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Abstract: 

Despite the development and implementation of new therapeutic approaches to 
hematologic malignancies, multiple myeloma, characterized by the abnormal 
accumulation of antibody-secreting plasma cells, remains incurable and nearly all 
patients relapse and die following treatment. However, advancements in genetic 
engineering coupled with a greater understanding of the immune system have led to the 
establishment of immunotherapeutic treatments for hematologic malignancies, wherein 
the immune system is stimulated to attack blood neoplasms. One such treatment is the 
use of chimeric antigen receptor (CAR) T cells, which utilize elements of antibody 
recognition and T cell stimulation to redirect the specificity and cytotoxicity of T cells. 
Previous work has demonstrated that the use of CAR T cells specific for the B cell 
maturation antigen (BCMA), which is selectively expressed on plasma cells, confers a 
robust antimyeloma response both in vitro and in vivo. Additionally, a recent study 
indicated that the intramembranous protease γ-secretase is responsible for the direct 
cleavage of BCMA from the surface of plasma cells. The primary objective of this 
work was to establish a novel immunotherapeutic treatment of multiple myeloma 
through the use of a γ-secretase inhibitor to optimize anti-BCMA CAR T cell-mediated 
killing of myeloma cells. Several myeloma cell lines were treated with the γ-secretase 
inhibitor RO4929097, and levels of surface BCMA expression were measured using 
flow cytometry. CD4+ and CD8+ effector T cell lines were virally transfected and 
stimulated to express anti-BCMA CAR constructs containing either a CD28 or 4-1BB 
costimulatory endodomain. Effector CAR T cells were co-cultured with target 
myeloma cells that had been treated with the γ-secretase inhibitor, and levels of IFN-γ 
were measured as a representation of T cell activity. This study reports that the in vitro 
incubation of myeloma cells with the γ-secretase inhibitor RO4929097 not only 
substantially increases the level of BCMA expression, but also promotes enhanced 
antitumor activity of BCMA-specific CAR T cells. 
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Introduction: 

Hematologic Malignancies  

Within the bone marrow, hematopoietic stem cells and other progenitor cells 

give rise to three blood cell lineages: leukocytes, erythrocytes and platelets. 

Leukocytes, also known as white blood cells, play a vast and critical role following the 

body’s exposure to foreign macromolecules, or antigens, that elicit an immune 

response and can be further categorized into cells of lymphoid or myeloid origin. 

Lymphoid cells, consisting mainly of B cells, T cells and Natural Killer (NK) cells, 

differentiate and mature in primary lymphoid tissues of the bone marrow and thymus 

before trafficking to secondary lymphoid tissues such as the spleen and lymph nodes 

where they encounter foreign antigens and initiate an immune response [1]. Myeloid 

cells, consisting of granulocytes, mast cells, macrophages and dendritic cells, migrate 

to a variety of bodily tissues and organs where they play important roles in innate 

immunity as well as in antigen processing and presentation. Mutations in 

hematopoietic stem cells and progenitor cells in the bone marrow can lead to malignant 

blood cell lineages, which can develop into a number of blood cancers known as 

hematologic malignancies. Accumulation of malignant lymphoid cells can result in 

lymphocytic leukemia, lymphoma or myeloma, whereas hematologic malignancies of 

myeloid cells include myelogenous leukemias [2].  

A distinctive feature of hematologic malignancies that greatly impacts both the 

body’s immune response as well as clinical care is the close interaction between 

malignant leukocytes and immune cells at immune-priming sites [3]. The presence of 

malignant leukocytes in the bone marrow, spleen and lymph nodes creates a unique 
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environment in which tumor-immune interactions can either lead to effective antitumor 

cellular immunity or cancerous growth. From a clinical perspective, this 

microenvironment within primary and secondary lymphoid tissues results in high 

levels of immune responsiveness [3]. As such, hematologic malignancies provide an 

opportune system for the testing and development of novel oncological therapies. 

Beyond the initial successes of chemotherapy in treating blood neoplasms, the clinical 

landmarks of spontaneous tumor regression in lymphomas and durable remission of 

leukemias have been achieved following hematopoietic stem cell transplantation 

(HSCT) [4, 5]. Furthermore, the pathology and responsiveness of hematologic 

malignancies have provided opportunities for immunotherapeutic investigation in both 

laboratory and clinical settings [3]. Efforts to improve outcomes in patients with 

hematologic malignancies have brought about advancements in immunotherapy, 

leading to the development of novel therapeutic approaches such as multi-agent 

chemotherapy, monoclonal antibodies and tyrosine kinase inhibitors [6]. Thus, while 

hematologic malignancies represent a relatively small fraction of total cancer burden, 

their characteristic pathology has contributed to prominent advances in cancer 

treatment.  

 

Multiple Myeloma and a History of its Treatment 

 Multiple myeloma is the second most prevalent hematologic malignancy, 

accounting for slightly more than 10% of all hematologic cancers [7, 8]. It is 

characterized by the atypical accumulation of immunoglobulin, or antibody, - secreting 

plasma cells in the bone marrow, leading to osteolytic bone lesions, renal failure, 
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anemia, and hypercalcemia. The first well documented case of multiple myeloma is 

that of Thomas Alexander McBean in 1844 [9]. Before his death in 1846, McBean 

suffered from chronic bouts of fatigue and pain, with brief respites following the 

‘maintenance therapy’ of phlebotomy and the application of leeches. Additionally, 

McBean had an impressive response to steel and quinine later on in his treatment. Over 

100 years passed before the development of a novel therapy that described improved 

patient outcome in multiple myeloma [10]. In 1947, Alwall reported the use of 

urethane to increase hemoglobin, reduce serum globulin, and decrease bone marrow 

plasma cells in patients with multiple myeloma [11]. However, after being the standard 

treatment for over 15 years, a randomized trial performed by Holland et al. in 1966 

demonstrated that urethane did not provide any objective improvement or increase in 

survival in patients with multiple myeloma [12].  

 The first therapy to consistently demonstrate an improvement in the outcome of 

patients with multiple myeloma was the use of melphalan [10]. In 1958, Blokhin et al. 

reported the benefit of melphalan in three out of six patients [13]. This finding was 

further supported by Bergsagel el al. and Hoogstraten et al., who’s 1962 and 1967 

studies, respectively, described significant improvement in a proportion of patients 

with multiple myeloma [14, 15]. This therapy was further expanded to include 

prednisone, known as the MP protocol, which in 1967 was demonstrated to improve 

survival over melphalan alone, and achieved a median survival of 2-3 years [10, 16]. 

For the next several decades, the MP protocol, as well as the M-2 protocol (carmustine, 

cyclophosphamide, melphalan, vincristine, and prednisone) became the standard of 



4 
 

care for patients with multiple myeloma, resulting in high levels of subjective and 

objective responses and an overall improvement in patient outcome [10, 17, 18].  

 At the turn of the century, three novel agents: thalidomide, bortezomib and 

lenalidomide, emerged as highly active therapies against multiple myeloma, changing 

the landscape of multiple myeloma treatment [10]. In its first trial in 1997, thalidomide 

was administered to 84 patients with an overall response rate of 32%, making it the 

first new antimyeloma drug with single-agent activity in more than 30 years [19]. 

These initial results have been supported in additional clinical trials, with the response 

rates in patients with relapsed disease being 50% with thalidomide in combination with 

steroids, and 65% with the 3-drug combination of thalidomide, steroids, and 

cyclophosphamide [20].  

 Following research indicating that inhibition of the proteasome results in 

apoptosis, with malignant and proliferating cells being more susceptible, bortezomib 

was developed as a specific proteasome inhibitor [21, 22]. After a phase I trial in which 

bortezomib demonstrated potent antimyeloma activity, a phase II study was conducted 

in 202 patients with relapsed refractory disease and displayed an overall response rate 

of 33%, with an average response duration of one year [23, 24]. The outcome of this 

phase II trial resulted in the FDA approval of bortezomib in 2003 [10].  

 During the 1990’s, while screening for the immunomodulatory effects of 

thalidomide, several analogs were synthesized in an attempt to increase efficacy and 

reduce toxicity [10]. One such analog was lenalidomide, which was then tested as both 

a single-agent and in combination with other drugs for its antitumor activity in patients 

with multiple myeloma. In a phase II trial of patients with relapsed or refractory 
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myeloma, overall response rate of lenalidomide as a single agent was 17% [25]. In a 

separate phase II trial, lenalidomide in combination with dexamethasone elicited an 

objective response in 91% of patients with newly diagnosed myeloma [26]. In 2006, 

lenalidomide plus dexamethasone was approved by the FDA for treatment of patients 

with multiple myeloma that had failed one previous therapy [10].  

Despite the development and implementation of new therapeutic approaches to 

hematologic malignancies, multiple myeloma remains incurable with disease 

recurrence and significant adverse effects presenting major obstacles [6, 7]. 

Additionally, even though remission is often achieved through current multiple 

myeloma treatment strategies, nearly all patients relapse and die [27, 28]. Therefore, 

there is still a need for treatments with higher efficacy and less toxicity to improve 

patient outcome in multiple myeloma [7].  

 

Immunotherapy and CAR T Cells 

 Advancements in genetic engineering coupled with a more complete 

understanding of the necessary components of T cell recognition and response have led 

to the development of synthetic ligand receptors, termed chimeric antigen receptors 

(CARs) [29]. These synthetic immunoreceptors can be engineered to recognize tumor-

specific antigens, such that following their introduction into human T cells, the CARs 

can redirect antigen specificity and enhance T cell function. At its foundation, adoptive 

cellular therapy aims to modify either naturally occurring or genetically engineered 

tumor-specific T cells in an ex vivo setting, and then transfer these manipulated T cells 

into the patient [3].  
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 Designed as a genetically engineered immunoreceptor, the basic structure of a 

CAR includes an extracellular antigen-recognition moiety, typically a single-chain 

variable fragment (scFv) representing the light and heavy chain regions of an antibody, 

linked to an intracellular signaling molecule that includes a component of the T cell co-

receptor known as CD3ζ [6, 29]. Thus, upon binding of the scFv to a tumor-associated 

surface antigen, the CAR construct induces activation of the T cell, and does so in the 

absence of major histocompatibility (MHC) molecules, which when expressed on the 

surface of antigen presenting cells (APCs), serve to present antigen to and activate T 

cells [7, 29]. Therefore, unlike naturally occurring T cell receptors (TCRs), the nature 

of effector cell activation with CARs upon target recognition is not MHC-restricted, 

meaning that all patients with tumors that express the target ligand are eligible for CAR 

T cell therapy regardless of the particular MHC alleles, known as human leukocyte 

antigens (HLA), that they express. Furthermore, this method of antigen recognition and 

effector cell activation enables CAR T cells to overcome various tumor escape 

mechanisms, such as HLA loss or an alteration in the processing and presentation of 

antigen on the surface of malignant cells [3, 6].  

 While first generation CARs were composed only of an extracellular scFv 

linked to an intracellular CD3ζ signaling domain, second- and third-generation CARs 

included the signaling endodomains of CD28, 4-1BB or OX40 linked to CD3ζ [29]. 

The rationale for including an additional signaling domain in the CAR construct was to 

mimic the costimulation that is provided during T cell receptor recognition by antigen 

presenting cells, and that is required for complete T cell activation [30, 31].  The 

inclusion of one or more costimulatory signals in second- and third-generation CARs 
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has been shown to amplify the cytokine production and proliferation of CAR T cells in 

vitro [29]. Furthermore, substantial in vivo antitumor activity has been established in 

second-generation CD-19 specific CARs containing either CD28 or 4-1BB signaling 

endodomains in preclinical models and clinical trials for B cell malignancies [32-38].  

 

How CAR T Cell Therapy can be Applied to Multiple Myeloma 

 When designing a CAR, it is important for the antigen-recognition moiety to be 

specific for a tumor-associated surface ligand, as this will lead to the activation and 

proliferation of effector T cells upon interaction with malignant cells, and will reduce 

off-site toxicity. A majority of the currently identified tumor-specific antigens are host-

derived self-antigens that are abnormally expressed on the surface of tumor cells [39]. 

A consequence of this self-recognition is that due to the tolerance to self-antigens 

instilled in T cells during their development and maturation in the thymus, the TCR has 

a substantially lower affinity for self-antigen than for foreign-antigen. In contrast, due 

to the HLA-independent nature of CARs, the scFv yields high-affinity receptor-ligand 

interactions with self-antigen.  

 An investigation into the composition of ligands expressed on the surface of 

naturally occurring plasma cells revealed the B cell maturation antigen (BCMA) to be a 

suitable candidate for immunotherapy, given its selective expression on plasma cells at 

high levels [7]. BCMA, a type III transmembrane protein also known as tumor necrosis 

factor receptor superfamily member 17 (TNFRSF17), plays a pivotal role in the 

regulation of B-cell maturation and the differentiation of B cells into plasma cells. Not 

only is BCMA expressed exclusively on B cell lineages, particularly on plasmablasts 
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and differentiated plasma cells, it is absent on naïve and a majority of memory B cells 

[7, 40-42]. Unlike similar type III transmembrane proteins expressed on B cell 

lineages, such as the B cell-activating factor receptor (BAFF-R) and the 

transmembrane activator and CAML interactor (TACI), BCMA is expressed 

selectively and at high levels in all myeloma cell lines and primary myeloma cells 

isolated from patients with multiple myeloma [43, 44]. Furthermore, the level of 

BCMA expression has been shown to increase with disease progression, from normal 

to monoclonal gammopathy of undetermined significance (MGUS) to smoldering 

multiple myeloma (SMM) to active multiple myeloma [7]. These factors make BCMA 

a prime candidate for immunotherapeutic approaches to treat multiple myeloma, as not 

only is BCMA exclusively expressed on plasma cells, but overall levels of BCMA 

expression are highest in patients with active multiple myeloma.  

 The first anti-BCMA cytotoxic CAR T cell was constructed through the 

manipulation of T cells to express a genetically modified CAR that was specific for 

BCMA and that contained signaling domains from the T cell co-stimulatory molecule 

CD28 and the T cell co-receptor component CD3ζ (Figure 1) [45]. Historically, CD28 

has been commonly used as a costimulatory molecule in the CAR construct, and has 

been shown to augment IL-2 production and cytotoxicity [30, 46]. Additionally, CARs 

with a CD28 signaling endodomain have demonstrated resistance to suppression by 

regulatory T cells [47]. Recently, however, experimentation with the identity of the 

costimulatory molecule in the CAR construct has revealed 4-1BB to be a promising 

endodomain, as the incorporation of 4-1BB has resulted in improved in vivo 

persistence, antitumor activity, and tumor trafficking in comparison to CD28-
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50]. An investigation conducted by Laurent et al. in 2015 elucidated that not only is 

BCMA cleaved directly without previous protease processing, but further analysis of 

sBCMA using mass spectrometry revealed that the ligand is released by an 

intramembranous protease [49]. Additional investigation identified that BCMA is 

directly shed by the intramembranous protease γ-secretase. To confirm this finding, the 

group differentiated human B cells into antibody-secreting cells in vitro using the B 

cell activators CD40L and IL-21, and subsequently added either DAPT, a γ-secretase 

inhibitor, or TAPI-I, a metalloprotease inhibitor known to reduce the cleavage of other 

TNFR-SF members. Fluorescence-activated cells sorting (FACS) and enzyme-linked 

immunosorbent assay (ELISA) were used to detect the amount of sBCMA shed by the 

human antibody-secreting cells, and it was found that while TAPI-I had no effect, 

DAPT inhibited the release of sBCMA even at low concentrations.  

 To determine whether BCMA cleavage in B cells is mediated by γ-secretase in 

vivo, two murine models were utilized in which each condition, either ovalbumin + 

lipopolysaccharide or systemic lupus erythematosus, elicited an immune response and 

induced B cell differentiation [49]. The mice were then treated with a γ-secretase 

inhibitor, which resulted in enhanced surface expression of BCMA on plasma cells, 

and an increase in the absolute number of plasma cells in the bone marrow.  

 

Hypothesis and Objectives: 

 The fundamental rationale behind this work was to unify the findings of 

previous literature to develop a novel immunotherapeutic approach to the treatment of 

multiple myeloma. In particular, the concept that BCMA can be targeted by a chimeric 
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antigen receptor to redirect T cell specificity and cytotoxicity towards primary 

myeloma cells [45] was combined with the recognition of the role of the 

intramembranous protease γ-secretase in the direct release of BCMA from the surface 

of plasma cells [49] to establish a novel therapy aiming to optimize anti-BCMA CAR 

T cell-mediated killing of myeloma cells.  

One of the primary objectives of this work was to determine to what degree the 

level of BCMA expression on the surface of myeloma cells would increase in the 

presence of the γ-secretase inhibitor RO4929097. The activity of γ-secretase in the 

presence of an inhibitor would be analyzed by means of both membrane BCMA 

expression and media sBCMA levels. The ultimate goal of this study was to observe 

whether enhanced antitumor potency could be achieved in anti-BCMA CAR T cells 

against myeloma cells that had been treated with RO4929097. 

As BCMA is directly cleaved by γ-secretase, it was hypothesized that the 

inhibition of this transmembrane protease would result in enhanced antitumor potency 

of anti-BCMA CAR T cells towards myeloma cells due to an increase in target ligand 

expression coupled with a decrease in the release of the potentially CAR-absorbent 

sBCMA. 
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Materials and Methods: 

Generation of CAR T Cell Lines: 

 Peripheral blood mononuclear cells (PBMCs) were isolated from donor blood 

using a standard Ficoll density centrifugation protocol. Subsequently, CD4+ and CD8+ 

T cells were stained with anti-CD4 or anti-CD8 monoclonal antibodies and purified 

using fluorescence-activated cell sorting (FACS) on a flow cytometer. These cells were 

then maintained in CTL media, and OKT3 and IL-2 were added to induce T cell 

proliferation. In both the CD4+ and CD8+ T cell subsets, two effector cell lines were 

established through the transduction of a lentiviral vector containing the DNA 

sequence for either the 213 or 239 anti-BCMA CAR. Additionally, a control T cell line 

was generated that contained a CAR construct with a truncated epidermal growth factor 

receptor (tEGFR) extracellular domain. The difference between the two anti-BCMA 

CAR constructs is the identity of the signaling endodomain, with the 213 CAR 

utilizing the 4-1BB signaling endodomain, and the 239 CAR using CD28 signaling 

endodomain (see Figure 1). 

Dose Titration of the γ-Secretase Inhibitor RO4929097 

For an initial dose titration analysis of the γ-secretase inhibitor RO4929097, 

four BCMA+ myeloma cell lines were used: RPMI 8226, U266 B1, MM1.R and H929. 

The four myeloma cells lines (330,000 cells/mL) were cultured with either 1% 1.0µM, 

0.1µM or 0.01µM R04929097, or 1% DMSO. At time points one hour, three hours, 
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five hours, and 24 hours following the addition of RO4929097, media and cell aliquots 

were taken. 

 Due to high levels of BCMA surface expression following treatment along with 

favorable culturing characteristics, most of the subsequent experiments utilized RPMI 

8226 and U266 B1 as target cell lines. Two other target cell lines that were utilized 

during this experiment were K562 and K562-BCMA. 

Washout Experiment for the γ-Secretase Inhibitor RO4929097 

To determine how long the effects of the γ-secretase inhibitor RO4929097 

persist following its removal from culture with myeloma cells, a washout experiment 

was performed. Two myeloma cell lines: RPMI 8226 and U266 B1 (330,000 cells/mL) 

were each treated with 1% 1.0µM RO4929097 or 1%DMSO and allowed to incubate 

overnight. After 18 hours of incubation, the cells were thoroughly washed to remove 

any excess γ-secretase inhibitor and resuspended in warm LCL media. Directly after 

the addition of LCL, a cell aliquot was taken, and further aliquots were taken at one 

hour, three hours, five hours, and 24 hours after the removal of RO4929097.  

 To test for the presence of BCMA, all cell aliquots were stained with 2% 

BCMA-PE monoclonal antibody for 30 minutes, before being washed and analyzed 

using flow cytometry. In addition, cells in the initial aliquot were stained with IgG2a-

PE antibody as an isotype control.  

CAR T Cell-Myeloma Cell Co-Culture Experiments: 

A co-culture with anti-BCMA CAR T cells was performed to determine 

whether this increase in surface BCMA expression results in a greater antitumor 
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potency of BCMA specific CAR T-cells. The target myeloma cell lines used were 

RPMI 8226 and U266 B1, as these displayed a potent response to RO4929097 as well 

as suitable in vitro growth. The effector cells used were two lines of CD4+ T cells with 

differing CAR constructs: a previously generated control CAR with a tEGFR 

extracellular domain, and the 213 CAR construct containing the 4-1BB costimulatory 

endodomain. The myeloma target cell lines (500,000 cells/mL) were treated with either 

1% 1.0µM RO4929097 or 1% DMSO for five hours, after which both media and cell 

aliquots were taken. Cell aliquots were stained with 2% BCMA-PE antibody for 30 

minutes, and analyzed using flow cytometry to test for BCMA surface expression and 

media aliquots were analyzed for sBCMA levels. The remaining myeloma target cells 

were then either directly plated with the effector CD4+ CAR T cells (1,000,000 

cells/mL), or thoroughly washed to remove excess RO4929097 or DMSO, before being 

recounted, normalized to 500,000 cells/mL and plated with the target cells. For all 

conditions, the ratio of target to effector cells was 1:2. The cells were co-cultured for 

24 hours, after which media aliquots were taken and tested for the presence of 

interferon gamma (IFN-γ), a cytokine released upon T cell activation. 

To determine whether excess sBCMA in the tumor microenvironment can 

impact anti-BCMA CAR T cell mediated killing of myeloma cells, a co-culture was 

performed with varying levels of spiked sBCMA. The target cell line used in this co-

culture was 8226 RPMI. The effector cells used were three lines of CD8+ T cells with 

differing CAR constructs: tEGFR, 213, and 239. Aliquots of the target cell line 8226 

RPMI (500,000 cells/mL) were spiked with various dilutions of sBCMA (5.0 µg/mL, 

1.0 µg/mL, 0.1 µg/mL, 0.01 µg/mL, 0.001 µg/mL, and 0.0001 µg/mL) before being 
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plated and co-cultured with effector CD8+ T cells (750,000 cells/mL). After 24 hours 

of incubation, media aliquots were taken from the co-culture and tested for the 

presence of IFN-γ.  

To determine whether the γ-secretase inhibitor RO4929097 has an impact on T 

cell viability and function, a co-culture experiment was performed in which the effector 

cells had been incubated with varying concentrations of RO4929097. Two effector 

CD8+ CAR T cell lines, 213 and 239 (1,000,000 cells/mL), were incubated overnight 

with varying concentrations of 1% RO4929097 (100µM, 10µm, 1.0µm, 0.1µM, 

0.01µM) or with 1% DMSO. The following morning, a 100µL cell aliquot was taken to 

analyze T cell viability using flow cytometry. This aliquot was first washed with flow 

buffer and incubated with 0.25% STII-Biotin antibody for 30 minutes at 4ºC. The cells 

were then washed twice with flow buffer, before undergoing a second staining with 1% 

BV421 PDL1 antibody, 1% eFlour710 PD1 antibody, and 0.1% PE STII antibody. 

After incubating for 30 minutes at 4ºC, the cells were washed with flow buffer, stained 

with 1% propinium iodide (PI) live-dead stain, and analyzed using flow cytometry. T 

cell viability was determined by measuring the percentage of cells that stained with 

propinium iodide, and subtracting this from the total population to give a viability 

frequency. The remaining effector cells were plated with the target cell lines K562 and 

K562 BCMA (500,000 cells/mL), such that there was a target to effector cell ratio of 

1:2. The effector and target cells were co-cultured for 24 hours, after which media 

aliquots were taken and tested for the presence of IFN-γ.  



16 
 

Flow Cytometry for Measuring Surface BCMA Expression: 

 Cell aliquots were subsequently washed with cold flow buffer before being 

transferred to a plate and stained with monoclonal antibodies. The fluorescent-tagged 

antibodies utilized in the flow cytometric analyses of this work were: BMCA-PE, 

IgG2a-PE, ST-II Biotin, ST-II-PE, BV421-PD-L1, and eFlour710-PD1. After staining 

for a minimum of 30 minutes, the myeloma cells were washed and then analyzed using 

a BD Biosciences Canto II Flow Cytometer to observe levels of surface BCMA 

expression.  

ELISA for Measuring Soluble BCMA Release: 

 Levels of sBCMA were quantitatively measured in media aliquots following 

the protocol provided by the R&D SystemsTM DuoSet® Human BCMA ELISA kit and 

using a plate reader to obtain a quantitative read-out.  

ELISA for Measuring IFN-γ Production: 

To test for and quantify the amount of IFN-γ present in each co-culture well, a 

Corning Costar ELISA plate was coated with a Coating Buffer (50µL per well at 10x 

dilution in H2O) containing an IFN-γ capture antibody (1000x dilution), and incubated 

at 4ºC overnight. The plate was then washed four times using a Biotek plate washer, 

followed by the addition of Assay Diluent (100µL per well at 1x dilution in H2O). 

After an hour, the plate was again washed four times, after which 50µL of the sample 

media aliquots were added to the appropriate wells. Additionally, a 2-fold serial 

dilution of the lyophilized standard was added to the plate, which was allowed to rest at 

room temperature for two hours. Next, the plate was washed six times using the plate 
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washer, after which the detection antibody was added (50µL per well at 1000x dilution 

in 1x Assay Diluent), and allowed to sit for one hour at room temperature. After 

another round of six washes, avidin-horseradish peroxidase was added (50µL per well 

at 250x dilution in 1x Assay Diluent) and incubated at room temperature for 30 

minutes. Following a final round of six washes, TMB Solution (50µL per well at 1x 

dilution) was added until the standard curve began to turn blue, at which Stop Solution 

was added (50µL per well at 1x dilution). The plate was then read at 450nm and 570nm 

using a plate reader.  
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Results: 

I. Increased Cell Surface BCMA Expression and Decreased Media 

sBCMA Levels via the Successful Inhibition of γ-Secretase using 

RO4929097 

If the intramembranous protease γ-secretase is responsible for the direct 

shedding of BCMA in plasma cells [49], than the inhibition of this enzyme should 

result in higher levels of BCMA surface expression. Furthermore, it was posited that 

the prevention of γ-secretase from shedding BCMA would result in lower levels of 

sBCMA in the media.  To test both of these predictions, a dose titration of the γ-

secretase inhibitor RO4929097 was performed across four myeloma cell lines to 

observe the levels of BCMA expression as well as sBCMA levels, both as a function of 

RO4929097 concentration and as a function of time (Figure 2).  

Following 24 hours of incubation with the γ-secretase inhibitor RO4929097, 

increased levels of BCMA cell surface expression with respect to DMSO were 

observed in all four multiple myeloma cell lines (RPMI 8226, U266 B1, MMl.R, and 

H929), particularly in cells cultured with higher concentrations of RO4929097. The 

degree to which BCMA expression increased varied across the four myeloma cell lines, 

with the highest expression levels with respect to DMSO being 4.02 for RPMI 8226, 

6.19 for U266 B1, 11.82 for MM1.R, and 5.57 for H929. Importantly, significantly 

higher levels of BCMA expression were achieved in all four myeloma cell lines 

following 24 hours of treatment with RO4929097. Additionally, at the highest 
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concentration of RO4929097 tested (1.0µM), levels of BCMA expression with respect 

to DMSO across all four cell lines were higher following only one-hour of treatment 

with the γ-secretase inhibitor. This indicates that at higher concentrations, RO4929097 

quickly and effectively inhibits the transmembrane protease γ-secretase, leading to 

increased levels of BCMA cell surface expression in plasma cells. These findings 

support previous experimentation with γ-secretase inhibitors and BCMA expression on 

plasma cells [49].  

 

 

Figure 2. Mean fluorescence intensity (MFI) of BCMA across four myeloma cell lines 
treated with either the γ-secretase inhibitor RO4929097 or DMSO. For each cell line, 
myeloma cells were treated with RO4929097 (1% 1.0µM, 0.1µM or 0.01µM) or 1% 
DMSO. Following 24 hours of incubation, cell aliquots were stained with 4% BCMA-
PE antibody for 30 minutes, after which the MFI of BCMA was measured using flow 
cytometry.  
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Using the notion that γ-secretase directly cleaves BCMA from the surface of 

plasma cells, releasing a soluble form of the ligand, sBCMA, it was hypothesized that 

treatment with a γ-secretase inhibitor would result in lower levels of media sBCMA as 

the ligand would stay embedded in the cell surface. Therefore, along with recording 

BCMA expression levels, the activity of γ-secretase was further analyzed through the 

measurement of media sBCMA levels following treatment with RO4929097 (Figure 

3). Following 24 hours of incubation with RO4929097, all four myeloma cell lines 

displayed the trend that higher concentrations of the γ-secretase inhibitor results in 

lower media sBCMA levels. For each of the four myeloma cell lines, one-way 

ANOVA tests were conducted to analyze the significance between the media sBCMA 

levels for myeloma cells treated RO4929097, and the media sBCMA levels for 

myeloma cells treated with DMSO (Table 1). 
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Figure 3. Media sBCMA levels of four cell lines following treatment with either the γ-
secretase inhibitor RO4929097 or DMSO. Media aliquots were taken following 24 
hours of incubation, and sBCMA levels were measured using the R&D SystemsTM 
DuoSet® Human BCMA ELISA. For each cell line, a one-way ANOVA test was 
performed in which the mean media sBCMA level for each condition was compared to 
the mean sBCMA level of the control DMSO condition. (* p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001). 
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Cell Line: RO4929097 
Concentration (µM): 

P value  
(Treatment vs. DMSO Control): 

RPMI 8226 

1.0 0.0175 

0.1 0.0241 

0.01 ns 

U266 B1 

1.0 0.008 

0.1 0.0070 

0.01 ns 

MM1.R 

1.0 < 0.0001 

0.1 < 0.0001 

0.01 0.0016 

H929 

1.0 0.0001 

0.1 0.0001 

0.01 0.0139 

 
Table 1. Difference between media sBCMA levels of cells treated with the γ-secretase 
inhibitor RO4929097 and those treated with DMSO. Levels of media sBCMA were 
assessed following an incubation period of 24 hours.  
 

II. Short Persistence of γ-Secretase Inhibition Following Removal of 

RO4929097 

After determining that there was a significant increase in BCMA expression in 

myeloma cells treated with the γ-secretase inhibitor RO4929097, the next step was to 

observe how long BCMA upregulation persists in plasma cells following the removal 

of RO4929097. The duration of γ-secretase inhibition in the absence of its inhibitor is 

important understand, as it can have significant implications on future models 

developed in living systems. For example, if it is found that anti-BCMA CAR T cells 

display enhanced antitumor potency towards myeloma cells treated with RO4929097, 
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it would be crucial to administer these CAR T cells while the activity of the γ-secretase 

inhibitor is maximal. A short persistence in γ-secretase inhibition following the 

removal of RO4929097 could require repeated or staggered dosing.  

To analyze the duration of γ-secretase inhibition in the absence of an inhibitor, 

two myeloma cell lines, RPMI 8226 and U266 B1, were treated with 1% 1.0µM 

RO4929097 for 18 hours, before being thoroughly washed (Figure 4). Analysis of 

BCMA surface expression using BCMA-PE antibody and flow cytometry revealed that 

across both cell lines, BCMA surface expression was increased in cells treated with the 

γ-secretase inhibitor in comparison to those treated with DMSO. However, the duration 

of this increase in BCMA expression was relatively short-lived, with levels of BCMA 

expression returning to those of DMSO control only three to five hours following the 

removal of RO4929097. This indicates that upon removal of RO4929097 from 

myeloma cells, γ-secretase quickly and efficiently cleaves excess BCMA.  
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Figure 4. Duration of the inhibitory activity of γ-secretase inhibitor RO4929097 as a 
measure of BCMA expression in myeloma cells over time. Mean fluorescence intensity 
of BCMA expression with respect to DMSO in the myeloma cell line RPMI 8226 (A) 
or U266 B1 (B) at various time points following the removal of a γ-secretase inhibitor. 
In both cell lines, the myeloma cells were incubated with 1% 1.0µM RO4929097 for 
18 hours prior to removal. At each indicated time point, cell aliquots were stained with 
2% BCMA-PE monoclonal antibody and BCMA expression was quantitatively 
measured using flow cytometry.  
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III. Enhanced Antitumor Potency of CD4+ 213 Anti-BCMA CAR T Cells 

Against Myeloma Cells Treated with RO4929097 

 The primary objective of this experiment was to determine whether the increase 

in BCMA expression on myeloma cells treated with the γ-secretase inhibitor 

RO4929097 would augment the antitumor activity of anti-BCMA CAR T cells. It was 

posited that the increased presence of the target antigen coupled with the lack of a 

soluble antigen to absorb and block the CAR T cell would lead to enhanced tumor 

killing. A co-culture between anti-BCMA CAR T cells and myeloma cells treated with 

either RO4929097 or DMSO was performed to test this hypothesis. Prior to the co-

culture, cell aliquots from both experimental conditions were washed to remove excess 

sBCMA and RO4929097. 

 Figures 5A and 5B demonstrate that following five hours of incubation with 

either 1.0µM RO4929097 or DMSO, U266 B1 myeloma cells treated with the γ-

secretase inhibitor exhibited a significant increase in surface BCMA expression and a 

significant decrease in media sBCMA. Figure 5C illustrates the results of an IFN-γ 

ELISA performed following a 24-hour co-culture with CD4+ 213 anti-BCMA CAR T 

cells and various experimental treatments of U266 B1 myeloma cells, at a target to 

effector cell ratio of 1:2. When comparing the IFN-γ production between the unwashed 

cohorts, a one-way ANOVA test revealed that U266 B1 myeloma cells treated with 

RO4929097 had significantly higher levels of IFN-γ than U266 B1myeloma cells 

treated with DMSO (p=0.0082). Additionally, for the myeloma cells that were washed 

prior to co-culture, those treated with the γ-secretase inhibitor had higher levels of 

media IFN-γ, although the difference was not statistically significant (p=0.073).  
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 A similar trend was observed in the co-culture between CD4+ 213 anti-BCMA 

CAR T cells and RPMI 8226 myeloma cells treated with either RO4929097 or DMSO, 

although the difference in INF-γ production between myeloma cells treated with the γ-

secretase inhibitor and those treated with DMSO for both the washed and unwashed 

cohorts was not statistically significant (data not shown).  
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Figure 5. Antitumor potency of CD4+ 213 CAR T cells in co-culture with U266 B1 
myeloma cells treated with either RO4929097 or DMSO. (A) Following a five-hour 
incubation period with either 1% 1.0µM RO4929097 or 1% DMSO, U266 B1 
myeloma cell aliquots were stained with 2% BCMA-PE antibody and analyzed using 
flow cytometry to test for BCMA surface expression. (B) Additionally, media aliquots 
were taken to measure sBCMA levels using the R&D SystemsTM DuoSet® Human 
BCMA ELISA. A one-way ANOVA test was performed in which the mean sBCMA 
levels for the DMSO and 1.0µM RO4929097 groups were compared against media 
control (LCL) as well with each other. (C) Prior to co-culture, some myeloma cell 
aliquots were washed to remove excess RO4929097 and sBCMA. Treated target U266 
B1 myeloma cells were co-cultured with effector CD4+ 213 CAR T cells at a 1:2 target 
to effector cell ratio for 24 hours, after which media aliquots were quantitatively 
analyzed for IFN-γ levels via an ELISA. A one-way ANOVA test was performed to 
compare levels of IFN-γ production between each condition. (* p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001). 
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IV. Impact of sBCMA and RO4929097 on T Cell Viability and 

Functionality 

A potential disadvantage of engineering a CAR to express scFv’s specific for 

an antigen that is naturally cleaved is that the CAR T cells might recognize the soluble 

form of the ligand with high affinity, thereby preventing them from reaching their 

target cells. Given that BCMA is directly cleaved by the transmembrane protease γ-

secretase, it was posited that anti-BCMA CAR T cells could bind to sBCMA and be 

blocked from interacting with the malignant B cells. Previous research suggests that 

sBCMA does not interfere with anti-BCMA CAR T cells [45]. However, it is important 

to note that the BCMA recognition domains of the anti-BCMA CAR constructs used in 

this experiment differ from those of the anti-BCMA CAR used in these previous 

studies. Therefore, to determine whether excess sBCMA in the tumor 

microenvironment can impact anti-BCMA CAR T cell mediated killing of myeloma 

cells, a co-culture was performed with varying levels of spiked sBCMA.  

To determine whether sBCMA impacts anti-BCMA CAR T cell activity by 

binding to and effectively neutralizing the CAR T cell, a co-culture was performed in 

which lyophilized sBCMA was added at varying concentrations. Subsequently, an 

IFN-γ ELISA was performed to quantify CAR T cell activity under each condition, the 

results of which are illustrated in Figure 6. In comparison to the control condition in 

which media was co-cultured with RPMI 8266 myeloma cells, co-cultures between 

myeloma cells and CD8+ 213 anti-BCMA CAR T cells in which lyophilized sBCMA 

(0.1µM, 0.01µM, 0.001µM or 0.0001 µg/mL) was added had significantly higher 

levels of IFN-γ production. However, in co-cultures that were spiked either 5.0 µg/mL 
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or 1.0 µg/mL of sBCMA, the level of IFN-γ production was not statistically significant 

to IFN-γ levels in the control condition. A similar trend in IFN-γ production was 

obtained when varying concentrations of sBCMA were spiked into a co-culture 

between RPMI 8226 myeloma cells and CD8+ 239 anti-BCMA CAR T cells. This 

indicates that at higher concentrations, sBCMA impacts the antitumor functionality of 

anti-BCMA CAR T cells against myeloma cells, resulting in decreased IFN-γ 

production. A possible explanation for this is that the sBCMA absorbs the CAR T 

cells, preventing them from reaching and interacting with myeloma cells. These 

findings contradict previous literature regarding sBCMA interaction with anti-BCMA 

CAR T cells [45]. 

 

Figure 6. Impact of sBCMA on CD8+ 213 and CD8+ 239 CAR T Cell Functionality. 
Prior to a co-culture of CD8+ 213 (A) or CD8+ 239 (B) CAR T cells with RPMI 8226 
myeloma cells, the media was spiked with varying concentrations of lyophilized 
sBCMA. Following 24 hours of co-culture, media aliquots were taken and analyzed for 
IFN-γ levels via an ELISA. For each anti-BCMA CAR construct, a one-way ANOVA 
was performed with the mean IFN-γ level of each condition being compared to the 
mean IFN-γ of the control condition, in which media absent of CAR T cells was co-
cultured with RPMI 8226. (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). 
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To determine whether the presence of the γ-secretase inhibitor RO4929097 had 

an impact on T cell viability, CD8+ 213 and CD8+ 239 CAR T cells were incubated 

overnight with varying concentrations of RO4929097 or DMSO, stained with 

propinium iodide, and then analyzed using flow cytometry. Propinium iodide 

selectively stains dead cells, such that when a sample of CAR T cells are run through a 

flow cytometer, the percentage of live cells can be recorded to give a viability 

frequency. As illustrated in Figure 7, the only concentration of RO4929097 that 

appeared to have a significant impact on the viability of both CD8+ 213 and CD8+ 239 

CAR T cells was 100µM. This suggests that at this concentration, the γ-secretase 

inhibitor becomes toxic to the CAR T cells. Importantly, the concentrations of 

RO4929097 that were used in this experiment and achieved augmented levels of 

BCMA expression on myeloma cells and enhanced antitumor potency, do not appear to 

have a detrimental impact on CAR T cell viability. 

 

 
Figure 7. Impact of RO4929097 on CD8+ 213 and 239 CAR T Cell Viability. CD8+ 
213 (A) and CD8+ 239 (B) CAR T cells were treated with varying concentrations of the 
γ-secretase inhibitor RO4929097 and stained with propinium iodide to mark dead cells 
and determine the viability frequency for each condition. The viability frequency for 
each condition is normalized to that of the DMSO control condition.  
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Lastly, a different co-culture was performed to determine whether the presence 

of the γ-secretase inhibitor RO4929097 had an impact of anti-BCMA CAR T cell 

functionality. CD8+ 213 anti-BCMA CAR T cells were treated with varying 

concentrations of RO4929097 before being co-cultured with K562-BCMA myeloma 

cells. Following a 24-hour co-culture, the media from each well was analyzed via an 

ELISA for IFN-γ levels as a representation of CAR T cell activity. The results of this 

ELISA are summarized in Figure 8A. In comparison with the DMSO control, only the 

condition with the highest concentration of RO4929097, 100µM, had a significant 

difference in IFN-γ production (p=0.0064). Importantly, the other two concentrations 

of RO4929097 tested, 1.0µM and 0.1µM, which have been shown to increase BCMA 

expression on myeloma cells and facilitate enhanced antitumor potency by anti-BCMA 

CAR T cells, did not exhibit significant differences in T cell activity. A similar trend in 

IFN-γ production was obtained when CD8+ 239 anti-BCMA CAR T cells were 

incubated with varying concentrations of RO4929097 prior to being co-cultured with 

RPMI 8226 myeloma cells. These results indicate that the γ-secretase inhibitor 

RO4929097 appears to impact CAR T cell functionality, perhaps due to cellular 

toxicity, at only very high concentrations.  
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Figure 8. Impact of RO4929097 on CD8+ 213 and CD8+ 239 CAR T Cell 
Functionality. K562 BCMA myeloma cells were treated with varying concentrations of 
1% RO4929097, ranging from 100µM to 0.1µM, or DMSO as a control. Following a 
24-hour co-culture with CD8+ 213 (A) or CD8+ 239 (B) CAR T cells, media aliquots 
were taken and analyzed for IFN-γ levels via an ELISA. For each anti-BCMA CAR 
construct, a one-way ANOVA test was performed in which the mean IFN-γ level of 
each condition was compared to the mean IFN-γ level of the DMSO control condition. 
(* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001)
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Discussion: 

 The first in-human phase I clinical trial using anti-BCMA CAR T cells to 

redirect T cell recognition and cytotoxicity in patients with multiple myeloma began in 

2014 at the National Institutes of Health Clinical Center [51]. During the dose 

escalation trial, half of the enrolled participants received the two lower doses of anti-

BCMA CAR T cells, 0.3 x 106 cells/kg and 1 x 106 cells/kg, which conferred limited 

antimyeloma activity and mild toxicity. Of the two patients infused with the highest 

dosage of anti-BCMA CAR T cells, 9 x106 cells/kg, one patient achieved a stringent 

partial remission that lasted 17 weeks before relapse, while the other patient was in an 

ongoing very good partial remission as of September, 2016. However, both patients 

experienced toxicities consistent with cytokine release syndrome, along with prolonged 

cytopenias. The results of this study indicate that while anti-BCMA CAR T cells 

represent a putative immunotherapeutic treatment of multiple myeloma, the antitumor 

activity of these CAR T cells is highly dose dependent and optimization of therapy is 

needed to mitigate toxicity while reducing tumor burden.  

The primary objective of this work was to unify the findings of previous 

literature to establish a novel immunotherapeutic approach to the treatment of multiple 

myeloma that enhances anti-BCMA CAR T cell antitumor activity. In particular, the 

concept that BCMA can serve as an effective tumor associated antigen on primary 

myeloma cells to redirect CAR T cell specificity and cytotoxicity [45] was combined 

with the realization that a γ-secretase inhibitor can prevent the direct release of BCMA 

from the surface of plasma cells [49] to establish a novel therapy aiming to optimize 

anti-BCMA CAR T cell-mediated killing of myeloma cells. As γ-secretase directly 
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cleaves BCMA, it was hypothesized that the inhibition of this protease would result in 

augmented tumor killing by BCMA-specific CAR T cells due to an increase in target 

ligand expression coupled with a decrease in the release of the potentially CAR-

absorbent sBCMA.  

 After establishing that the treatment of myeloma cells with RO4929097 at a 

concentration of either 1% 1.0µM or 0.1µM achieves a substantial increase in BCMA 

expression on the surface of plasma cells and a significant decrease in media sBCMA, 

the next step was to determine how these changes in the tumor micro-environment 

would impact CAR T cell functionality. A co-culture between CD4+ 213 anti-BCMA 

CAR T cells with U266 B1 myeloma cells treated with 1% 1.0µM RO4929097 resulted 

in a significant increase in IFN-γ production, which served as a representation of CAR 

T cell activity. These data support the proposed hypothesis, and indicate that inhibition 

of γ-secretase promotes enhanced antitumor activity of BCMA-specific CAR T cells. 

Similar findings were obtained in RPMI 8226 myeloma cells, although the difference 

in IFN-γ production levels were not statistically significant. Interestingly, a significant 

increase in IFN-γ levels was not achieved in γ-secretase inhibitor treated U266 B1 

myeloma cells that were washed prior to being co-cultured with CD4+ 213 CAR T 

cells. Previous experimentation observing the persistence of BCMA upregulation on 

the surface of plasma cells following the removal of RO4929097 (Figure 4) indicate 

that a potential explanation for this finding is that γ-secretase readily cleaves excess 

BCMA from the surface of myeloma cells, thereby decreasing the amount of target 

ligand available to direct CAR T cell activity. Additionally, this cleavage of excess 

BCMA would lead to an increase in media sBCMA, which at high concentrations was 
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shown to inhibit anti-BCMA CAR T cell functionality (Figure 7A). While these 

findings contradict previous literature, it is presumed that sBCMA is able to absorb 

anti-BCMA CAR T cells as the membrane BCMA epitopes recognized by the scFv 

regions of the CAR are conserved when the antigen is directly cleaved by γ-secretase. 

Therefore, in conditions in which there are high levels of sBCMA, such as in the 

absence of RO4929097, anti-BCMA CAR T cells are unable to reach and interact with 

myeloma cells, and as such, their functionality decreases.   

 An important next step in this work is to demonstrate that anti-BCMA CAR T 

cells are able to elicit enhanced antitumor potency against primary myeloma cells 

treated with a γ-secretase inhibitor. As of now, the reported work illustrates a putative 

novel immunotherapeutic approach to the treatment of multiple myeloma, but these 

findings first need to be replicated in primary myeloma cells taken directly from 

patients with multiple myeloma. Additionally, the information gained regarding the 

concentration of RO4929097 needed to obtain optimal BCMA expression in myeloma 

cells, the persistence of BCMA upregulation in myeloma cells following removal of 

RO4929097, and the impact of sBCMA and RO4929097 on anti-BCMA CAR T cell 

viability and functionality can be utilized to establish an effective murine model. While 

the reported work provides exciting results of enhanced antitumor potency of CAR T 

cells against myeloma cells treated with a γ-secretase inhibitor, it is important to 

acknowledge that these findings were recorded in simplified systems that may not be 

representative of more complex living systems. As such, a murine model in which 

immunocompromised mice are engrafted with myeloma tumor cells and then treated 

with RO4929097 and anti-BCMA CAR T cells should be performed.   
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 Furthermore, it is important to assess the toxicity associated with anti-BCMA 

CAR T cell-mediated killing of primary myeloma cells. As was demonstrated in the 

first in-human phase I clinical trial using anti-BCMA CAR T cells to treat patients with 

multiple myeloma, high levels of antimyeloma activity are associated with elevated 

toxicity, primarily in the form of cytokine release syndrome [51]. Therefore, it is 

necessary to analyze whether the enhanced antitumor potency of anti-BCMA CAR T 

cells against myeloma cells treated with the γ-secretase inhibitor RO4929097 confers a 

change in previously described anti-BCMA CAR T cell associated toxicity.
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