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SUMMARY

A patient with refractory multiple myeloma received an infusion of CTLO019 cells,
a cellular therapy consisting of autologous T cells transduced with an anti-CD19
chimeric antigen receptor, after myeloablative chemotherapy (melphalan, 140 mg per
square meter of body-surface area) and autologous stem-cell transplantation. Four
years earlier, autologous transplantation with a higher melphalan dose (200 mg per
square meter) had induced only a partial, transient response. Autologous transplan-
tation followed by treatment with CTLO19 cells led to a complete response with no
evidence of progression and no measurable serum or urine monoclonal protein at
the most recent evaluation, 12 months after treatment. This response was achieved
despite the absence of CD19 expression in 99.95% of the patient’s neoplastic plasma
cells. (Funded by Novartis and others; ClinicalTrials.gov number, NCT02135406.)

RANSDUCTION OF AUTOLOGOUS T CELLS TO EXPRESS CD19-SPECIFIC CHI-

meric antigen receptors is a promising immunotherapeutic approach for the

treatment of B-cell cancers.! We previously reported sustained regression of
refractory chronic lymphocytic leukemia and B-cell acute lymphoblastic leukemia*®
after infusion of CTLO19 cells, which consist of autologous T cells expressing a
CD3-zeta/CD137-based anti-CD19 chimeric antigen receptor from a lentiviral vec-
tor. Multiple myeloma is a B-lineage cancer that is reported to express CD19 in-
frequently®; hence, CD19 is not generally considered a valid immunotherapeutic
target in multiple myeloma. Several reports, however, have suggested that a minor
component of the multiple myeloma clone with drug-resistant, disease-propagating
properties has a B-cell (i.e., CD19-positive) phenotype.” In addition, our unpub-
lished observations suggest that neoplastic plasma cells express low levels of CD19
more frequently than has previously been reported and that, in vitro, CTLO19 cells
are cytotoxic for cells with extremely low levels of CD19 expression. On the basis
of these observations, we hypothesized that CTL019 cells would have efficacy in
multiple myeloma. Since only a minor subset of cells in the multiple myeloma clone
may express CD19, we further hypothesized that CTLO19 cells might be effective
only in conjunction with a therapy that depletes CD19-negative plasma cells, which
make up the majority of neoplastic plasma cells in most cases. We therefore initi-
ated a pilot clinical trial for patients with refractory multiple myeloma to test the
safety and feasibility and preliminarily assess the efficacy of an infusion of CTL019
cells in conjunction with standard treatment for multiple myeloma, consisting of
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high-dose melphalan and autologous stem-cell
transplantation. Here, we report the results for
the first patient treated according to this protocol.

CASE REPORT

The patient received a diagnosis of IgA kappa
multiple myeloma in 2009, at the age of 43 years,
after presenting with vertebral compression frac-
tures. She had an initial response to treatment
with lenalidomide, bortezomib, and dexametha-
sone, but the disease progressed when therapy was
stopped briefly to collect hematopoietic stem cells
for autologous transplantation. She then received
a 96-hour infusion of cisplatin, doxorubicin, cyclo-
phosphamide, and etoposide. Hematopoietic stem
cells were subsequently mobilized with filgrastim
and collected. On May 14, 2010, the patient re-
ceived high-dose melphalan (200 mg per square
meter of body-surface area) and underwent au-
tologous stem-cell transplantation. According to
International Myeloma Working Group (IMWG)
response criteria,® the initial autologous trans-
plantation resulted in a partial response (Fig. 1A).
Maintenance lenalidomide was started approxi-
mately 1 month after transplantation. Approxi-
mately 2 months later, the patient’s serum IgA
concentration began to rise, prompting the ad-
dition of bortezomib (Fig. 1A). IMWG criteria for
post-transplantation progression were met 181
days after transplantation. Subsequent therapies
included regimens incorporating lenalidomide,
bortezomib, carfilzomib, pomalidomide, vorino-
stat, clarithromycin, and elotuzumab. In June
2014, after receiving nine prior lines of therapy,
the patient enrolled in a clinical trial of treat-
ment with CTL019 cells in conjunction with au-
tologous stem-cell transplantation. Before the
second autologous transplantation, two cycles of
cyclophosphamide were administered (each at a
dose of 1200 mg per square meter given over a
96-hour period) to control the myeloma during
the screening evaluation and CTLO19 manufac-
turing. At the time of the second transplantation
(Fig. 1A), the patient’s serum IgA concentration
was 6310 mg per deciliter, and the serum mono-
clonal protein concentration (M spike) was 6.2 g
per deciliter. A bone marrow biopsy showed more
than 95% involvement by multiple myeloma
(Fig. 2A), a complex karyotype, and interphase
fluorescence in situ hybridization (FISH) findings
of t(4;14), monosomy 17 (i.e., deletion of TP53),
and gain of 1q21, all of which are associated

with a poor prognosis for patients with multiple
myeloma.

METHODS

STUDY DESIGN

The trial was approved by the University of Penn-
sylvania institutional review board and was con-
ducted in accordance with the protocol, which is
available with the full text of this article at
NEJM.org. All the authors participated in data
collection and analysis, contributed to the writing
and editing of the manuscript, and vouch for the
completeness and accuracy of the data. The pen-
ultimate author made the decision to submit the
manuscript for publication. Novartis, the funding
sponsor of the study, approved the manuscript.
Eligibility criteria included prior treatment with
autologous transplantation, disease progression
according to IMWG criteria within 1 year after
the initial transplantation, and adequate cardio-
pulmonary function and cryopreserved autologous
hematopoietic stem cells to undergo a second
autologous transplantation. CTL019 cells are man-
ufactured from an autologous leukapheresis prod-
uct as previously described.* The target CTL019
dose was 1x107 to 5x10” chimeric antigen recep-
tor—expressing T cells. Study therapy consisted of
high-dose melphalan (140 to 200 mg per square
meter), reinfusion of autologous stem cells
(22.1x10° cells per kilogram of body weight),
and CTLO019 infusion 12 to 14 days later. As speci-
fied by the protocol, maintenance therapy with
lenalidomide beginning 100 days after transplan-
tation was optional.

STUDY EVALUATIONS

Serum and urine protein electrophoresis, quan-
titative immunoglobulin measurements, serum
free light-chain measurements, and bone marrow
biopsy were performed at baseline, at days 42
and 100 after transplantation, and at additional
time points as clinically indicated. Bone marrow
and peripheral blood were assessed by means of
flow cytometry and a quantitative polymerase-
chain-reaction (PCR) assay for engraftment of
CTLO019. Flow cytometry was used on bone mar-
row samples obtained before and after trans-
plantation in order to assess CD19 expression on
multiple myeloma plasma cells and to evaluate
the patient for post-transplantation minimal re-
sidual disease. CD19 expression was further char-
acterized by means of fluorescence-activated cell
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Figure 1. Measures of Multiple Myeloma Disease Burden after Autologous Stem-Cell Transplantations (ASCTs), and Measures of CTL019
Frequency and Activity after the Second Transplantation.
Panel A shows the trend in IgA concentrations after the initial ASCT (left), with melphalan conditioning at a dose of 200 mg per square
meter of body-surface area (MEL200), and after the second ASCT, with melphalan conditioning at a dose of 140 mg per square meter
(MEL140) and CTLO19 infusion (right). Additional therapy in the 6 months after the first ASCT included lenalidomide (LEN), bortezomib
(BTZ), dexamethasone (DEX), and clarithromycin (CLR). The second ASCT was preceded by two cycles of continuous-infusion cyclo-
phosphamide (CY). The serum monoclonal protein concentration (M spike) is also shown for the period before and after the second
ASCT. Panel B shows CTL019 engraftment after the second ASCT, measured by means of flow cytometry as the number of cells per cu-
bic millimeter (in peripheral blood only) and measured by means of a quantitative polymerase-chain-reaction assay (QPCR) as the num-
ber of copies of lentiviral vector sequence per microgram of genomic DNA (in peripheral blood and bone marrow), as well as the corre-
sponding B-cell frequencies, measured as the number of cells per cubic millimeter. Panel C shows the serum ferritin, interferon-v, and
interleukin-6 concentrations.
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sorting (FACS) of multiple myeloma plasma cells,
followed by a quantitative reverse-transcriptase—
PCR (RT-PCR) assay. Serum cytokine concentra-
tions were assessed with the use of a Luminex
assay as previously described.* Finally, deep
sequencing of IGH (the immunoglobulin heavy-
chain gene) was performed to identify the myelo-
ma-specific IGH sequence in the baseline bone
marrow sample and to determine whether it per-

sisted in the sample obtained on day 100, as a
molecular measure of minimal residual disease.

RESULTS

FEASIBILITY AND TOXIC EFFECTS

The patient underwent autologous transplanta-
tion after receiving melphalan at a dose of 140
mg per square meter (reduced from the standard
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ing (left) and CD138 immunostaining (right).

Figure 2. Bone Marrow Core Biopsy Samples Obtained 2 Days before the Second ASCT and on Day 100 after the

The bone marrow sample obtained before the second ASCT (Panel A) shows more than 95% involvement by multi-
ple myeloma on hematoxylin and eosin staining (left) and CD138 immunostaining (right). The sample obtained 100
days after the ASCT (Panel B) shows 1 to 2% overall cellularity and no plasma cells on hematoxylin and eosin stain-

dose of 200 mg per square meter to minimize
toxic effects). Transplantation-related toxic effects
included grade 4 neutropenia and thrombocyto-
penia, grade 3 mucositis, grade 2 nausea and
anorexia, neutropenic fever, and Staphylococcus
aureus bacteremia. On the day of the CTL019 infu-
sion (day 12 after transplantation), the absolute
neutrophil count had risen to 200 per cubic mil-
limeter, and the patient had been afebrile with
sterile blood cultures for more than 48 hours. The
CTLO019 dose was 5x10’ chimeric antigen recep-
tor—expressing T cells. The absolute lymphocyte
count was 840 per cubic millimeter (with T cells
accounting for 49%) on the day of CTL019 infu-
sion, as compared with 390 per cubic millimeter
before the administration of melphalan. After
CTLO019 infusion, there were no fevers or other

signs of the cytokine release syndrome, an in-
flammatory reaction that has been observed in
other clinical studies of CTL019.2>° The patient
had hypogammaglobulinemia before transplan-
tation, a common finding in patients with mul-
tiple myeloma; it persisted at day 100 after
transplantation and was attributed to the effects
of CTL019 on normal B cells and plasma cells.
No other adverse events attributable to CTL019
were observed; any adverse events not specified
earlier were grade 1 or 2. By day 100 after trans-
plantation, all transplantation-related toxic ef-
fects had resolved. Lenalidomide, at a dose of
5 mg daily, was started on day 130 after trans-
plantation; the dose was subsequently reduced
to 5 mg twice weekly because of gastrointestinal
toxic effects.
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CLINICAL RESPONSE

The monoclonal IgA concentration (as determined
by means of serum protein electrophoresis) and
the total serum IgA concentration began to de-
cline after transplantation and declined further
after CTLO19 infusion (Fig. 1A). The nadir IgA
concentration was below the limit of quantita-
tion (7 mg per deciliter). On day 100, a bone mar-
row biopsy showed 1 to 2% overall cellularity and
no plasma cells (Fig. 2B). By this time, all crite-
ria for “stringent complete response,” the best
response category in the IMWG classification,?
were met except for the presence of a faint kappa
light-chain band on urinary protein electropho-
resis, which was not detected on repeat testing
1 month later. Flow-cytometric testing and IGH
deep sequencing of the bone marrow sample ob-
tained on day 100 for minimal residual disease
were negative; IGH deep sequencing indicated a
frequency of fewer than 1 neoplastic plasma cell
in 3.11x10° bone marrow cells. As compared with
the tumor burden in the patient’s bone marrow
cells at baseline, which consisted almost entirely
of malignant plasma cells (>95% as estimated
morphologically) (Fig. 2A), there was more than
a 5-log,, reduction in the tumor burden at day 100.
Twelve months after transplantation, the patient
had no evidence of monoclonal immunoglobulin
on serum and urine immunofixation and no clini-
cal signs or symptoms of multiple myeloma.
Transplantation with CTL019 cells led to a more
complete and more durable reduction in multiple
myeloma burden than was obtained with the first
transplantation and all other prior therapies.

CTLO19 ENGRAFTMENT, SYSTEMIC INFLAMMATORY
MARKERS, AND B-CELL APLASIA

CTLO019 cells were detected in the peripheral blood
from day 2 until day 47 after infusion (day 61 after
transplantation) by means of both flow cytom-
etry (at a frequency of 0.3 to 1.7 cells per cubic
millimeter, or 0.1 to 0.2% of total peripheral-
blood T cells) and quantitative PCR; CTLO019 cells
were also detected in the bone marrow on day 30
after infusion (day 42 after transplantation) by
means of both flow cytometry (0.1% of T cells)
and quantitative PCR but not on day 88 after infu-
sion (day 100 after transplantation) (Fig. 1B). In-
fusion of CTL019 was followed by a rise in the
serum interferon gamma and ferritin concentra-
tions; the serum interleukin-6 concentration was
elevated before CTL019 infusion and declined as
CTLO019 levels decreased (Fig. 1C). These inflam-

matory markers did not rise to the extent that has
previously been associated with CTL019-mediated
cytokine release syndrome.>> As expected, recon-
stitution of B cells was associated with loss of
detectable CTL019 (Fig. 1B). Since B cells are typi-
cally detectable on day 14 in patients with mul-
tiple myeloma who undergo autologous transplan-
tation and autologous T-cell infusion,' the early
B-cell aplasia in this patient was probably due to
the combined effects of CTL019 and melphalan
rather than the effect of high-dose melphalan
alone.

CD19 EXPRESSION IN MULTIPLE MYELOMA CELLS
Bone marrow aspirate obtained at baseline, just
before the patient underwent autologous trans-
plantation, was analyzed by means of flow cytom-
etry to assess CD19 expression on multiple my-
eloma plasma cells. The dominant population of
neoplastic plasma cells was identified by its
CD38+CD45- immunophenotype and kappa light-
chain restriction (Fig. 3). CD19 was detected on
merely 0.05% of the dominant multiple myeloma
plasma-cell population (Fig. 3A). The minor CD19+
subset expressed intracellular kappa light chain
(Fig. 3B) and B-cell maturation antigen (BCMA),
a plasma-cell-specific marker (not shown), con-
firming its identity as a component of the neo-
plastic plasma-cell population. In addition, a small
population of kappa-restricted plasma cells was
identified among CD45+ cells, a minor subset of
which was CD19+ (Fig. 4, shaded inset). Addi-
tional CD19+ populations in the baseline bone
marrow sample included polyclonal CD19+
CD20+ B cells and a small population of CD45+
CD38(dim)+CD20—-CD19+ light-chain—negative
cells, probably representing pro-B or early pre-B
cells (Fig. 4). For a more sensitive assessment of
CD19 expression, we used FACS to sort the dom-
inant neoplastic plasma-cell population, with two
thresholds for CD19 expression (Fig. 3A), and we
analyzed the sorted subsets of plasma cells for
the presence of CD19 messenger RNA (mRNA)
by means of an RT-PCR assay. No CD19 mRNA
was detected in the 99.95% of myeloma plasma
cells that were CD19-negative on flow cytometry
(Fig. 3C).

DISCUSSION

We report a sustained complete response to an
infusion of CTL019 cells in conjunction with
autologous transplantation in a patient with ad-
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vanced multiple myeloma. The superior reduction
in disease burden and durability of this response
in comparison with the response to the previous
transplantation, despite the extensive interven-
ing therapy and lower dose of melphalan, suggest
that the favorable response is attributable to the
combination of CTL019 and melphalan rather
than melphalan alone. Reconstitution of normal
CD19+ B cells and loss of detectable CTL019
indicate that sustained CTL019 activity was not
required for this response.

Multiple myeloma in most cases consists pre-
dominantly of terminally differentiated CD19-
negative plasma cells, though minor subsets, such
as the small CD19+ plasma-cell population ob-
served in the patient described here, may be iden-
tified with less differentiated phenotypes along
the spectrum between B lymphocytes and plasma
cells.” Myeloma cells with these less differenti-
ated phenotypes may make up a drug-resistant,
clonogenic disease reservoir maintained by com-
ponents of the bone marrow microenvironment!14
and enriched by therapy with proteasome inhibi-
tors.”® Therapies targeting these subsets may
therefore have a synergistic effect with conven-
tional myeloma therapies, and such synergy may
explain the favorable response reported here.
Alternatively, the clinically relevant target of
CTLO019 in this case may have been non-neoplastic
CD19+ cells, which have been implicated in im-
mune evasion and resistance to therapy in solid
tumors.'*18

The patient described here benefited from
CTL019 without the development of the cytokine
release syndrome. We previously treated a pa-
tient who had multiple myeloma with a CTL019
dose of 5x108 cells on day 2 after autologous stem-
cell transplantation, according to a single-patient,
compassionate-use protocol. The patient had a
very good partial response complicated by severe
cytokine release syndrome and neurotoxic effects
that were attributed to CTL019; these toxic effects
were associated with a robust in vivo CTL019
expansion. As a result of these toxic effects and
our previous observation of treatment-schedule—
dependent effects on in vivo expansion of adop-
tively transferred T cells after autologous trans-
plantation,’ the protocol for our current, ongoing
clinical trial specified a lower CTL0O19 dose, with
infusion scheduled for day 12, 13, or 14, rather
than day 2, after transplantation.
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Flow-cytometric analysis of bone marrow aspirate obtained before transplantation shows CD19+ cells outside the dominant
CD38+CD45- multiple myeloma plasma-cell population characterized in Figure 3. Before this analysis, gating was performed to exclude
doublets, debris, T cells, monocytes, and dead cells (not shown). CD45+ cells (top row, left plot) were found to contain the following
CD19+ populations: polyclonal CD19+CD20+ B cells (top row, middle and right plots); a minor population of plasma cells
(BCMA+CD38+), a subset of which is CD19+ and all of which are kappa-restricted (shaded inset), indicating that they are a component
of the multiple myeloma clone; and a small population of CD45+CD38(dim)+CD20-CD19+ cells without immunoglobulin light-chain ex-
pression, most likely representing pro-B cells or early pre-B cells (third row, left and middle plots). BCMA denotes B-cell maturation an-

tigen.
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Ten patients, including the patient described
in detail here, have been treated so far in this
trial (for details, see Table S1 in the Supplemen-
tary Appendix, available at NEJM.org). Six of the
10 patients remain progression-free. The only
additional CTLO19-attributable toxic effects ob-
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served have been one instance of grade 1 cyto-
kine release syndrome and one instance of grade
3 enterocolitis due to autologous graft-versus-
host disease.

In summary, we report a case of advanced,
refractory multiple myeloma in which a durable
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complete response has been attained with CTL019
infusion after treatment with high-dose melpha-
lan and autologous transplantation, despite the
absence of CD19 expression in the vast majority
of neoplastic cells.
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