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Introduction
Multiple myeloma is a hematologic malignancy of  bone marrow plasma cells, which are immunoglob-
ulin-secreting B-lineage cells. Response rates and survival have improved for multiple myeloma patients 
with development of  new therapies that target neoplastic plasma cells (1). Though most patients respond 
to modern first-line therapy, response durability remains inadequate. Nearly all patients, even those who 
achieve complete responses, eventually relapse and develop treatment-refractory, fatal disease.

Individual multiple myeloma cells may differ in their myeloma-propagating potential (i.e., their 
ability to give rise to clinical relapses) (2, 3). Specifically targeting cells with high myeloma-propagating 
capability would be expected to prevent or delay relapses. Heterogeneity within the myeloma clone for 

BACKGROUND. Multiple myeloma is usually fatal due to serial relapses that become progressively 
refractory to therapy. CD19 is typically absent on the dominant multiple myeloma cell population 
but may be present on minor subsets with unique myeloma-propagating properties. To target 
myeloma-propagating cells, we clinically evaluated autologous T cells transduced with a chimeric 
antigen receptor (CAR) against CD19 (CTL019).

METHODS. Subjects received CTL019 following salvage high-dose melphalan and autologous 
stem cell transplantation (ASCT). All subjects had relapsed/refractory multiple myeloma and had 
previously undergone ASCT with less than 1 year progression-free survival (PFS).

RESULTS. ASCT + CTL019 was safe and feasible, with most toxicity attributable to ASCT and no 
severe cytokine release syndrome. Two of 10 subjects exhibited significantly longer PFS after ASCT 
+ CTL019 compared with prior ASCT (479 vs. 181 days; 249 vs. 127 days). Correlates of favorable 
clinical outcome included peak CTL019 frequency in bone marrow and emergence of humoral 
and cellular immune responses against the stem-cell antigen Sox2. Ex vivo treatment of primary 
myeloma samples with a combination of CTL019 and CAR T cells against the plasma cell antigen 
BCMA reliably inhibited myeloma colony formation in vitro, whereas treatment with either CAR 
alone inhibited colony formation inconsistently.

CONCLUSION. CTL019 may improve duration of response to standard multiple myeloma therapies 
by targeting and precipitating secondary immune responses against myeloma-propagating cells.
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myeloma-propagating capability may correspond to heterogeneity 
for cell-surface immunophenotype. Among multiple myeloma cells, 
the range of  immunophenotypes recapitulates normal maturation 
of  post–germinal-center B cells. The dominant population in most 
patients resembles the most differentiated normal plasma cell subset: 
CD38+CD138+CD19– (4). Minor subsets of  the multiple myeloma 
clone with less differentiated plasma cell phenotypes (CD138lo/–, refs. 
5–7 or CD19+, ref. 8) or a B cell phenotype (CD138–CD19+CD20+) can 
also be identified in patients (9–22). Studies comparing these immuno-
phenotypic subsets for myeloma-propagating capability in vitro or in 
immunocompromised murine models have yielded conflicting results, 
variably identifying clonotypic B cells (23–27), CD138– plasma cells 
(5, 28), or the dominant CD138+ plasma cells (22, 29) as the most clo-
nogenic subset. It therefore remains uncertain whether minor, less dif-
ferentiated components of  the multiple myeloma clone participate in 

disease pathogenesis. This is a clinically important question since many promising immunotherapies for 
multiple myeloma target single cell-surface antigens that may not be shared among all these subsets.

To address this question clinically, we conducted a pilot clinical trial of  autologous T cells transduced 
with an anti-CD19 chimeric antigen receptor (CAR) (CTL019) in multiple myeloma patients. Since CD19 
should be expressed on only a minority of  myeloma cells, CTL019 alone would not be expected to yield 
clinical responses. We therefore combined CTL019 with high-dose melphalan and autologous stem cell 
transplantation (ASCT), a standard multiple myeloma therapy that we have previously used as a platform 
for delivery of  autologous T cell therapies (30–34). To distinguish the clinical effects of  ASCT from those 
of  CTL019, we enrolled subjects who had previously undergone ASCT with poor response, defined as 
progression-free survival (PFS) of  less than 1 year, and assessed whether ASCT + CTL019 resulted in lon-
ger PFS compared to each subject’s prior ASCT without CTL019.

We previously reported the initial outcome of  the first subject treated on this study (35). This subject 
entered a durable complete response after ASCT + CTL019, despite having attained only a 6-month partial 
response to first-line ASCT and having progressed through 9 subsequent lines of  therapy. This outcome 
suggested clinical benefit from CTL019 despite absence of  CD19 expression on the dominant neoplastic 
plasma cell population. Here, we report the remainder of  the clinical and correlative results from this study.

Results
Patient characteristics. Twelve subjects enrolled in this clinical trial. Two subjects who enrolled did not receive 
study therapy due to failure of  CTL019 manufacturing in one case and decision to pursue alternative ther-
apy in the other. All remaining subjects received CTL019 and were analyzed for primary and secondary 
clinical endpoints including safety and PFS (Figure 1). Table 1 presents the clinical characteristics of  the 10 
subjects who received CTL019. No treated subjects were lost to follow-up. All subjects were treated accord-
ing to the clinical trial protocol. Subjects were recruited and treated in 2014 and 2015. Median subject age 
was 61 (range 48–68) years. Most subjects’ multiple myeloma exhibited genetic or clinical features associ-
ated with poor prognosis. Median total lines of  therapy prior to ASCT + CTL019 was 6 (range 2–10). All 
subjects had previously received ASCT with a melphalan dose of  200 mg/m2 as a component of  standard, 
first-line therapy. Melphalan dose for on-study ASCT was reduced to 140 mg/m2 from the standard 200 
mg/m2 dose in 7 of  10 subjects, as permitted by protocol, due to concern for excess toxicity in frail subjects 
or due to renal insufficiency.

CTL019 manufacturing feasibility and product characteristics. CTL019 manufacturing was attempted for 
11 subjects. Supplemental Table 1 (supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.120505DS1) lists the CTL019 dose and transduction efficiency for each subject 
who received CTL019. In 10 of  11 subjects, the maximum planned dose of  CTL019, 5 × 107 cells, was 
manufactured. In one subject, manufacturing was unsuccessful due to failure of  autologous T cells to pro-
liferate in culture. The median transduction efficiency was 10.1% (range 1.2–23.2), and the median total T 
cell dose was 4.4 × 108 (range 1.1 × 108 to 6.0 × 108).

Adverse events. Most adverse events were attributed to high-dose melphalan and were consistent with expecta-
tions in this patient population. Table 2 lists grade 3 or higher adverse events not related to disease progression 

Figure 1. Subject flow diagram.
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that emerged after CTL019. Autologous gastrointestinal graft-versus-host disease (GVHD) occurred in one sub-
ject and was successfully treated with prednisone. Autologous GVHD is a known complication of ASCT (36), 
and the risk may be increased when ASCT is followed by infusion of activated autologous T cells (37). Cytokine 
release syndrome was observed only in one subject and was grade 1 in severity.

Response and PFS. At day 100 after ASCT, 8 of  10 subjects exhibited a partial response or better accord-
ing to International Myeloma Working Group (IMWG) response criteria (38). This overall response rate 
is expected from ASCT alone, even in patients with advanced multiple myeloma (39). To assess whether 
CTL019 prolonged PFS after ASCT, we compared PFS after ASCT + CTL019 (PFS2) to each subject’s 
PFS after prior ASCT (PFS1) (Table 1). In 8 of  10 subjects, PFS2 was shorter than PFS1. In subject 1 (as 
previously reported, ref. 35) and subject 5, however, PFS2 was substantially longer than PFS1 (479 vs. 
181 days for subject 1; 249 vs. 127 days for subject 5). Though both subjects 1 and 5 received low-dose 
maintenance therapy with lenalidomide after ASCT + CTL019, this could not explain the prolongation 
in PFS2 over PFS1; for subject 1, this maintenance regimen was less intense than the maintenance regi-
men administered after prior ASCT, and, for subject 5, maintenance therapy did not begin after ASCT + 
CTL019 until PFS2 had already exceeded PFS1. To assess how frequently PFS2 exceeds PFS1 generally 
in patients receiving second ASCT for advanced multiple myeloma, we conducted a retrospective analysis 

Table 1. Patient characteristics and clinical responses

ID Age/Sex Poor-prognosis features Prior lines of 
therapy

Mel. dose (mg/m2)A PFS, prior ASCT PFS, ASCT + CTL019 Response, day 100 
after ASCTB

1 48 F Complex karyotype, 
t(4;14), del17p, +1q21

10 140 181 479 SCR

2 58 M Complex karyotype, 
BRAFV600E

7 200 341 42 PD

3 65 F Plasma cell leukemia 3 140 210 182 VGPR
5 64 F t(4;14), +1q, <PR to 

induction
7 140 127 249 VGPR

6 53 M BRAF V600E mutation 2 140 100 76 PD
7 62 F N/AC 6 140 342 223 VGPR
8 57 F t(4;14), +1q 4 200 334 187 PR
9 62 M +1q, t(4;14) 4 140 266 92 PD

10 68 F del(17p), +1q 10 140 249 155 PR
12 59 M N/AC 6 200 325 323 VGPR

ADose with ASCT + CTL019. All subjects received melphalan at 200 mg/m2 dose with prior ASCT. BResponses are graded according to International Myeloma 
Working Group definitions. CCytogenetic data not available. Mel., melphalan; PFS, progression-free survival; VGPR, very good partial response; PR, partial 
response; PD, progression of disease; SCR, stringent complete response.
 

Table 2. Grade 3 or higher adverse events emerging after CTL019

ToxicityA Grade n Relationship to CTL019
Anemia 3 1 Unrelated
Thrombocytopenia 4 1 Unrelated
Neutropenic fever 3 1 Unrelated
Rash at catheter insertion site 3 1 Unrelated
Pneumonia (parainfluenza) 3 1 Unrelated
Autologous graft-versus-host 
disease (gastrointestinal)

3 1 Probably related

Hypophosphatemia 3 1 Unrelated
Mucositis 3 1 Possibly related
Infectious colitis (C. difficile) 3 1 Unrelated
Hypotension 3 1 Unrelated
AAdverse events directly related to disease progression are not listed. 
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of  18 patients who received two ASCTs, first as a component of  first-line therapy and second as salvage 
therapy for relapsed disease, at our institution between 2008 and 2015 and survived more than 30 days after 
transplant. In contrast to our ASCT + CTL019 cohort, where PFS2 exceeded PFS1 in 2 of  10 cases, none 
of  the 18 salvage ASCT cases in the historical cohort exhibited PFS2 greater than PFS1 (P = 0.05) (Supple-
mental Table 2). We also examined the ratio of  PFS2 to PFS1 in this historical cohort and the ASCT + 
CTL019 cohort. The PFS2/PFS1 ratio was significantly lower in the historical cohort than in the ASCT + 
CTL019 cohort (mean ratio 0.33 vs. 0.95, median ratio 0.29 vs. 0.71; P = 0.003). Even excluding subjects 
1 and 5, the outlier responders in the ASCT + CTL019 cohort, the PFS2/PFS1 ratio was still significantly 
more favorable in the ASCT + CTL019 cohort (mean ratio 0.33 vs. 0.62, median ratio 0.29 vs. 0.64; P = 
0.02). Though we recognize the limitations of  comparisons to heterogeneous and small historical cohorts, 
these observations suggest that the substantially longer PFS2 compared with PFS1 in 2 of  10 subjects after 
ASCT + CTL019 is unlikely to have been due to second ASCT alone, and ASCT + CTL019 recipients 
generally exhibited longer PFS than expected based on historical expectations. These observations indicate 
potential clinical benefit from CTL019.

Clinical features at progression. Multiple myeloma can have myriad clinical manifestations including 
cytopenias, susceptibility to infection, bone destruction, hypercalcemia, impairment of  renal function, and 
development of  plasma cell tumors (plasmacytomas) that cause symptoms or organ dysfunction. At time 
of  disease progression after ASCT + CTL019, the multiple myeloma in most subjects exhibited clinical fea-
tures similar to each subject’s prior instances of  disease progression. In subjects 1 and 5, however, clinical 
features upon progression were distinct from the pre-CTL019 features of  their multiple myeloma. Prior to 
ASCT + CTL019, both subjects 1 and 5 exhibited rapid disease rebound between therapies. In contrast, the 
rise in monoclonal immunoglobulin production at progression after ASCT + CTL019 was more gradual 
(Figure 2, A and B). At time of  progression by serum monoclonal immunoglobulin criteria, bone marrow 
biopsies in subjects 1 and 5 showed no evidence of  multiple myeloma by standard anatomic pathology 
assessment, and only very rare, CD19– multiple myeloma plasma cells were detectable in bone marrow by 
flow cytometry (Figure 2, C–E), comprising 0.003% of  cells in subject 1 and 0.006% of  cells in subject 5. In 
both subjects this contrasts with the heavy marrow infiltration that accompanied disease progression prior 
to ASCT + CTL019. Cross-sectional imaging showed multiple extramedullary plasmacytomas in both 
subjects as the only clinically significant disease manifestations (retroperitoneal and gluteal plasmacytomas 
in subject 1, pleural plasmacytomas in subject 5). On positron emission tomography, the extramedullary 
plasmacytomas in both subjects 1 and 5 did not exhibit fluorodeoxyglucose uptake above background lev-
els, suggesting indolent disease; this is unusual for extramedullary multiple myeloma, which is usually flu-
orodeoxyglucose-avid by this modality (40). Though multiple myeloma in subject 5 eventually developed a 
more aggressive and treatment-refractory clinical course, multiple myeloma of  subject 1 remained indolent 
and uncharacteristically responsive to subsequent therapy. For example, serum IgA declined after radiation 
to one extramedullary plasmacytoma; the second plasmacytoma resolved, coinciding with normalization 
of  serum multiple myeloma markers, after initiation of  treatment with the anti-CD38 monoclonal antibody 
daratumumab (Figure 2A). Subject 1 remains without any clinical or serologic evidence of  multiple myelo-
ma more than 3.5 years after ASCT + CTL019 and more than 2 years after initial progression, despite hav-
ing progressed through 10 lines of  therapy during the 4 years prior to ASCT + CTL019. Collectively, these 
observations suggest that CTL019 converted the previously aggressive multiple myeloma in subjects 1 and 
5 to a more indolent clinical behavior with disease growth confined, at least initially, to extramedullary sites 
despite the presence of  rare multiple myeloma cells in bone marrow.

Baseline CD19 expression on multiple myeloma plasma cells. We analyzed CD19 expression on multiple 
myeloma plasma cells by flow cytometry on bone marrow aspirate obtained prior to ASCT (Supplemental 
Figure 1). Plasma cells were gated based on high expression of  CD38 and then analyzed for expression of  
CD56, which is typically present on myeloma plasma cells but absent on normal plasma cells, and CD19. 
The dominant population of  plasma cells was confirmed to be neoplastic based on monotypic expression 
of  either kappa or lambda light chain (not shown) and, as expected, was CD19– in all evaluable cases. In 7 
of  9 subjects with evaluable samples, minor CD19+ populations comprising 0.04% to 1.6% of  plasma cells 
were identified (Supplemental Figure 1, left column). These CD19+ subpopulations exhibited monotypic 
kappa or lambda light chain expression, confirming that they were constituents of  the myeloma clone 
(Supplemental Figure 1, right column). The remaining 2 of  9 evaluable subjects did not exhibit CD19+ sub-
populations. These observations indicate that minor CD19+ subpopulations of  myeloma plasma cells are a 
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common feature of  advanced multiple myeloma. However, there was no correlation between the frequency 
of  this population and clinical outcome.

Anti-CD19 activity and in vivo persistence of  CTL019. CTL019 cells were detected in peripheral blood of  all 
subjects for a median of  43.5 days after infusion (range 14–156 days). Frequency of  peripheral blood CD19+ 
B cells was generally low at time points when CTL019 cells were detectable and increased as CTL019 fre-
quency decreased, indicating in vivo cytotoxicity by CTL019 against physiologic CD19+ cells (Supplemental 
Figure 2A). Consistent with the absence of  clinically evident cytokine release syndrome, there were no 
significant elevations in IL-6 after CTL019 infusion except for subject 12, whose serum IL-6 rose but only 
to a modest degree compared with the much larger rises observed in subjects who have developed cytokine 
release syndrome in other studies with CTL019 (Supplemental Figure 3) (41, 42).

There was no significant correlation between the peak frequency or duration of  CTL019 persistence in 
peripheral blood and clinical outcomes (Supplemental Figure 2, B and C). CTL019 cells were detectable 

Figure 2. Clinical response and residual disease characterization in subjects 1 and 5. Trend in serum monoclonal protein concentration (M-spike) and 
total serum IgA in subjects 1 and 5 before and after ASCT + CTL019. (A) Subject 1. (B) Subject 5. CTX, 96-hour continuous-infusion cytotoxic chemo-
therapy; HDM, high-dose melphalan; RT, radiation therapy; DARA, daratumumab. (C and D) Flow cytometry to detect rare multiple myeloma plasma cells 
in bone marrow of subjects 1 (C) and 5 (D) at time of disease progression. Analysis is shown after gating to exclude CD3+ T cells and CD14+ monocytes. 
Rare CD38+CD45– plasma cells are gated (left) and shown to have kappa-restricted intracellular immunoglobulin light chain expression (right), consistent 
with a monoclonal population. (E) CD19 expression on rare multiple myeloma plasma cells (blue) is compared to CD19 on non-neoplastic plasma cells 
(CD38hiCD45+, green) and non-neoplastic B cells (CD19+CD20+, red) in bone marrow samples from subjects 1 (top) and 5 (bottom).
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in bone marrow in 9 of  10 subjects, and there was a significant correlation between the peak frequency of  
CTL019 cells in bone marrow and PFS (Spearman’s rho = 0.77, P = 0.009; Figure 3).

Anti-Sox2 immune responses after CTL019. Expression of  Sox2, a transcription factor that governs self-
renewal and pluripotency (43), has been linked to myeloma-propagating capability in myeloma cell lines 
(44, 45). Anti-Sox2 immune responses may constrain the growth of  monoclonal gammopathy of  unde-
termined significance (MGUS) (46, 47), an indolent clonal plasma cell disorder that precedes multiple 
myeloma in most cases (48). Since the multiple myeloma in subjects 1 and 5 transitioned to an indolent 
clinical behavior after ASCT + CTL019, and since this indolent course continued after waning of  in vivo 
CTL019 activity, we hypothesized that new anti-Sox2 immune responses would be detectable and persist 
after CTL019 in these subjects.

We first examined anti-Sox2 antibody responses before and after CTL019 by ELISA. Though all sub-
jects had similarly low anti-Sox2 antibody titers prior to ASCT, anti-Sox2 titers rose specifically in subjects 
1 and 5, the subjects with the best clinical responses, at the 6- to 12-month post-ASCT time points (Figure 
4A). Comparing the trend in anti-Sox2 antibody responses over time in subjects 1 and 5 to the remain-
ing subjects in a linear mixed-effects model, the rise in subjects 1 and 5 was significantly different (P = 
0.04). The induction of  anti-Sox2 antibodies in subject 1 was particularly strong, as an induction was still 
clearly apparent after serial dilution of  the serum (Figure 4A). These anti-Sox2 antibody responses were not 
likely due to general post-ASCT immune reconstitution alone since anti-tetanus antibody concentrations 
declined over the same time period in a subset of  subjects analyzed, including subjects 1 and 5 (Figure 4A).

We also examined anti-Sox2 T cell responses by stimulating subjects’ peripheral blood mononuclear 
cells (PBMCs) with mixes of  overlapping Sox2 peptides (mixes 1-2 and 3-4). Antigen-specific T cell prolif-
eration was detected by CFSE dilution. Similar to the results with anti-Sox2 antibody responses, subject 1 
exhibited higher frequency of  Sox2-reactive T cells and more sustained reactivity compared with the other 
subjects (Figure 4B). New post-ASCT reactivity in subject 1 was particularly distinctive against peptide mix-
es 3-4, against which pre-ASCT reactivity was low in all subjects; only subject 1 exhibited sustained post-
ASCT reactivity against mixes 3-4 in both CD4+ and CD8+ subsets. At its peak in subject 1, 6–9 months after 
ASCT, reactivity to mixes 3-4 was detected in 2% of  all T cells (Figure 4C). Further analysis revealed that 
this reactivity was localized to amino acids 194–219 of  the Sox2 protein sequence (Figure 4D). Detectable 
reactivity among CD8+ T cells against Sox2 peptide mixes 3-4 was sustained in subject 1 at time of  isolated 
extramedullary disease progression, 494 days after ASCT (Figure 4B). Reactivity against control antigens 
(cytomegalovirus, Epstein-Barr virus, influenza [CEF]) in subject 1 remained below background at time 
points of  peak anti-Sox2 reactivity, indicating that anti-Sox2 responses in subject 1 were not a by-product of  
nonspecific post-ASCT immune reconstitution (Figure 4C). Anti-Sox2 T cell responses were not observed in 
subject 5 despite the anti-Sox2 antibody responses this subject exhibited (albeit at lower levels than subject 1).

The specific emergence of  anti-Sox2 immune responses after CTL019 in subjects with the most favor-
able clinical outcomes suggests that these immune responses were secondary to CTL019 activity. These 
responses could reflect epitope spreading due to coexpression of  CD19 and Sox2 in myeloma-propagating 
cells targeted by CTL019.

In vitro myeloma-propagating capability of  CD19– and BCMA-expressing multiple myeloma cells. Our obser-
vation that only 2 of  10 subjects benefitted from CTL019 could have been due to failure of  CTL019 to 
eradicate its target in most subjects, perhaps due to inadequate cell dose and inadequate bone marrow 
engraftment. Alternatively, lack of  clinical benefit could have been due to absence of  CD19 expression on 
myeloma-propagating cells in many subjects. To better understand the heterogeneous effects of  CTL019 on 
myeloma-propagating capability, we treated fresh bone marrow aspirate from multiple myeloma patients 

Figure 3. Correlation of progression-free survival versus peak CTL019 
frequency in bone marrow (BM). Rho and P values were determined 
using Spearman’s correlations. Numbers refer to subjects 1 and 5.

https://doi.org/10.1172/jci.insight.120505
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Figure 4. Anti-Sox2 immune 
responses after ASCT + CTL019. 
(A) Left panel shows anti-Sox2 
antibody concentrations before 
and after CTL019 + ASCT as mea-
sured by ELISA in serum diluted 
1:400. Subject 6 was excluded 
from anti-Sox2 antibody analysis 
due lack of post-ASCT samples. 
Middle panel shows serum anti-
Sox2 antibody concentrations in 
subject 1 after dilution of serum 
to 1:800 (red) and 1:1,200 (green). 
Right panel shows serum anti–
tetanus toxoid antibody concen-
trations before and after CTL019 + 
ASCT; this analysis was restricted 
to subjects with samples available 
from 4 or more time points after 
ASCT. Data points indicate means, 
and error bars indicate range, of 
triplicate experiments after back-
ground subtraction. (B) Percentage 
of T cells proliferating as assessed 
by CFSE dilution in response to 
Sox2 peptide mixes 1-2 (left) or 
3-4 (right) from subjects’ PBMCs 
collected before ASCT or at various 
time points after ASCT. Results 
are presented for all T cells (top 
row), CD8+ T cells (middle row), 
and CD4+ T cells (bottom row), 
after subtraction of percentages 
proliferating in unstimulated 
(vehicle-only) cultures. Subjects 
2 and 10 were excluded from 
this analysis due to insufficient 
sample. (C) Subject 1 CFSE dilu-
tion in PBMCs collected prior to 
ASCT (top) and at 6 (middle) and 
9 (bottom) months after ASCT 
in response to stimulation with 
Sox2-derived peptide mixes (mixes 
1-2 or mixes 3-4), negative control 
stimulation with vehicle only, CEF 
peptides (peptides derived from 
cytomegalovirus, Epstein-Barr 
virus, or influenza virus), or posi-
tive control stimulation with PHA. 
(D) Reactivity in subject 1 PBMCs 
obtained 12 months after ASCT 
against individual overlapping 
Sox2 peptides from mix 3.
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who were not enrolled on our study ex vivo with T cells transduced with either an anti-CD19 CAR (i.e., 
CTL019), a CAR against B cell maturation antigen (BCMA), or both. BCMA is a plasma cell antigen that 
is not expressed on most B cells; as we and others have reported, anti-BCMA CAR T cells have clinical 
activity in multiple myeloma (49–51). Since the CAR T cells in these experiments were derived from alloge-
neic healthy donors, we also treated aliquots with CAR T cells against an irrelevant target (mesothelin) and 
untransduced T cells to control for allo-immune effects. Following ex vivo treatment, bone marrow aspi-
rates were depleted of  CAR T cells by negative immunomagnetic selection and plated in methylcellulose to 
assess colony formation as an in vitro measure of  myeloma-propagating capability (Figure 5). In all cases, 
as expected, untransduced T cells or anti-mesothelin T cells had no significant effect on colony formation 
compared with untreated controls. In contrast, both anti-CD19 and anti-BCMA CARs each individually 
depleted colony-formation capability, but they did so in different patients (Figure 5A). In 3 of  8 cases each, 
either anti-CD19 (patients A–C) or anti-BCMA CARs (patients E–G) were individually more effective; in 
the remaining 2 of  8 cases, both anti-CD19 and anti-BCMA CARs each partially depleted colony-forma-
tion capability to a similar degree (patients D and H). In all cases, however, combined treatment with both 
anti-CD19 and anti-BCMA CARs resulted in significant decrease in colony formation compared with con-
trols. Thus, analyzing results from all patients collectively (Figure 5B), only combined treatment with both 
anti-CD19 and anti-BCMA CARs resulted in a consistent, significant reduction in myeloma-propagating 

Figure 5. In vitro colony formation of bone marrow aspirate obtained from multiple myeloma patients not treated on our clinical trial following ex vivo 
incubation with CAR T cells against CD19 and/or BCMA, CAR T cells against mesothelin (meso CAR T), or nontransduced T cells. Results are normalized 
to untreated (no T cells) control and presented for each individual patient (A) and in aggregate by treatment condition (B). Groups were compared using 
Kruskal-Wallis test. P values are reported from Dunn’s test after Sidak’s correction for multiple comparisons.
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capability (multiplicity adjusted P = 0.004). These results suggest that the surface immunophenotype of  
myeloma-propagating cells variably resembles B cells or plasma cells in different patients and that cotarget-
ing both B cell and plasma cell antigens most reliably depletes myeloma-propagating capability.

Discussion
We conducted a clinical trial in which patients with advanced multiple myeloma received CTL019, an 
autologous anti-CD19 CAR T cell product, after high-dose melphalan and ASCT. We hypothesized that 
CTL019 would improve PFS after ASCT based on reports that minor CD19+ populations in otherwise 
CD19– myeloma harbor enhanced myeloma-propagating capability compared with the dominant CD19–

plasma cell population. We enrolled patients who had previously exhibited early progression after a prior 
ASCT and found that PFS after ASCT + CTL019 significantly exceeded prior PFS in 2 of  10 subjects. This 
prolonged PFS was not likely due to ASCT alone, as we did not observe any cases in our historical cohort 
where second ASCT alone resulted in better PFS than first-line ASCT. Moreover, our patient with the most 
prolonged PFS exhibited new anti-myeloma immunity, indolent clinical progression, and unusually dura-
ble response to subsequent therapy, suggesting that CTL019 favorably altered the clinical disease trajectory.

Our correlative data offer several possible reasons why only 2 of  our 10 subjects exhibited clinical ben-
efit from CTL019. First, CTL019 may not have effectively targeted CD19+ myeloma cells due to inadequate 
in vivo engraftment. Supporting this possibility, we observed a significant correlation between the peak fre-
quency of  CTL019 cells in bone marrow and PFS. The CTL019 dose used in this study was 10-fold lower 
than that used in most other studies of  CTL019 (41, 42) due to concerns about the safety of  combining 
CTL019 and ASCT. This low dose, along with the 12-day delay between lymphodepleting chemotherapy 
(i.e., the high-dose melphalan administered with ASCT) and CTL019 infusion, likely contributed to low 
peak engraftment and short in vivo persistence of  CTL019 cells compared with what has been observed in 
other studies utilizing higher CTL019 doses and closer proximity of  CTL019 infusion to chemotherapy. A 
second possible explanation for our heterogeneous responses is that myeloma-propagating cells may not be 
CD19+ in all patients. Though we were not able to functionally assay myeloma-propagating capability in 
fresh samples from our clinical trial subjects, our analysis of  bone marrow aspirates from a separate cohort 
of  patients showed that ex vivo treatment with either CTL019 or anti-BCMA CAR T cells alone failed to 
reliably eliminate in vitro clonogenicity (Figure 5). We therefore suspect that surface immunophenotype 
is an imperfect predictor of  myeloma-propagating potential; rather, the cell-surface immunophenotype of  
clinically important myeloma-propagating populations likely varies from patient to patient and may even 
change over time within individual patients during the long natural history of  multiple myeloma. From a 
therapeutic perspective, together with evidence that less mature phenotypes become more frequent with 
successive lines of  therapy (8, 52), our results provide rationale to broadly target both B cells and plasma 
cells to maximize the likelihood of  eliminating all aspects of  the myeloma clone, both the dominant plasma 
cell population and minor populations with less mature phenotypes. Indeed, we observed that ex vivo treat-
ment of  primary myeloma samples with both CTL019 and anti-BCMA CAR T cells significantly reduced 
in vitro clonogenicity in all cases examined (Figure 5).

The 2 subjects who exhibited prolonged PFS compared with prior ASCT both progressed with indo-
lent, extramedullary plasmacytomas. Despite persistence of  rare multiple myeloma plasma cells in bone 
marrow in both subjects, overt bone marrow relapse was not apparent. Isolated extramedullary progres-
sion (i.e., extramedullary progression without contemporaneous overt marrow progression) is unusual after 
standard myeloma therapy but is more common after allogeneic stem cell transplantation, often in associa-
tion with chronic GVHD (53–56). A similar phenomenon has been observed in acute leukemia patients 
treated with allogeneic stem cell transplantation (57). Thus, isolated extramedullary relapse may indicate 
effective anti-myeloma immune surveillance of  the bone marrow. Moreover, extramedullary progression in 
these subjects occurred long after CTL019 cells were no longer detectable in circulation or marrow. These 
findings suggest that CTL019 induced clinically active, secondary immune responses that persisted even 
after loss of  CTL019 engraftment. These secondary immune responses may be a result of  epitope spread-
ing, as CTL019 cells killed minor CD19+ components of  the myeloma clone. Epitope spreading has previ-
ously been observed in patients with solid tumors treated with anti-mesothelin CAR T cells (58). Epitope 
spreading could potentially be enhanced by combining CAR T cell therapies with other immunomodula-
tory approaches such as immune checkpoint blockade. Such manipulations may prolong responses after 
CAR T cell therapy in cases where CAR T cells do not persist in vivo indefinitely.
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Though we did not in this study undertake a broad search for targets of  epitope spreading, we were 
specifically interested in anti-Sox2 immune responses due to the potential mechanistic role of  Sox2 in a 
myeloma-propagating phenotype (44, 45). Sox2 is a transcription factor that maintains capacity for self-
renewal and pluripotency in embryonic stem cells (43). In some human cancers, Sox2 defines a subset 
of  cells with unique capacity to propagate malignancy (i.e., cancer stem cells) (59, 60). For example, 
Sox2 confers capacity for long-lived latency in breast cancer cells, and immune surveillance against these 
latent Sox2-expressing cells prevents metastatic outbreak (61). Prior studies have implicated Sox2 in 
myeloma-propagating phenotypes in vitro (44, 45). Spontaneous anti-Sox2 immune responses are associ-
ated with decreased risk of  progression from MGUS to symptomatic multiple myeloma but are gener-
ally not observed in patients with active myeloma except after allogeneic (but not autologous) stem cell 
transplantation (46, 47, 62). Though anti-Sox2 immune responses themselves may or may not be directly 
clinically active, anti-Sox2 immune responses may be a marker of  immune recognition and active surveil-
lance against myeloma-propagating cells; this surveillance may contribute to clinical disease quiescence 
typical of  MGUS, and loss of  this surveillance may allow the aggressive growth that characterizes active 
multiple myeloma. Others have observed induction of  anti-Sox2 immune responses after immunother-
apy targeting the B cell antigen CD20 (63) that, like CD19, is typically absent on multiple myeloma 
plasma cells. Our finding that anti-Sox2 immune responses emerged in subjects 1 and 5 as their multiple 
myeloma transitioned to a more indolent clinical course suggests that induction of  immunity against 
myeloma-propagating cells is a promising therapeutic strategy. Moreover, our results suggest that Sox2 
expression may be a more biologically relevant marker of  myeloma-propagating cells than any particular 
cell-surface immunophenotype. Identification and monitoring of  Sox2-expressing cells in patients may 
enable more specific targeting of  myeloma-propagating cells with immunotherapies or other modalities.

We suspect that immunogenic cytotoxicity by CTL019 against CD19+, Sox2-expressing myeloma-
propagating cells led to the anti-Sox2 immune responses we observed in subjects 1 and 5. These anti-
Sox2 responses were unlikely a result of  ASCT alone since prior studies have shown that new anti-Sox2 
immune responses after ASCT are rare (62). An alternative explanation is that anti-Sox2 responses were 
due to expansion of  preexisting anti-Sox2 T cells during the CAR T cell manufacturing process. Our 
results do not exclude this possibility, but we think this is unlikely based on the emergence in subject 1 
of  anti-Sox2 T cells long after peak in vivo expansion of  CTL019 and reactivity against multiple Sox2 
peptides, including those to which reactivity was not detected in pre-ASCT samples (i.e., mixes 3-4).

Our study has several limitations. As a small pilot study, we could not control for the effects of  high-dose 
melphalan on PFS, which would require randomization between ASCT alone and ASCT + CTL019. Our 
patient-specific comparisons to PFS after prior ASCT and our comparisons to a historical cohort therefore 
provide only preliminary evidence of  clinical benefit from CTL019, and our conclusions are based on clini-
cal and correlative findings in only 2 subjects with favorable outcome. Nonetheless, our results provide clear 
basis for future investigations. Specifically, our results provide rationale for clinical studies testing whether 
CTL019 can increase the durability of  response to anti-BCMA CAR T cells, for which phase 1 studies have 
shown promising safety and initial responses but durable response in only a subset of  patients (50, 51, 64).

In summary, our results provide clinical evidence that targeting CD19+ myeloma-propagating cells can 
yield clinical benefit. Our results also provide a framework for understanding heterogeneity between patients 
in the immunophenotype of  myeloma-propagating cells. Beyond multiple myeloma, our results provide clini-
cal evidence in support of  the cancer stem cell hypothesis (65) and the ability of  potent immunotherapies tar-
geted to minor disease-propagating populations to favorably alter the clinical trajectory of  advanced cancers.

Methods
Clinical trial design. The clinical trial was conducted at the University of  Pennsylvania. Subjects were selected 
from the investigators’ clinical practices. Adults 18–70 years old with multiple myeloma that had progressed 
by IMWG criteria within 1 year of  a prior administration of  200 mg/m2 melphalan and were medically fit for 
a second administration of  high-dose melphalan were eligible. Study intervention consisted of  melphalan at 
140–200 mg/m2 followed 2 days later by infusion of  ≥ 2 × 106/kg CD34+ cells and 14–16 days later by infu-
sion of  1 × 107 to 5 × 107 CAR-expressing T cells. Standard supportive care was provided after high-dose mel-
phalan including hematopoietic support with transfusions and filgrastim. Maintenance lenalidomide begin-
ning at approximately day 100 after ASCT was permitted if  subjects had received maintenance lenalidomide 
after prior ASCT. The primary endpoint of  the study was safety and feasibility of  CTL019 administration in 
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this clinical setting. Sample size of  10 evaluable subjects was based on investigators’ assessment of  sample size 
required to evaluate safety and feasibility. Secondary objectives were to evaluate in vivo CAR T cell frequency 
and activity and PFS. Response assessment and PFS were evaluated according to IMWG criteria (38).

CTL019 production. CTL019 cells were manufactured from an autologous leukapheresis product as 
previously described (42). Autologous T cells were stimulated by paramagnetic polystyrene beads coated 
with anti-CD3 and anti-CD28 monoclonal antibodies and transduced with a lentiviral vector encoding an 
anti-CD19 single-chain variable fragment linked to 4-1BB and CD3-zeta signaling domains as previously 
described during an ex vivo expansion period of  9–10 days.

Multiple myeloma immunophenotyping. Bone marrow aspirates were analyzed by flow cytometry with the 
following antibody panel: CD38-BV421 (catalog 303525), CD14-BV510 (catalog 301842), CD56-BV605 
(catalog 318333), CD3-BV650 (catalog 317324), CD19-BV785 (catalog 302239), Ig Lambda–Alexa Fluor 
488 (intracellular) (catalog 316612), CD138–PerCP/Cy5.5 (catalog 352310), Ig Kappa–APC (intracellular) 
(catalog 316509), CD45–Alexa Fluor 700 (catalog 304023), CD20–APC/Cy7 (catalog 302313) from Biole-
gend; and BCMA-PE (catalog FAB193P) from R&D Systems. Permeabilization and fixation reagents were 
obtained from Becton Dickinson. Data were acquired on a Becton Dickinson LSR Fortessa flow cytometer 
and analyzed using FlowJo (Becton Dickinson).

Monitoring of  in vivo CTL019 frequency and activity. Peripheral blood and bone marrow samples were pro-
cessed and evaluated for CTL019 by flow cytometry using an antibody specific for the anti-CD19 idiotype 
and qPCR for lentiviral vector sequences as previously described (42).

Anti-Sox2 antibody detection. Ninety-six-well plates were coated overnight with recombinant human 
Sox2 protein (Abcam) at a final concentration of  1 μg/ml in PBS at 4°C. Plates were washed with PBS con-
taining 0.1% Tween 20 and then blocked with PBS containing 10% FBS and 0.1% Tween 20 for 2.5 hours 
at room temperature. Serum was diluted 1:400, 1:800, or 1:1,200 in blocking buffer and plates were incu-
bated for 1 hour at 37°C. After washing, secondary antibodies bound to horseradish peroxidase (Southern 
Biotech) were diluted 1:8,000 in blocking buffer and incubated for 1 hour at 37°C. After washing, detection 
reagent TMB substrate (Thermo Fisher Scientific) was added, and the detection reaction was terminated 
after 30 minutes at room temperature with 2N HCl. Absorption was measured at 450 nm using an ELx800 
plate reader (BioTek Instruments).

Anti-Sox2 T cell detection. An overlapping SOX2 peptide library encompassing the entire SOX2 protein 
was generated as previously described (47) and peptides pooled into 4 mixes (mix 1 containing SOX2 
amino acids 1–89, mix 2 containing amino acids 79–171, mix 3 containing amino acids 161–246, and mix 
4 containing amino acids 236–321). PBMCs collected and frozen before ASCT and at various time points 
following ASCT + CTL019 were thawed together, rested for 1 hour at 37°C in the incubator, labeled with 
0.5 μM CFSE (Molecular Probes), and cultured with 1 μg/ml anti-CD28 and anti-CD49d antibodies (BD 
Biosciences) and DMSO (vehicle/control) or SOX2 peptide mixes (mixes 1-2 and mixes 3-4; 2.5 μg/ml 
per peptide). CEF peptide mix (Sigma-Aldrich; 2.5 μg/ml) and phytohemagglutinin (PHA) were used as 
controls. Antigen-specific T cell proliferation (assessed by CFSE dilution) was analyzed at day 5 using flow 
cytometry with live/dead dye (Invitrogen) to exclude dead cells.

Ex vivo CAR T cell incubations and multiple myeloma colony formation assays. Bone marrow mononu-
clear cells were cocultured with or without T cells that were nontransduced or transduced with CAR 
constructs against mesothelin, CD19, and/or BCMA for 4–6 hours in RPMI 1640 containing 10% FBS. 
Cells were then magnetically depleted of  CD3+ cells (Miltenyi Biotec) and then plated in methylcel-
lulose as previously described (66). Myeloma tumor colonies were quantified using an inverted micro-
scope 14–21 days after plating.

Statistics. PFS2/PFS1 ratios were compared between the study and historical cohorts using Wilcoxon’s 
rank-sum test. Spearman correlations were used to assess correlation between CTL019 frequency/persis-
tence and PFS. Differences among groups in in vitro colony formation assays were evaluated using Dunn’s 
test after Kruskal-Wallis test and after Sidak’s correction for multiple comparisons. Statistical analyses were 
performed with Stata (StataCorp). A P value < 0.05 was considered significant.

Study approvals. The protocol was approved by the Institutional Review Board of  the University 
of  Pennsylvania, the US Food and Drug Administration, and the Recombinant DNA Advisory Com-
mittee, and was conducted under a FDA-approved Investigational New Drug Application. All patients 
gave informed consent in accordance with the Declaration of  Helsinki. This study was registered at 
clinicaltrials.gov (identifier NCT02135406).
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