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Remissions of Poor-Prognosis Relapsed Multiple Myeloma
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Purpose

Theprapies with novel mechanisms of action are needed for multiple myeloma (MM). T cells can be
genetically modified to express chimeric antigen receptors (CARs), which are artificial proteins that
target T cells to antigens. B-cell maturation antigen (BCMA) is expressed by normal and malignant
plasma cells but not normal essential cells. We conducted the first-in-humans clinical trial, to our
knowledge, of T cells expressing a CAR targeting BCMA (CAR-BCMA).

Patients and Methods

Sixteen patients received 9 X 10° CAR-BCMA T cells/kg at the highest dose level of the trial; we are
reporting results of these 16 patients. The patients had a median of 9.5 prior lines of MM therapy. Sixty-
three percent of patients had MM refractory to the last treatment regimen before protocol enroliment.
T cells were transduced with a y-retroviral vector encoding CAR-BCMA. Patients received CAR-BCMA
T cells after a conditioning chemotherapy regimen of cyclophosphamide and fludarabine.

Results

The overall response rate was 81%, with 63% very good partial response or complete response.
Median event-free survival was 31 weeks. Responses included eradication of extensive bone
marrow myeloma and resolution of soft-tissue plasmacytomas. All 11 patients who obtained an anti-
MM response of partial response or better and had MM evaluable for minimal residual disease
obtained bone marrow minimal residual disease-negative status. High peak blood CAR™ cell levels
were associated with anti-MM responses. Cytokine-release syndrome toxicities were severe in
some cases but were reversible. Blood CAR-BCMA T cells were predominantly highly differentiated
CD8* T cells 6 to 9 days after infusion. BCMA antigen loss from MM was observed.

Conclusion
CAR-BCMA T cells had substantial activity against heavily treated relapsed/refractory MM. Our
results should encourage additional development of CAR T-cell therapies for MM.

J Clin Oncol 36:2267-2280. © 2018 by American Society of Clinical Oncology

antigen CD19 have established efficacy in
leukemia'®'* and lymphoma.'>** The success
of anti-CD19 CAR T-cell therapies against leuke-
mia and lymphoma has encouraged development
of CARs targeting MM.>***?

B-cell maturation antigen (BCMA) is a mem-
ber of the tumor necrosis factor superfamily; BCMA

Multiple myeloma (MM) is an almost always
incurable malignancy of plasma cells. In recent
years, several new therapies for MM have pro-
longed survival of patients with MM, but cure for

MM remains elusive. MM therapies with novel
mechanisms of action continue to be needed.'™

A chimeric antigen receptor (CAR) is a fu-
sion protein containing T-cell-signaling domains
and an antigen-recognition moiety.”” T cells
transduced with CARs directed against the B-cell

is found on MM cells, normal plasma cells, and
a small subset of normal B cells; BCMA is not
expressed on other normal cells.>****® This fa-
vorable expression pattern led us to develop the first
reported anti-BCMA CARs.”* We tested one of the
anti-BCMA CARs that we designed (CAR-BCMA)
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in the first-in-humans clinical trial, to our knowledge, of an anti-BCMA
CAR.* Here, we report final results of this first in humans study.

Clinical Trial and Patient Information

All enrolled patients gave informed consent. The study was approved
by the Institutional Review Board of the National Cancer Institute and was
registered as ClinicalTrials.gov NCT02215967. The US Food and Drug
Administration permitted an Investigational New Drug Application for
CAR-BCMA T cells. BCMA expression on MM was required for study
enrollment.

Preparation of CAR-BCMA T Cells

The CAR-BCMA chimeric antigen receptor was encoded by the
gamma-retroviral mouse stem cell-based splice-gag vector and contained
a murine anti-BCMA single-chain variable fragment, hinge and trans-
membrane regions from human CD8a, the CD28 costimulatory domain,
and the CD3{ T-cell activation domain.?**? Peripheral blood mononuclear
cells were collected from patients by leukapheresis, and whole peripheral
blood mononuclear cells were cultured and transduced. T cells were in-
fused a median of 9 (range, 9 to 10) days after initiation of culture.
Additional cell production details are available in the Data Supplement.

Patient Treatment Plan

Patients received cyclophosphamide 300 mg/m” and fludarabine
30 mg/m” daily on days —5 to —3 before CAR-BCMA T-cell infusion
on day 0. Chemotherapy was administered to enhance the activity of
adoptively transferred T cells.>**! The dose levels tested were 0.3, 1, 3,
and 9 X 10° CAR" T cells/kg. MM response assessment was con-
ducted according to the International Uniform Response Criteria for
Multiple Myeloma.?* Cytokine-release syndrome (CRS) was graded as
described.”

Ex Vivo Assays

Immunohistochemistry, flow cytometry including minimal residual
disease (MRD) detection by eight-color flow cytometry, quantitative
polymerase chain reaction, cytokine assays, and statistical comparisons
were performed as described in the Data Supplement and as previously
performed.”? Comparisons were made with nonparametric statistics, as
described in the figure legends.

Patient Characteristics

CAR-BCMA T-cell infusions were administered to 24 patients
in this clinical trial. Ten patients received CAR-BCMA T-cell in-
fusions at doses of 0.3 to 3 X 10° CAR" T cells/kg, as previously
reported (Table 1).** Short-term follow-up on patients 10 and 11,
who received 9 X 10° CAR" T cell/kg, was also reported.* Sixteen
patients received CAR-BCMA T-cell infusions at the highest dose
level of 9 X 10° CAR* T cells/kg (Table 1). Patients 1 and 4 were
treated twice, once at the highest dose level and once at lower dose
levels (Table 1). This report is focused on the 16 patients treated at
the highest dose level. Unless specifically noted, statements in this
report refer to the 16 patients receiving the highest dose level.
Patients had a median of 9.5 (range, 3 to 19) lines of therapy before
protocol enrollment (Data Supplement). Sixty-three percent of
patients were refractory to their last treatment regimen, defined as
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response less than partial response (PR) after most recent myeloma
therapy or progressive disease (PD) within 60 days after most
recent myeloma therapy. Forty percent of evaluable patients re-
ceiving the highest dose level had high-risk cytogenetics, including
33% with Del(17p) (Table 1). Pretreatment characteristics were
similar among patients treated with the lower dose levels and the
9 X 10° CAR" T cells/kg dose level (Table 1; Data Supplement).**
For the patients receiving the highest dose level, a median of 40%
(range, 23.2% to 66.0%) of the infused T cells expressed CAR-
BCMA (Data Supplement). All patients treated at the 9 X 10° CAR"
T cells/kg dose level are included in this report. Three patients were
enrolled but did not receive CAR-BCMA T cells, one because of
rapid progression of MM, one because of lack of BCMA expression
on MM, and one because of possible bacterial contamination of the
cell product.

Anti-BCMA CAR T Cells Induce Remissions in Patients
With Heavily Pretreated MM

At doses of 0.3 to 3 X 10° CAR" T cells/kg, only two of 10
patients experienced responses of PR or better (Table 1).* Of the
16 patients who received 9 X 10° CAR" T cells/kg, 13 patients had
responses of PR or better (Table 1). The overall response rate for
patients receiving 9 X 10° CAR' T cells/kg was 81%, and all
patients except patient 20 had a substantial decrease in their serum
MM marker (Fig 1A). The median event-free survival for patients
treated at a cell dose of 9 X 10%kg was 31 weeks (Fig 1B). Cur-
rently, six patients, all treated with the highest dose level, have
ongoing responses. The other 10 patients receiving the highest dose
level have experienced myeloma progression.

Patient 14 had a large abdominal mass that resolved on
computed tomography imaging (Figs 1C-1F). His A light chains
decreased precipitously and became undetectable after CAR T-cell
infusion (Fig 1G). Six months after cell infusion, A light chains
began to increase, but the k to A ratio remained normal, and IgG,
IgA, and IgM immunoglobulins increased (Figs 1G and 1H); this
pattern indicated recovery of normal plasma cells. Patient 14’s anti-
MM response is very good PR (VGPR) ongoing at 51 weeks.

CAR-BCMA T Cells Effectively Deplete the Bone
Marrow of Plasma Cells

Nine patients were evaluated with bone marrow biopsies and
immunohistochemistry staining for CD138 before and 2 months
after CAR-BCMA infusion. In all nine patients, bone marrow plasma
cells decreased between these time points (Fig 1I). Eleven of 11
evaluated patients were found to be MRD-negative by bone marrow
flow cytometry. Five patients were not evaluated for MRD: three
patients because of clinical lack of response, one patient because of
an MRD-negative bone marrow before protocol enrollment, and
one patient because of patient noncompliance. (Table 1).

Patient 1’s bone marrow biopsy showed eradication of plasma
cells by CD138 and BCMA staining (Figs 2A and 2B). Her « light
chains became undetectable 14 days after CAR-BCMA T-cell in-
fusion (Fig 2C), and she obtained a stringent complete response
(sCR), ongoing at 37 weeks. Twenty-nine months before patient 1
was treated with 9 X 10® CAR-BCMA T cells/kg, she had been
treated with 0.3 X 10° CAR-BCMA T cells/kg, which yielded a PR
lasting 2 weeks.”” A second patient, patient 4, also received two
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Table 1. Patient Characteristics, Cells Dose, Treatment Response, and MRD Status for Patients Treated With Anti-CAR-BCMA CAR T Cells
MRD Status at First Follow-Up
Monoclonal High-Risk No. of Prior Lines of CAR T-Cell Dose Myeloma Response Bone Marrow Biopsy (performed at 1 or 2

Patient* Protein Cytogeneticst Therapy# (CAR+ T cells/kg) (duration in weeks)$ months after cell infusion)

1 k light chain  Del(17p) 6 0.3 X 10° PR (2) MRD positive

2 IgA-L t(4;14) 8 0.3 X 10° SD (6) MRD positive

Del(17p)

3 k light chain  Del(17p) 7 0.3 x 108 SD (6) MRD positive

4 A light chain None 6 1 x 10° SD (12) MRD positive

5) lgG-« Del (17p) 13 1 x 108 SD (4) Clinical lack of response, no MRD

evaluation

6 lgG-A None 11 1% 10° SD (2) Clinical lack of response, no MRD

evaluation

7 IgG-A t(4;14) 5 3 x 10° SD (7) MRD positive

8 k light chain  None 6 3 x 10° VGPR (8) MRD negative

9 k light chain None 3 3 x 10° SD (16) MRD positive

10 IgA-Kk None 3 9 x 108 sCR (17) MRD negative

11 lgG-A Del(17p) 5 9 x 10° VGPR (66) MRD negative

12 IgA-L None 3 3 x 10° SD (2) Clinical lack of response, no MRD

evaluation

13 lgG-« None 15 9 x 10° VGPR (29) MRD negative

14 A light chain None 16 9 x 108 VGPR (51+) NE, negative bone marrow aspirate flow

cytometry at baseline

15 lgG-« None 10 9 x 10° SD (2) Clinical lack of response, no MRD

evaluation

16 IgA« t(14;16) 5 9 x 10° VGPR (11) MRD negative

1| k light chain  Del(17p) 15 9 x 10° sCR (37+) MRD negative

17 k light chain  Del(17p) 10 9 x 10° VGPR (34) MRD negative

18 lgG-« None 12 9 x 10° PR (24+) MRD negative

19 lgG-k Del(17p) 3 9 x 106 VGPR (17+) MRD negative

20 k light chain  Del(17p) 12 9 x 108 PD Clinical lack of response, no MRD

evaluation

21 lgG-k None 8 9 x 10° VGPR (11) MRD negative

22 k light chain  Technically 3 9 x 10° VGPR (15+) MRD negative

inadequate, NE

23 lgA-k None 19 9 x 10° PR (2)1 NE because of patient noncompliance

24 lgG-« None 4 9 x 10° PR (15+) MRD negative

4 A light chain None 9 9 x 10° SD (1) Clinical lack of response, no MRD

evaluation

Abbreviations: BCMA, B-cell maturation antigen; CAR, chimeric antigen receptor; MRD, minimal residual disease as detected by eight-color flow cytometry with a limit
of detection of 0.0007%, as described in the Data Supplement; NE, not evaluable; PD, progressive disease; PR, partial response; sCR, stringent complete response; SD,
stable disease; VGPR, very good partial response.

*Treated patients are listed sequentially in the order that they were treated.

TResults of cytogenetics or myeloma fluorescent in situ hybridization from bone marrow aspirate performed at any point before treatment with CAR-BCMA T cells.
High-risk cytogenetics were defined as Del(17p), t(14;16), t(14;20), or t(4;14).

F¥The number of prior lines of therapy was calculated by adding all discrete lines of therapy received by each patient. An induction regimen followed by autologous
stem-cell transplantation, which includes induction chemotherapy, mobilization chemotherapy, conditioning regimen, and any maintenance therapy, was considered one line
of therapy. Radiation was considered a line of therapy. Myeloma staging was conducted according to the International Uniform Response Criteria for Multiple Myeloma.

8Response duration spans the time of the first documentation of any response until the time of progression. + indicates ongoing response.

||Patient 1 and patient 4 each received a second infusion of ant-BCMA CAR T cells at the highest dose level (9 X 10% CAR* T cells/kg).

{IPatient lost to follow-up after 5 weeks.

Toxicities of Anti-BCMA CAR T Cells
CAR-BCMA T-cell toxicity was mild at lower dose levels, with

CAR-BCMA T-cell treatments. Patient 4 received a first treatment
with 1 X 10° CAR-BCMA T cells/kg, followed 34 months later by

asecond treatment with 9 X 10° CAR-BCMATT cells/kg.> Patient 4
obtained responses of stable disease (SD) after both treatments.

Serum BCMA Declines Along With Myeloma Burden

BCMA is elevated in the serum of patients with MM.** In
patients obtaining anti-MM responses, serum BCMA decreased
(Fig 2D). In contrast, serum BCMA only underwent minor changes
in patients who did not obtain anti-MM responses (Fig 2E). Serum
BCMA decreased as patient 21’s MM entered a VGPR; when MM
progressed in multiple boney sites and serum free light chains
started to increase, her serum BCMA also increased, indicating that
BCMA could be a tumor marker for MM (Fig 2F).

jeo.org

no cytokine-release syndrome (CRS) of grades 3 or 4 at cell doses of
0.3 to 3 X 10° CAR™ T cells/kg (Data Supplement).** At a cell dose
of 9 X 10° CAR" T cells/kg, CRS-related toxicities were substantial
(Table 2). The first two patients treated with 9 X 10° CAR" T cells/
kg, patients 10 and 11, had 90% and 80% of bone marrow cells that
were MM plasma cells, respectively. Both patients 10 and 11
experienced severe CRS toxicities. Because of the toxicities
experienced by patients 10 and 11, the latter 14 patients treated
with 9 X 10° CAR-BCMA T cells/kg were required to have lower
MM burdens. Each of the latter 14 patients had < 30% bone
marrow plasma cells before CAR-BCMA infusion.

Six of 16 patients receiving 9 X 10° CAR-BCMA T cells/kg
(38%) required vasopressor support for hypotension, and one

© 2018 by American Society of Clinical Oncology ~ 2269
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Fig 1. Chimeric antigen receptor (CAR)-
B-cell maturation antigen (BCMA) T cells have
antimyeloma activity. (A) Waterfall plot with
each bar representing the maximum per-
centage change of the myeloma marker for
each patient. WWe compared pretreatment and
nadir post-treatment values of involved free
k or A light chains or the intact monoclonal
antibody (M protein). The intact immuno-
globulin M protein was used if it was mea-
surable. If the M protein was not measurable,
free light chains were used. (B) Event-free
survival in weeks for patients treated with
9 x 10° CAR* T cells/kg. Median event-free
survival was 31 weeks. Seven patients were
censored. One patient was censored be-
cause he refused to come to appointments
starting 5 weeks after CAR-BCMA infusion.
The other six patients were censored for
being in an ongoing response at last follow-up.
Only five censor marks are present because
two patients each were censored at 17 and
26 weeks after CAR-BCMA infusion, and the
censor marks are too close to be distin-
guished. Events were all progressive multiple
myeloma except for patient 13, in whom the
event was initiation of new multiple myeloma
therapy without clear progression of mye-
loma. (C) Before CAR-BCMA T-cell infusion,
patient 14 had a large left abdominal soft
tissue plasmacytoma, as seen on computed
tomography imaging. (D) This abdominal
mass significantly decreased in size 4 weeks
after CAR-BCMA T—cell infusion. (E) The mass
continued to decrease in size 9 weeks after
CAR-BCMA T-cell infusion. (F) The mass was
not appreciable on computed tomography 55
weeks after CAR-BCMA T-cell infusion. (G)
Patient 14's A light chains decreased quickly
after CAR-BCMA T-cell infusion. Twenty-five
weeks after CAR-BCMA T-cell infusion, A light
chains began to increase, but the ratio of A to
k light chains remained normal, indicating
recovery of normal plasma cells. (H) Patient
14 received intravenous immunoglobulin in-
fusions for hypogammaglobulinemia after
CAR-BCMA T-cell infusion, as indicated by the
gold arrows. His IgG, IgA, and IgM sub-
sequently all increased. He has not received
intravenous immunoglobulins since 13 weeks
after CAR-BCMA T=cell infusion. (I) Plasma
cells were evaluated in bone marrow core
biopsies by CD138 immunohistochemistry
(IHC) staining before CAR-BCMA treatment
and 2 months after CAR-BCMA T-cell in-
fusion. The percentage of plasma cells de-
creased in all nine evaluable patients. P=.0039
by Wilcoxon matched-pairs signed rank test.
Only nine of 16 patients were evaluable for
plasma cell eradication by IHC, because three
patients had levels of bone marrow myeloma
too low to evaluate by IHC pretreatment, three
patients did not have a post-treatment bone
marrow biopsy because of lack of clinical re-
sponse, and one patient did not have a post-
treatment bone marrow biopsy because of
patient noncompliance.
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Fig 3. Many cytokines were prominently
increased after anti-BCMA CAR (CAR-
BCMA) T cell infusions, and peak CAR cell
levels were associated with anti-myeloma
responses. (A) Serum levels of 19 cytokines
were determined at multiple time points
after CAR-BCMA infusion for all patients.
For each cytokine, the peak fold-increase
over pretreatment cytokine levels was
calculated. The peak fold-increase is shown
as a blue dot, and the median peak fold-
increase for each cytokine is shown as
a gold bar. (B-D) The peak absolute serum
levels of each of 19 cytokines were com-
pared between patients with a maximum
CRS grade of 3 or 4 at any time point versus
patients with a maximum CRS grade less
than 3 at all time points. The three cytokines
with the lowest P value for the comparison
were (B) IL-15, (C) IL-10, and (D) IL-8. For
these comparisons, all 16 patients were
included. Comparison of peak cytokine

levels was made by the Mann-Whitney
test, and correction for multiple compari-
sons was performed with the Bonferroni-
Dunn test. (E and F) The percentage of
peripheral blood mononuclear cell that were
CAR™ cells was determined by quantitative
polymerase chain reaction, and the abso-
lute number of CAR* cells/uL of blood was
determined by multiplying the percentage
of CAR* cells by the sum of blood lym-
phocytes plus monocytes/uL. The time
courses of CAR* cell levels in the blood of
each patient obtaining responses of strin-
gent complete response, very good partial
response, or partial response (responders)
were determined. The patients are divided
among two graphs to allow viewing of the
lines for each patient. Day 0 is the day of
CAR-BCMA infusion. (G) The time courses
of CAR™ cell levels in the blood of the three
patients with treatment outcomes of stable
disease or progressive disease (non-
responders) were determined by quantita-
tive polymerase chain reaction. The j-axis
scale is the same as in (A) to emphasize the
lower level of blood CAR* cells in non-
responders. (H) Peak blood CAR* cell levels
were higher in responders versus non-
responders. (P =.013, Mann-Whitney test;
n = 16). GM-CSF, granulocyte-macrophage
colony-stimulating factor; IFN, interferon;
TNF, tumor necrosis factor.
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Fig 4. After infusion, CD8" highly differentiated T cells dominate the chimeric antigen receptor (CAR)-B-cell maturation antigen (BCMA) T-cell population, and multiple
myeloma (MM) cells can lose BCMA expression after anti-BCMA CAR T cells (CAR-BCMA) T-cell infusions. (A) The ratio of CD4* to CD8* CAR-BCMA T cells decreased
after infusion (P < .001). For A, data were from CD4 versus CD8 flow cytometry plots gated on CD3*CAR* lymphocytes. For A through F, infusion means a cell sample
obtained just before infusion, and ex vivo means cells from a patient blood sample obtained 6 to 9 days after infusion. For A through F, all comparisons were made by the
Wilcoxon matched-pairs signed rank test (n = 14). Patients 4 and 20 are not included, because their postinfusion blood CAR* cell levels were too low for accurate flow
cytometry analysis. (B) The fraction of CAR™ T cells expressing KLRG-1 increased significantly on CAR-BCMA-expressing T cells after infusion. £<.001 for the comparison
of CD4™ infusion versus ex vivo CAR-BCMA T cells. P < .001 for the comparison of CD8* infusion versus ex vivo CAR-BCMA T cells. (C) The fraction of CAR™ T cells
expressing CD57 increased significantly on CAR-BCMA-expressing T cells after infusion. P=.004 for the comparison of CD4" infusion versus ex vivo CAR-BCMAT cells.
P < .001 for the comparison of CD8" infusion versus ex vivo CAR-BCMA T cells. (D) The fraction of CAR* T cells expressing PD1 increased significantly on
CAR-BCMA-expressing T cells after infusion. £ < .001 for the comparison of CD4* infusion versus ex vivo CAR-BCMA T cells. P< .001 for the (continued on next page)
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patient required mechanical ventilation. Five patients (31%) re-
ceived tocilizumab, and four patients (25%) received corticoste-
roids for adrenal insufficiency or CRS-related toxicities (Table 2).
Patients with CRS of grade 3 or 4 had higher levels of bone marrow
plasma cells compared with patients who had less than grade 3
CRS, which indicates an increased chance of severe CRS in patients
with high MM burdens (Fig 2G).

Neurologic toxicities were limited to confusion or delirium in
the setting of severe CRS, except for patient 15 who experienced
encephalopathy and muscle weakness of all extremities. This pa-
tient was severely ill with grade 4 CRS at the time of his neurologic
toxicity, and his extremity weakness was consistent with critical
illness polyneuropathy/polymyopathy.’® Extensive neurologic de-
fects, as seen in clinical trials of anti-CD19 CAR T cells, were not
observed."”"”

Most cytopenias occurred early after CAR-BCMA T-cell
infusion and were attributable to the cyclophosphamide and
fludarabine conditioning chemotherapy, but some periods of
cytopenia were delayed until after recovery of blood counts from
chemotherapy. Patient 14 developed pancytopenia with grade 4
thrombocytopenia 28 days after CAR-BCMA T-cell infusion.
Patient 16 developed pancytopenia with grade 4 thrombocyto-
penia 25 days after CAR-BCMA T-cell infusion. Neutropenia
rapidly resolved with filgrastim administration in both cases.
Both patients received the thrombopoietin receptor agonist
eltrombopag and prednisone for thrombocytopenia (Table 2).
Platelets recovered to > 50,000/pnL without transfusion support
by 63 and 53 days after CAR-BCMA T-cell infusion in patients 14
and 16, respectively.

Association of Serum Cytokines With CRS

We assessed the serum levels of 19 cytokines before CAR-
BCMA T-cell infusions and at multiple time points after CAR-
BCMA infusions. The peak fold-increase over the before-treatment
level was calculated for each cytokine in each patient (Fig 3A). The
cytokines with the largest median fold-increases were interferon-y,
interleukin (IL)-6, IL-10, and granulocyte-macrophage colony-
stimulating factor. The cytokines in which high peak blood
levels were most closely associated with grade 3 and 4 CRS were IL-
15, IL-10, and IL-8 (Figs 3B-3D). IL-6, IL-4, and tumor necrosis
factor-o were also associated with grade 3 and 4 CRS. For all tested
cytokines, P values and fold-difference for comparisons of cytokine
levels with CRS grades are in the Data Supplement.

High Blood CAR™ Cell Levels Were Associated With
Antimyeloma Responses

Peak CAR" cell levels have previously been associated with
antimalignancy responses in patients treated with CAR T cells.'”*®
In this study, peak levels of CAR T cells occurred between 7 and
14 days after CAR-BCMA T-cell infusion for all patients (Figs 3E and
3F). The peak CAR" cell level and CAR" cell level 1 month after
infusion are in the Data Supplement. The peak CAR T-cell levels of
patients who obtained antimyeloma responses of sCR, VGPR, or PR
(responders) were higher than the peak CAR T-cell levels of patients
who obtained outcomes of SD or PD (nonresponders), (Figs 3E-3H).
Notably, peak CAR T-cell levels were not different between patients
experiencing grade 3 to 4 CRS and patients experiencing less than
grade 3 CRS (Data Supplement). CAR" cells were detected in the
bone marrow at similar levels as in blood (Data Supplement).

CAR-BCMA T Cells Became More Differentiated After
Infusion

We saw a striking decrease in the CD4:CD8 ratio of CAR-
BCMA T cells after infusion (Fig 4A). The predominantly CD8*
T cells present after infusion had acquired a more differentiated
phenotype. Senescence is defined as a loss of T-cell proliferative
capacity, and T-cell exhaustion refers to a loss of functional ca-
pabilities, such as the ability to make cytokines.”” Both CD4" and
CD8" CAR-BCMA T cells had a higher fraction of cells expressing
the T-cell senescence marker killer cell lectin-like subfamily re-
ceptor G1 after infusion compared with before infusion (Fig 4B).**
CD57 is another marker of T-cell senescence that has been shown to
be an indicator of limited T-cell proliferative capacity.”*” The fraction
of both CD4" and CD8" CAR-BCMA T cells expressing CD57 in-
creased after infusion, but the magnitude of increase was greater for
CD8" T cells (Fig 4C). The fraction of CAR-BCMA T cells expressing
programed cell death protein 1 (PD-1), a marker of T-cell exhaustion
and activation,””® also increased after infusion (Fig 4D). T cells can
be divided into four groups on the basis of T-cell memory pheno-
type.*” CAR-BCMATT cells contained a larger fraction of cells with the
more differentiated effector memory and effector memory RA
phenotypes after infusion compared with before infusion. There was
a corresponding decrease in the fraction of CAR-BCMA T cells with
the less differentiated naive and central memory T-cell phenotypes
after infusion (Figs 4E and 4F). The fraction of CAR-BCMA T cells,
especially CD8" T cells, expressing CD28 decreased after infusion
(Data Supplement).

(Continued). comparison of CD8" infusion versus ex vivo CAR-BCMA T cells. For B through D, data are from plots gated on either CD4*CD3* lymphocytes or CD8*CD3*
lymphocytes. (E and F) After infusion, the fraction of CAR™ T cells that had a phenotype consistent with either naive or central memory (CM) T cells decreased, and the
fraction of CAR™ T cells with a phenotype consistent with either effector memory (EM) T cells or effector memory RA (TEMRA) T cells increased. Naive was defined as C-C
chemokine receptor 7 (CCR7)* CD45RA*. CM was defined as CCR7* CD45RA-negative. EM was defined as CCR7-negative CD45RA-negative. TEMRA was defined as
CCR7-negative CD45RA™. These markers were evaluated on CD3* lymphocytes that expressed CAR-BCMA and either CD4 (E) or CD8 (F). For CD4* T cells, there were
statistically significant differences between infusion and ex vivo Naive + CM (P < .001) and infusion and ex vivo EM + TEMRA (P < .001). For CD8* T cells, there were
statistically significant differences between infusion and ex vivo Naive + CM (P < .001) and infusion and ex vivo EM + TEMRA (P < .001). (G) Surface expression of BCMA
was measured by flow cytometry before CAR-BCMA therapy. Wide variability in BCMA expression between patients was observed. There was a nonstatistically
significant trend (NS by Mann-Whitney test) toward higher BCMA T-cell expression, as measured by antibody binding capacity assay, among patients obtaining responses of
stringent complete response, very good partial response, or partial response (responders) compared with patients with outcomes of stable disease or progressive disease
(nonresponders). (H) Patient 11 had an MM response of VGPR. For all plots, red indicates MM cells, green indicates normal plasma cells, and purple indicates B cells. Before
CAR-BCMA T-cell infusion, the MM population expressed high levels of BCMA. Fifty-six weeks after CAR-BCMA T-cell infusion, the small number of MM cells that were present
lacked BCMA expression. Sixty-eight weeks after CAR-BCMA T-cell infusion, the MM cells displayed mixed BCMA expression, with some cells negative for BCMA expression.
Multiple myeloma cells were defined as CD138* CD38" CD19-negative CD81-negative cells. Normal plasma cells were defined as CD138* CD38" CD19* CD817 cells. B cells were
defined as CD138-negative CD19* CD20" cells.
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BCMA Loss After CAR-BCMA T-Cell Infusion

We assessed pretreatment cell-surface BCMA expression by
flow cytometry and found widely variable BCMA expression be-
tween patients (Fig 4G). We demonstrated loss of BCMA from
myeloma cells of patient 11 56 weeks after CAR-BCMA T-cell
infusion. Patient 11’s bone marrow MM cells had mixed BCMA
expression, with some BCMA" cells and some BCMA-negative
cells at the time of myeloma progression (Fig 4H).

This study is the first-in-humans clinical trial of CAR T cells targeting
BCMA. CAR T cells have the advantage of being mechanistically
different from all other MM treatment modalities, and this trial has
demonstrated anti-MM activity by CAR-BCMA T cells against MM
resistant to other therapies, including MM with the Del(17p)
chromosome abnormality. Thirteen of the 16 patients treated with the
highest dose level of the study obtained responses of sCR, VGPR, or
PR. Unlike most other MM therapies,™ CAR T-cell therapy is either
a one-time or an infrequent intervention. The infrequent nature of
CAR T-cell therapy allows some patients treatment-free intervals,
when they often enjoy a high quality of life without therapy-related
toxicities; however, the short-term CRS toxicities after CAR T-cell
infusions are a disadvantage for CAR T-cell therapies.

This work highlights many areas for improvement of anti-
BCMA CAR T-cell therapies. In our current work (Fig 3H) and
previous work,'>'7*® high blood peak CAR" cell levels were as-
sociated with clinical antimalignancy responses; therefore, efforts
to enhance in vivo CAR T-cell proliferation and survival are im-
portant areas for future research. We have shown that long-term
persistence of anti-CD19 CAR T cells is not necessary to maintain
remissions in at least some patients with lymphoma.'® The im-
portance of persistence of CAR T cells in treating MM requires
additional study. Most CARs in clinical use today, including the CAR
used in this study, have antigen-recognition domains derived from
mouse antibodies that are potentially immunogenic and possibly
susceptible to immunologic rejection. The immunogenicity of CARs
might be reduced by using human antigen-recognition domains.*'
Reducing immunogenicity might be especially important if multiple
doses of CART cells are administered. In vivo survival of CAR T cells
might be improved by finding methods to delay acquisition of the
highly differentiated, senescent phenotype that we found in ex vivo
CART cells (Figs 4B-4F). This highly differentiated T-cell phenotype
was also detected in prior studies.”®**

Toxicity was substantial in this study, with six of 16 patients
receiving the highest dose level requiring vasopressors. Similar to
prior reports of an association between high bone marrow leukemia
burden and severe CRS,'"'? we found that grade 3 or 4 CRS was
associated with a high level of bone marrow plasma cells (Fig 2G).
We analyzed the cytokines in the blood of all patients in the trial. The
cytokines most closely associated with CRS were IL-15, IL-10, and
IL-8 (Figs 3B-3D). We previously reported BCMA loss in a patient
obtaining a response of SD after CAR-BCMA treatment.”> BCMA
loss was demonstrated in a second patient who obtained a long
VGPR after CAR-BCMA therapy (Fig 4H). BCMA expression is
highly variable in MM; the MM of some patients expresses low levels

2278 © 2018 by American Society of Clinical Oncology

of BCMA (Fig 4G). MM might be especially susceptible to escape
from single-antigen therapies, because MM has been shown to be
a phenotypically heterogeneous malignancy, with numerous sub-
clones within the same patient.*>*> An example of heterogeneous
BCMA expression is patient 11’s BCMA expression 68 weeks after
treatment (Fig 4H). The sometimes low or absent BCMA expression
on MM cells provides a rationale for targeting antigens other than
BCMA. In addition to BCMA, there are other promising antigens for
CAR T-cell therapy of MM, but appropriate antigens will likely be
rare, because few proteins are limited to only nonessential tissues.’
When CART cells are used, avoiding antigens expressed in essential
tissues is probably necessary, because using CARs to target antigens
that were expressed by normal organs has led to severe toxicities.*>*”

This work demonstrated that CAR-BCMA T cells have sub-
stantial anti-MM activity. The small number of patients treated is
a weakness of this study. Treatment outcomes varied substantially
between patients, and much room for improvement remains in
improving the durability of antimyeloma responses and in re-
ducing toxicity. These results should encourage efforts to increase
the efficacy of anti-BCMA CAR T-cell therapies by increasing blood
CAR T-cell levels, increasing CAR T-cell survival in vivo, targeting
antigens other than BCMA, combining CAR T cells with other
anti-MM therapies, and administering multiple doses of CAR
T cells. Improving durability of responses will be the main measure
for improvement of efficacy of CAR T-cell therapies. It is possible
that durability of response will be best increased by a more
complete eradication of myeloma cells early after CAR T-cell in-
fusion. Because most patients in this study did not obtain CRS,
improvement of eradication of MM is clearly needed. Another area
for improvement of CAR T-cell therapies is prevention and
management of toxicity. Clinical improvement in all CAR T-cell
therapies will involve increasing the ratio of antimalignancy activity
to toxicity. Anti-BCMA CAR T cells are a novel and powerful
therapy for MM, with many promising avenues for improvement.
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