat-
ment when subtle positron emission tomography abnormalities
resolved. Patient numbers used in this report are the same numbers
used in the first report of these patients.10 Patients received a condi-
tioning chemotherapy regimen of cyclophosphamide and fludarabine
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followed 1 day later by a single infusion of anti-CD19 CAR T cells
(Table 1). Chemotherapy was administered to enhance CAR T cell
activity.32–34 No further lymphoma therapy was administered after
anti-CD19 CAR T cell infusions. Lymphoma was staged by standard
methods.35

Anti-CD19-CAR T Cell Preparation

PBMCs obtained from each patient by apheresis were suspended in
AIM V medium (Invitrogen) with 5% human AB serum (Gemini)
and 300 IU/mL IL-2 (Novartis). T cell proliferation was initiated by
adding 50 ng/mL of the anti-CD3 monoclonal antibody OKT3
(Ortho Biotech). Six-well plates were coated with RetroNectin
(Takara Bio), and gamma-retroviruses encoding the anti-CD19
CAR were coated onto the plates as previously described.36 Two
days after initiation of the PBMC cultures, 2� 106 stimulated PBMCs
were added to each well of the virus-coated plates, and the plates were
cultured overnight. The next day, the cells were returned to culture in
AIM V medium with 5% human AB serum and 300 IU/mL IL-2. All
cell products were assessed for potency by interferon (IFN)-g release
and for CAR expression by anti-Fab antibody staining. Release
criteria for clinical T cell products were at least 200 pg/mL IFNg
release against CD19+ targets in a standard ELISA and at least 30%
CAR expression on T cells as measured by anti-Fab flow cytometry
as previously described.10 Cells were tested for sterility by bacteria
culture, fungal culture, and mycoplasma PCR testing. Endotoxin
testing was performed with the limulus amoebocyte lysis assay, and
replication competent retrovirus testing was performed with PCR.
Cells were harvested and washed on day 10 of culture and were
infused intravenously over 20–30 min.

Quantification of Serum Immunoglobulins

IgG, IgA, and IgM levels were determined by a standard clinical
immunoturbidimetric assay with a Roche Cobas 6000 analyzer.

Flow Cytometry

Flow cytometry to determine B cell phenotypes was performed by
using standard methods. The B cell counts in Figure 1D were deter-
mined by quantifying CD19+ lymphocytes.

Real-Time qPCR to Quantitate Blood CAR+ Cells

For each patient, DNA was extracted from PBMCs collected before
treatment and at multiple time points after treatment. DNA was
extracted by using a QIAGEN DNeasy blood and tissue kit. DNA
from each time point was amplified in duplicate with a primer and
probe set (Applied Biosystems) that was specific for the anti-CD19
CAR. Real-time PCR was carried out with a Roche Light Cycler 480
real-time PCR system. Similar to an approach used previously by
other investigators and as published previously in our own work,
we made serial 1:5 dilutions of DNA from the infused T cells of
each patient into pretreatment DNA from the same patient, and we
made standard curves by performing qPCR on this DNA.9,37–40 We
determined the percentage of the infused T cells that expressed the
anti-CD19 CAR by flow cytometry with anti-Fab antibody staining.10

The standard curve was in units of the percentage of CAR+ cells. The
highest point of the standard curve was the point derived from undi-
luted infused T cell DNA. We assumed that only infused T cells with
surface CAR expression detected by flow cytometry contained the
CAR gene. This assumption probably underestimates the actual num-
ber of cells containing the CAR gene because all cells containing the
CAR gene might not express the CAR protein on the cell surface. The
percentage of PBMC that contained the CAR gene at each time point
was determined by comparing the qPCR results obtained with DNA
of PBMCs from each time point to the qPCR results obtained from
each patient’s infused T cell standard curve. All samples were normal-
ized to b-actin with an Applied Biosystems b-actin control reagent
kit. After the percentage of CAR+ PBMCs was determined by PCR,
the absolute number of CAR+ PBMCs was calculated by multiplying
the percentage of CAR+ PBMCs by the sum of the absolute number of
blood lymphocytes and monocytes.
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