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A Fast and Sensitive Luciferase-
based Assay for Antibody 
Engineering and Design of Chimeric 
Antigen Receptors
Venkatesh Natarajan   1,2, Ramakrishnan Gopalakrishnan   1,2, Hittu Matta1,2, Sunju Choi1,2, 
Songjie Gong1, Alberto Jeronimo1, Pooja Smruthi Keerthipati1, Anthony Morales1, 
Harishwar Venkatesh1 & Preet M. Chaudhary1*

Success of immunotherapeutic approaches using genetically engineered antibodies and T cells modified 
with chimeric antigen receptors (CARs) depends, among other things, on the selection of antigen 
binding domains with desirable expression and binding characteristics. We developed a luciferase-
based assay, termed Malibu-Glo Assay, which streamlines the process of optimization of an antigen 
binding domain with desirable properties and allows the sensitive detection of tumor antigens. 
The assay involves a recombinant immunoconjugate, termed Malibu-Glo reagent, comprising an 
immunoglobulin or a non-immunoglobulin based antigen binding domain genetically linked to a marine 
luciferase. Malibu-Glo reagent can be conveniently produced in mammalian cells as a secreted protein 
that retains the functional activity of both the antigen binding domain and the luciferase. Moreover, 
crude supernatant containing the secreted Malibu-Glo reagent can directly be used for detection of 
cell surface antigens obviating the laborious steps of protein purification and labeling. We further 
demonstrate the utility of Malibu-Glo assay for the selection of optimal single chain fragment variables 
(scFvs) with desired affinity characteristics for incorporation into CARs. In summary, Malibu-Glo assay is 
a fast, simple, sensitive, specific and economical assay for antigen detection with multiple applications 
in the fields of antibody engineering, antibody humanization and CAR-T cell therapy.

Antibodies are arguably the most versatile class of biologics with wide applications in basic research, disease diag-
nosis and therapy. Besides full-length antibodies, advances in antibody engineering have led to the generation of 
minimal antigen binding fragments (e.g., Fab), single chain fragment variable (scFv), diabodies, bispecific and 
single domain antibodies (sdAbs)1,2. These antibodies are further optimized by mutagenesis, CDR grafting, affin-
ity maturation and humanization to generate a large number of variants. Altogether, these efforts have increased 
the pool of antibodies against specific therapeutic targets. However, the challenge of identifying an optimal anti-
body with desired characteristics for a specific application remains. Robust assays to narrow down the number of 
antibody candidates for downstream evaluation are critically needed to avoid wasteful preclinical research efforts.

Immunotherapy applications of antibodies have extended beyond their use as soluble biological agents. In 
recent years, scFvs derived from antibodies have been grafted onto T cell receptors to create Chimeric Antigen 
Receptor (CAR) that can be used to redirect immune cells to desired cancer cells3,4. For this purpose, scFvs that 
fall within an optimum affinity range are desired5,6. CAR-T cells with high affinity scFvs are reported to exhibit 
robust antitumor efficacy, but it is accompanied by profound off-tumor-on-target toxicity against normal cells 
expressing low levels of antigen7,8. Additionally, CAR-T cells containing extremely high affinity scFv often result 
in tonic signaling8. By contrast, CAR-T cells designed using low affinity scFvs are more tumor-selective with min-
imal off-tumor toxicity6,9. Thus, depending on the relative antigen density of tumor vs normal cells, affinity of scFv 
has to be fine-tuned to generate an optimal CAR10–12. Equally important, scFvs that are used in the construction of 
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CARs should express well. Thus, development of a reliable and simple method to screen an existing pool of scFvs 
based on their expression and affinity would expedite CAR-T cell engineering.

Although, several methods (e.g., ELISA, immunoblotting, flow cytometry and surface plasma resonance 
etc.) are currently available to detect binding to a target antigen13, only a few methods (e.g., flow cytometry and 
AlphaLISA) are suitable for detecting antibody binding to antigen in its native conformation on the cell surface14. 
Invariably, all of these assays rely on a detection tag, linked either directly to a primary antibody, a secondary anti-
body or other proteins that recognize the primary antibody15. These detection tags historically range from radi-
oisotopes, small molecule fluorophores, fluorescent proteins or enzymes. In general, chemical methods are used 
to conjugate an antibody to a desired protein or a fluorophore. However, these chemical crosslinking reactions 
are difficult to control resulting in heterogeneous mixture with variable stoichiometry. Further, such conjugation 
may alter the biological activity of antibody. These limitations can be circumvented using recombinant DNA 
technology that allows genetic fusion of an antibody to a desired protein. For instance, antibodies and antibody 
fragments fused to reporter enzymes such as alkaline phosphatase16 or beta-galactosidase17 have been developed. 
However, their widespread use has been hampered by the larger size of these enzymes and limited sensitivity.

Luciferases are versatile tools in biomedical research as they combine high sensitivity with low back-
ground18,19. Although Firefly luciferase (Fluc) is one of the most popular luciferase for research applications, its 
large size (61 kDa) has hampered its use in protein fusion studies. In contrast to Fluc, marine luciferases and their 
engineered derivatives are smaller in size (approximately 19 kDa) and possess greater brightness, making them 
ideal partners for fusion studies18,20.

In this report, we describe a marine luciferase based assay for antigen detection. As the assay utilizes marine 
luciferase, we named it Malibu-Glo Assay after the Malibu Beach in California. We show that marine luciferases 
can be fused to scFvs, single domain antibodies (vHH) and antibody-like scaffolds (Centyrins) to yield versatile 
Malibu-Glo detection reagents. We demonstrate the utility of the Malibu-Glo assay to rapidly evaluate the relative 
expression and binding capabilities of different scFv variants. We further demonstrate the utility of the assay for 
the selection of optimal scFv for incorporation into CARs.

Results
Design and construction of Malibu-Glo reagent (scFv-Nluc fusion) expression constructs.  To 
develop a luciferase based assay for antigen detection (Malibu-Glo assay), we generated a lentiviral vector encod-
ing a scFv derived from murine CD19 antibody FMC63 in fusion with Nluc via an intervening short Gly-Gly-Ser-
Gly flexible linker (Fig. 1a). The resulting fusion protein (Malibu-Glo reagent) was designated CD19-scFv1-Nluc. 
We selected Nluc for the assay because of its brightness, ATP-independence, small size, monomeric nature, glow 
type luminescence, and improved stability21. In order to facilitate the purification of the Malibu-Glo reagent and 
allow its detection via flow cytometry, we also added a cassette 4xFLAG-2xStreptag-8xHis to the carboxyl-ter-
minus of the fusion protein via an intervening Glycine-Serine (GGSG) linker. A schematic of the Malibu-Glo 
reagent (i.e. scFv-Nluc) construct is depicted in Fig. 1a.

Development of Raji cells lacking CD19 using CRISPR/Cas9 technology.  To demonstrate the spe-
cific binding of the scFv-Nluc fusion protein to CD19, we generated Raji cells lacking CD19 using CRISPR/Cas9 
technology. We successfully isolated 6 clones that completely lacked CD19 expression as determined by staining 
with CD19 (FMC63-PE) antibody. From these clones, we selected clone A7 (Fig. 1b), termed Raji-CD19KO 
clone-A7, to serve as a negative control for all binding experiments involving CD19-scFv-Nluc fusion protein.

Expression and functional evaluation of CD19-scFv1-Nluc fusion protein.  The expression con-
struct encoding CD19-scFv1-Nluc fusion protein was transiently transfected into 293 FT cells and supernatant 
containing the secreted Malibu-Glo reagent was collected 48 hours post transfection and used to bind parental 
Raji cells and Raji-CD19KO clone-A7. As shown in Fig. 1c, the Raji cells showed over 200-fold increase in lumi-
nescence when bound by the CD19-scFv1-Nluc Malibu-Glo reagent as compared to the Raji-CD19KO clone-A7 
cells. These results demonstrate that crude supernatant containing the Malibu-Glo reagent generated in mamma-
lian expression system can successfully be employed for specific detection of a cell surface antigen using a widely 
available luminometer.

Functional evaluation of Malibu-Glo reagents generated using different marine luciferases.  In 
addition to Nluc, a number of marine luciferases, such as Gluc, Tluc16, and Mluc7 have been described20,22. 
To test whether the Nluc based Malibu-Glo assay is extendable to other marine luciferases, we swapped Nluc 
in the original CD19-scFv1-Nluc fusion construct with Gluc, Tluc16, and Mluc7. These Malibu-Glo reagents 
were tested for their ability to detect cell surface expression of CD19. In addition to Raji, we evaluated the 
binding of CD19-scFv1-luc Malibu-Glo reagents to Nalm6 and BV173 (CD19+ve leukemia cell lines). We also 
included HL60 (CD19−ve acute myeloid leukemia cell line) and Raji-CD19KO-A7 cells as negative controls. All 
CD19-scFv1-luc Malibu-Glo reagents showed specific binding only to the CD19-expressing Raji, Nalm6 and 
BV173 cell lines with insignificant or no binding to HL60 and Raji CD19KO-A7 control cell lines that lacked 
CD19 expression (Fig. 2a-d). Furthermore, all four CD19-scFv1-luc Malibu-Glo reagents showed the same order 
(Raji > Nalm6 > BV173) of binding in the CD19+ve cell lines. These results demonstrate that irrespective of the 
type of marine luciferase fused to scFv, our expression system allows for optimal folding that retains both the 
enzymatic activity of luciferase and the binding specificity of scFv. Thus, in principle, Malibu-Glo assay can be 
developed using scFv fused to any marine luciferase.

Malibu-Glo assay allows for rapid screening of scFvs based on their expression and target 
binding.  A major challenge in antibody engineering projects is to select an optimal therapeutic antibody 
that not only binds to the desired target and exhibit the desired functional activity, but is also well expressed in 
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mammalian cells. As fusion to Nluc allows measurement of luminescence in crude supernatants without the need 
for laborious and time-consuming steps of protein purification and labeling, we examined whether Malibu-Glo 
assay can serve as a versatile tool to rapidly screen scFvs based on their relative level of expression. To this end, we 
generated Nluc fusion constructs of a panel of scFvs directed against CD19. We co-transfected 293FT cells with 
each scFv-Nluc fusion construct along with an intracellularly expressed firefly luciferase construct to normalize 
for protein expression. Supernatants containing Malibu-Glo reagents were collected at 48 hours post-transfection 
and used for the measurement of Nluc luminescence. The firefly luciferase activity was measured in cell lysates 
and used to normalize Nluc values of the Malibu-Glo reagents present in the supernatants to control for the differ-
ences in transfection efficiency. The normalized Nluc activity was used to grade the scFvs based on their expres-
sion. As shown in Fig. 3a, CD19-scFv4 and CD19-scFv5 showed high expression, CD19-scFv1 and CD19-scFv3 
showed intermediate expression, while CD19-scFv2 showed the lowest expression. The results of the Malibu-Glo 
assay were confirmed by analyzing the expression of the different CD19-scFv fusion proteins by western blotting 
using a Flag antibody (Supplementary Fig. 1). The western blot further demonstrated the absence of any trun-
cated proteins and confirmed that only full-length Malibu reagents are being produced. Thus, Malibu-Glo assay 
offers a simple solution for elimination of poorly expressed scFvs at an early stage of antibody discovery, thereby 
avoiding futile investment of time and labor in downstream processes.

We next examined if the crude supernatant containing the secreted Malibu-Glo reagents can be used to rapidly 
assess the relative binding-affinities of different scFvs to their target antigen-expressing cells, thereby obviating 
the laborious step of protein purification. However, the difference in the expression level of different scFvs posed 
a problem in the use of the crude supernatant in such an assay. To ensure that the volume of supernatants used in 
the binding assays contains equal amounts of different scFv-Nluc fusion proteins, we took advantage of the 1:1 

Figure 1.  Generation and Characterization of Raji cell clones lacking CD19. (a) Schematic representation of 
Malibu-Glo (scFv-Nluc) construct (b) Lack of CD19 expression in Raji-CD19KO clone A7 was confirmed by 
staining with PE conjugated FMC63 antibody followed by flow cytometry. (c) Lack of CD19 expression in Raji-
CD19KO clone A7 was confirmed by Malibu-Glo assay. Raji cells or Raji-CD19KO clone A7 (2 × 105 in 100 µl) 
were incubated with 100 µl of supernatants containing CD19-scFv1-Nluc fusion protein (Malibu-Glo reagent) 
for 45 minutes on ice. Then, cells were washed 5 times with PBS containing 0.5% FBS prior to measurement 
of luminescence associated with cell pellet as described in Materials and Methods. Statistically significant 
differences were shown by asterisks (****) at a level of P < 0.0001.
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stoichiometric relationship between the antigen binding module (i.e., scFv) and the detection module (i.e., Nluc). 
Therefore, we used luminescence values as a surrogate for the amount of the scFv-Nluc fusion proteins present 
in the different supernatants and used these values to normalize the volume of the different supernatants used in 
the binding assay. To test this approach, we used supernatant volumes containing equivalent luminescence units 
of each scFv in the assay to check their binding to Raji cells and Raji-CD19KO clone A7. As shown in Fig. 3b, 
CD19-scFv1, CD19-scFv3, CD19-scFv4 and CD19-scFv5 showed strong binding to Raji cells, while CD19-scFv2 
showed negligible binding. None of the scFvs showed significant binding to Raji-CD19KO clone A7, confirming 
the specificity of the assay. To validate the results obtained with the Malibu-Glo assay, we measured the bind-
ing of different scFvs to Raji cells by flow cytometry using Strep-Tactin-APC, which binds with high affinity to 
StreptagII present on the Malibu-Glo reagents (Fig. 3c). Consistent with the results obtained with the Malibu-Glo 
assay performed using a luminometer, CD19-scFv1, CD19-scFv3, CD19-scFv4 and CD19-scFv5 showed strong 
binding to Raji cells when measured using flow cytometry, while CD19-scFv2 showed negligible binding.

Malibu-Glo assay can be used to evaluate expression and relative binding affinities of differ-
ent humanized scFv variants.  Humanization of antibodies and antibody fragments is frequently used 
in the development of therapeutic antibodies to circumvent the problems caused by immunogenicity. However, 
a large number of humanized antibody variants have to be screened to ensure optimal protein expression and 
target-binding. Compared to full-length antibodies, humanization of scFvs poses even a greater challenge due to 
their lower stability, compromised avidity and poor yields due to aggregation. To test the utility of the Malibu-Glo 
assay for the selection of humanized scFv variants, we generated Nluc fusion proteins comprising four humanized 
variants of CD19-scFv1 designated CD19-scFv1-v1 to CD19-scFv1-v4, and one variant of CD19-scFv4 desig-
nated CD19-scFv4-v1. The scFv-Nluc fusion constructs were transiently transfected in 293FT cells and relative 
expression of the secreted fusion proteins in the cell supernatant was examined as described in the preceding sec-
tion. All four humanized CD19-scFv1 variants expressed well relative to the parental CD19-scFv1, which showed 
moderate expression (Fig. 4a). Similarly, CD19-scFv4-v1 showed slightly better expression as compared to the 
parental CD19-scFv4. The results were confirmed by western blotting using a Flag antibody (Supplementary 
Fig. 2). Next, the supernatants containing the different scFv-Nluc fusion proteins were evaluated for binding 
to Raji and Raji-CD19KO cells. As shown in Fig. 4b, the CD19-scFv1-v1, CD19-scFv1-v2 and CD19-scFv1-v3 
variants showed lower binding to Raji cells as compared to the parental CD19-scFv1, while the CD19-scFv1-v4 
variant showed a near complete loss of target-binding. In contrast, although the parental CD19-scFv4 showed 
slightly lower expression compared to CD19-scFv4-v1, its binding to Raji cells was 22-fold higher. Notably, none 
of the variants bound Raji-CD19KO cells, thereby demonstrating that they retain their specificity for CD19. 

Figure 2.  Functional evaluation of Malibu-Glo reagents generated using different marine luciferases. Indicated 
CD19 expressing cells or control cells lacking CD19 (2 × 105 in 100 µl) were incubated with 100 µl of indicated 
CD19-scFv1 Malibu-Glo reagents generated using different luciferases for 45 minutes on ice. Then, cells were 
washed 5 times and the luminescence associated with cell pellet was measured as described in Materials and 
Methods.
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Taken collectively, these results demonstrate that Malibu-Glo assay can be used to rapidly determine the expres-
sion level, target antigen binding ability and specificity of scFv variants using crude supernatants.

Malibu reagents carry the epitope tags (4xFLAG-2xStreptagII-8xHis) at their C-termini. We purified the 
CD19-scFv1-Gluc Malibu reagent by affinity chromatography using a Strep-Tactin column23. The purified Malibu 
reagent was used to determine the half-maximal effective concentration (EC50) for binding to 1 × 104 Raji and 
RS411 cells. Using the variable slope model, we determined that the EC50 of CD19-scFv1-Gluc for binding to Raji 
and RS411 cells to be 4.9 × 10−9 M and 4.7 × 10−9 M, respectively (Supplementary Fig. 3).

Malibu-Glo assay allows for selection of optimal scFvs for CAR design.  To further demonstrate that 
scFvs selected based on expression levels and target binding using Malibu-Glo assay can aid the choice of scFvs 
for CAR-T engineering, we generated second generation (BBz) lentiviral CAR constructs based on CD19-scFv1, 
CD19-scFv4 and their humanized variants. The scFvs were fused in frame to a cassette encoding a MYC epitope 
tag, a CD8 hinge domain, a CD8 transmembrane domain, a 41BB co-stimulatory domain and a CD3ζ activation 
domain. A Jurkat cell clone expressing an NFAT-GFP reporter (JNG) was transduced with lentivirus encoding the 
different CD19-CARs. After 10 days of selection in puromycin, surviving cells were stained with anti-MYC-APC 
and analyzed by flow cytometry to quantitate CAR expression on cell surface. Consistent with the expression of 
scFv-Nluc fusion proteins as measured by Malibu-Glo assay (Fig. 4a), all CARs showed relatively good expression 

Figure 3.  Malibu-Glo assay enables evaluation of expression and target binding characteristics of different 
CD19-scFvs. (a) 293FT cells were transiently transfected with different CD19-scFv-Nluc Malibu-Glo constructs 
along with the control Fluc construct. After 48 hours, Nluc activity was measured in diluted supernatants (1:100 
in PBS containing 0.5% FBS). Firefly luciferase activity was measured in the cell lysates using D-luciferrin as 
substrate. Nluc luminescence value of each supernatant was normalized with corresponding Fluc luminescence 
value to control for differences in transfection efficiency. (b) Target binding of different CD19-scFvs were 
assessed by Malibu-Glo assay. Raji and Raji-CD19KO cells were incubated with supernatants containing 
equivalent luminescence units of indicated CD19-scFvs in a final volume of 200 µl for 45 minutes on ice. Cells 
were washed 5 times and bound luminescence was measured as described in Materials and Methods. (c) Target 
binding of different CD19-scFvs analyzed by flow cytometry. Raji cells and Raji-CD19KO cells were incubated 
with 100 µl supernatant containing the indicated CD19-scFv-Nluc Malibu-Glo reagents for 45 minutes on ice. 
After incubation, cells were washed 2 times and incubated with streptactin-APC for 45 minutes. After 2 washes, 
cells were analyzed by flow cytometry. A representative of two independent experiments was shown.
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in JNG cells (Fig. 5a). To examine if the scFv–Nluc fusion is also predictive of CAR binding to the target antigen, 
we tested the ability of JNG cells expressing different humanized CARs described above to bind the target antigen 
CD19. For this purpose, we employed Topanga assay. This assay was recently developed in our lab for the detec-
tion of CAR and utilizes CD19-extracellular domain (ECD)-Nluc fusion protein23. Equal number of JNG cells 
expressing the different CD19-CAR were incubated with supernatants containing CD19-ECD-Nluc for 45 min on 
ice, washed and cell associated luminescence was measured. As shown in Fig. 5b, binding of CD19-ECD-Nluc to 
JNG expressing different CD19-scFv1-CARs correlated well with the binding of the corresponding scFv-Nluc to 
Raji cells observed in Fig. 4b. Thus, the CD19-scFv1-CAR showed the highest binding, the CD19-scFv1-v4-CAR 
showed nearly negligible binding while all the CAR constructs designed based on variants of CD19-scFv1 showed 
intermediate binding. Similarly, consistent with the results obtained with scFv-Nluc binding to Raji cells (Fig. 4b), 
CD19-scFv4-v1-CAR failed to bind CD19-ECD-Nluc, while CD19-scFv4-CAR showed robust binding (Fig. 5b). 
Collectively, these results demonstrate the potential use of Malibu-Glo assay to select optimal scFvs for the design 
of CAR constructs.

Generation and functional evaluation of Malibu-Glo reagents targeting different tumor anti-
gens.  To extend the Malibu-Glo assay to other antigens for treatment of hematologic malignancies and solid 
tumors, we generated Malibu-Glo reagents based on scFvs targeting CD20, CD30, CD33, BCMA, CD138 and 
CS1. The binding ability of the different scFv-Nluc fusion proteins was tested using cell lines that are known to 
express their respective target antigens (Fig. 6). Thus, CD20-scFv-Nluc Malibu-Glo reagent was tested using 
JeKo-1 (mantle cell lymphoma) and BJAB (Burkitt lymphoma) cell lines that are known to express CD20, while 
CD30-scFv-Nluc Malibu-Glo reagent was tested using Hodgkin’s lymphoma derived cell lines L428 and L1236 
that express CD30. Similarly, THP-1 (human acute monocytic leukemia) and MOLM-13 (human acute myeloid 
leukemia) cell line were used to evaluate the binding of CD33-scFv-Nluc, while MM1S (multiple myeloma) and 
U266 (multiple myeloma) cell lines were used to assess the binding of BCMA-scFv-Nluc, CD138-scFv-NLuc 
and CS1-Nluc Malibu-Glo reagents. In each case, we used a cell line lacking the desired antigen to determine 
nonspecific binding. Thus, we used K562, HL60, Jurkat and BV173 as negative control cell lines for checking the 
binding of Malibu-Glo reagents targeting CD20, CD30, CD33 and BCMA, respectively. As shown in Fig. 6a-f, 
we observed specific binding of the Malibu-Glo reagents to the expected target antigen-expressing cells, while 
observing negligible binding to the negative control cell lines. These results demonstrate the feasibility of rapidly 
generating Malibu-Glo reagent for the detection of any desired cell surface antigen.

Figure 4.  Malibu-Glo assay enables evaluation of expression and target binding of different humanized CD19-
scFv variants. (a) Expression of different humanized CD19-scFvs and (b) binding to Raji cells were evaluated as 
described for Fig. 3a,b respectively.
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Malibu-Glo assay is a fast and highly sensitive assay for detection of cell surface targets.  We 
next evaluated the sensitivity of the Malibu-Glo assay by incubating supernatants containing CD19-scFv1-Nluc 
with different number of Raji cells ranging from 1 to 1 × 103 cells. We used 1 × 105 cells of Raji-CD19KO clone 
A7 to assess the nonspecific binding. Cells were incubated on ice for 45 min, spun, washed five times and lumi-
nescence in the cell pellets was measured. As expected, a linear increase in luminescence was observed with 
increasing number of Raji cells indicating specific binding of CD19-scFv1. Statistically significant differences 
were observed in wells containing 100 cells and above (Fig. 7a). Further, Malibu-Glo assay showed a linear rela-
tion between luminescence values and cell numbers (Supplementary Fig. 4), thereby resulting in a perfect corre-
lation coefficient value (R2 = 1). We also compared the sensitivity of Malibu-Glo assay to cell surface ELISA. For 
this purpose, increasing number of Raji cells were immuno-stained with FMC63, a mouse monoclonal antibody 
directed against CD19, followed by secondary labeling with a FITC-conjugated anti-mouse antibody. As shown 
in Fig. 7b, the minimum number of Raji cells that could be detected by cell surface ELISA was 10,000. Therefore, 
Malibu-Glo assay is at least 100-fold more sensitive than traditional cell-surface ELISA. More studies are needed 
to compare Malibu-Glo assay with other antigen detection assays.

The standard protocol for the Malibu-Glo assay involves 4 to 5 washing steps to completely eliminate nonspe-
cific binding. However, as specific binding also decreases with every washing step, scFvs with high off rates might 
dissociate leading to low specific binding24. To expand the utility of our assay and to decrease time and labor, we 
optimized washing steps using CD19-scFv1-Nluc supernatants and cell lines that are positive and negative for the 
expression of CD19 antigen. As shown in Supplementary Fig. 5, a single wash is sufficient to detect significant dif-
ferences in the specific binding of CD19-scFv1 to the CD19-expressing Raji and Nalm6 cells over the nonspecific 
binding to CD19-negative HL60 and Raji-CD19KO cells.

Figure 5.  Expression level and binding ability of scFv measured by the Malibu-Glo assay is predictive of the 
expression and the target binding affinity of the corresponding CAR incorporating that scFv. (a) JNG cells stably 
expressing the indicated MYC-tagged CAR constructs were stained with MYC-APC conjugate and analyzed by 
flow cytometry to evaluate CAR expression. (b) JNG cells stably expressing the indicated CD19-specific CAR 
constructs were incubated with supernatants containing CD19-ECD-Nluc fusion protein for 45 minutes on ice. 
After washing steps, cells were assessed for luminescence using Topanga Assay.
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Malibu-Glo assay using single domain antibodies.  Historically, chimeric antigen receptors have been 
engineered using scFv as the antigen binding domain. Alternatively, single domain antibodies can be used to generate 
CAR. To test whether the Malibu-Glo Assay can be extended to heavy chain only single domain antibodies (vHH),  

Figure 6.  Specific detection of different tumor antigens using Malibu-Glo reagents. The indicated cell lines were 
incubated with the Malibu-Glo reagents incorporating scFvs targeting CD20, CD30, CD33, BCMA, CD138 and 
CS1 for 45 minutes on ice. After washing steps, cell bound luminescence was measured.

Figure 7.  Malibu-Glo assay is a highly sensitive assay. (a) Indicated number of Raji cells were mixed with 
1× 105 Raji-CD19KO cells following which 100 µl of supernatant containing CD19-scFv fusion protein was 
added in a final volume of 200 µl. After 45 minutes incubation on ice, cells were washed 5 times prior to the 
measurement of cell bound luminescence. (b) Indicated number of Raji or Raji-CD19KO cells were plated on 
a poly lysine coated 96-well plate followed by fixation and staining the cells with traditional sandwich ELISA 
using FMC63 antibody (1 µg/mL).
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we generated Nluc fusions of vHH domains targeting BCMA and CD38 and expressed them in 293FT cells as 
described earlier. Malibu-Glo assay was performed to evaluate the binding ability of vHH-Nluc fusion proteins. 
BCMA-vHH-Nluc fusion protein showed significant binding to BCMA-expressing Myeloma cell lines (MM1S and 
L363), when compared with BCMA-negative HL60 and Jurkat cell lines (Fig. 8). Similarly, Jurkat cells, which express 
CD38, bound CD38-vHH-Nluc fusion protein, but failed to bind U266 cells, which lack CD38 expression. Thus, 
Malibu-Glo assay can also be used to screen single domain antibodies to identify potential binders.

Malibu-Glo assay using non-scFv scaffold proteins.  In an effort to decrease immunogenicity of 
non-human scFv derived CAR, which leads to rejection and limited persistence, non-scFv based CARs are being 
developed using scaffold proteins derived from fibronectin domains, such as centyrins and adnectins25–27. To 
test whether reliable detection of these antigen binding scaffolds can be obtained using the Malibu-Glo Assay, 
we generated Nluc fusion construct of a centyrin targeting BCMA. We transiently transfected 293FT cells and 
evaluated the binding of the supernatants to cells expressing BCMA. As expected, BCMA-centyrin selectively 
bound BCMA-expressing multiple myeloma cells MM1S and L363, but not BCMA-negative Jurkat cells (Fig. 9). 
Collectively, these results demonstrate that any antigen binding moiety can be fused to a marine luciferase to 
develop a Malibu-Glo reagent for reliable detection of its target antigen.

Discussion
Antibody based immunotherapies and chimeric antigen receptor engineered T cell therapies are emerging as 
promising approaches for treating cancer. The success of these approaches depends on the expression level of 
the target antigen on tumor cell surface11,12 and the relative binding ability of the antigen binding domain of the 
immunotherapeutic agent10. A fast, economical and convenient method is needed for the selection of an immu-
notherapeutic agent with maximal on-target effect and minimal off-target toxicity.

Figure 8.  Malibu-Glo assay can be used to evaluate binding of single domain antibodies (VHH). Indicated cells 
were incubated with BCMA-vHH-Nluc or CD38-scFv-Nluc fusion proteins. After 45 minutes incubation on ice, 
cells were washed 5 times prior to measurement of cell bound luminescence.

Figure 9.  Malibu-Glo assay can be used to evaluate binding of non-scFv antigen binding proteins. Indicated 
cell lines were incubated with 100 µl of supernatants containing BCMA-Centryin fusion protein for 45 minutes 
on ice. Cell bound luminescence was measured after washing steps. Statistically significant differences are 
shown by asterisks (****) at a level of P < 0.0001.
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Currently available methods for antigen-detection, such as western blotting and flow cytometry, are time con-
suming, labor intensive, require purified reagents and/or expensive equipment. Some biophysical methods (e.g., 
surface plasma resonance) and immunological assays to detect cell surface antigen require purification of either 
antigen or antibody. Purification procedures, however, can potentially lead to loss of conformational epitopes 
that are of functional importance. Because of these limitations, it is ideal to detect cell surface antigens in their 
native context for which flow cytometry still remains the method of choice. However, flow cytometry is time- and 
labor-intensive, requires expensive equipment and purchase of fluorochrome-conjugated primary or secondary 
antibodies.

To develop an alternative approach to detect antigens on tumor cell surface, we genetically tagged scFv of 
antibodies to different marine luciferases. Most previous attempts to generate antibody-luciferase fusion proteins 
employed large molecular weight luciferases. We used marine luciferases as the fusion partner due to their small 
size and favorable luminescence characteristics20. Other groups have fused marine luciferases to antibody frag-
ments using E. coli or phage expression system, where optimal folding and glycosylation of antibody fragments 
is unpredictable28,29. Further, antibody-luciferase fusion proteins need to be purified from interfering bacterial 
contaminants prior to assessing expression levels or binding to mammalian cells. Additionally, expression levels 
of antibodies in bacteria may not correlate with their expression levels in mammalian cells. Our assay circumvents 
these limitations as both expression and binding studies are carried out in mammalian cells, thus saving time and 
labor to purify antibodies.

Conventional antibody based methods for cell surface antigen detection usually require a secondary detection 
agent or chemical conjugation of the purified antibody with a fluorophore or a marker enzyme. However, chem-
ical conjugation of antibodies results in their partial inactivation and conjugate heterogeneity, which affects the 
specificity and sensitivity. This is obviated in the Malibu-Glo reagent as the antigen binding module (e.g., scFv) 
is coupled directly to the detection module (e.g., Nluc). Thus, the Malibu-Glo reagent has several advantages 
over antibody-enzyme conjugates obtained using chemical synthesis, including homogenous composition, 1:1 
stoichiometry and high sensitivity.

Flow cytometry based detection of surface antigens can be time consuming when cell numbers are limiting, 
as the rate of sample acquisition is inversely proportional to sample concentrations. For an optimal flow experi-
ment, a minimum of 50–100 K cells are needed. In instances where cell surface antigen detection is required using 
limited number of patient-derived cells, the Malibu-Glo assay would be advantageous as antigen can be detected 
even with 100 cells. Furthermore, flow cytometry often demands blocking prior to staining to reduce high non-
specific fluorescence caused by the binding to Fc receptors on cells. Such nonspecific binding is eliminated in our 
assay as the Malibu-Glo reagent lacks any Fc region.

AlphaLISA is another method to detect a cell-surface antigen in its native conformation. However, the use of 
AlphaLISA to detect cell membrane bound antigens requires optimization of cell lysis buffer for every antigen30. 
Further, proprietary donor and acceptor beads have to be purchased for conjugating the capture and detection 
antibody, respectively. Premade kits are available only for few antigens and are expensive. For sandwich AlphaLISA, 
two antibodies binding to spatially distinct epitopes are required. In comparison, Malibu assay provides a simple, 
sensitive and cost-effective approach to detect cell surface antigen that is easily adaptable to any lab.

One potential application of the Malibu-Glo assay is in the selection and optimization of scFvs. We demon-
strate that the Malibu-Glo assay offers a simple, sensitive, rapid, cost-effective method to simultaneously evaluate 
the relative expression and binding affinity of scFvs to cell surface targets in a single-step assay format, thereby 
allowing elimination of weakly expressed scFvs at early stages of antibody optimization.

Successful design of CAR from rapidly growing list of antibodies relies on selection of scFvs with optimal 
expression and binding characteristics. While it is obvious that the target specificity of a CAR is derived from its 
antigen binding domain, the rules to select a specific epitope or an ideal antigen binding domain are not obvious. 
Antibodies may not be available for all antigens and available antibodies may not have undergone prior preclini-
cal or clinical evaluation. On the contrary, for established targets, several antibodies might be available and there 
is currently no simple, sensitive and rapid method to screen for an optimal scFv fragment for incorporation into 
CAR construct for further development.

We tested whether expression and target binding of scFvs evaluated using the Malibu-Glo assay would be pre-
dictive of the expression level of the corresponding CAR and its binding to the cognate antigen. We demonstrate 
that the expression level (assessed by MYC staining, Fig. 5a) and the antigen binding ability (assessed by Topanga 
Assay, Fig. 5b) of a CAR corresponds closely to the expression level and the antigen-binding-ability of the scFv 
comprising its antigen-binding domain. Indeed, all tested humanized scFvs variants, when incorporated in a 
CAR, showed expression and target binding strikingly similar to that of the parental scFv. Thus¸ the Malibu-Glo 
assay is a powerful approach to quickly identify an antigen binding module (e.g., an scFv) with desirable expres-
sion and antigen-binding characteristics for incorporation into a CAR. By eliminating scFv with poor expression 
and binding characteristics at an early stage, the Malibu-Glo assay can streamline the process of CAR construc-
tion and potentially eliminate the need for constructing and testing of a large number of CAR constructs against 
a specific antigen. The assay will also allow construction and testing of CARs against multiple targets in relatively 
short time to accelerate the pace of preclinical evaluation.

The utility of the Malibu-Glo assay, however, is not limited to selection and optimization of scFvs. Besides 
scFvs, we have generated Malibu-Glo reagents based on single domain antibodies (vHH) and centyrins. In all 
cases, tagging with the marine luciferases neither affected the binding of the fusion proteins to their target anti-
gens nor was the luciferase activity compromised, thus demonstrating the versatility of the approach.

Finally, another application of the Malibu-Glo assay is in the identification of cell surface proteins. Although a 
number of genomic and proteomic approaches are available for the identification of cancer cell specific proteins, 
they cannot distinguish between the intracellular versus cell surface targets. We believe that the Malibu-Glo assay 
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offers a simple, rapid and powerful tool to identify novel cell surface proteins for biomarker analysis and devel-
opment of targeted therapies.

In summary, we have developed a fast, simple, economical and efficient assay for detection of cell surface anti-
gens with potential applications in development of antibody and cell therapy products. The Malibu-Glo assay can 
be a versatile tool to screen for therapeutic antibodies with optimal expression and binding characteristics in the 
early stages of antibody development projects and to guide the choice of scFvs for incorporation into CAR con-
structs. The Malibu-Glo assay, however, is not limited to scFv alone and can be extended to bi-specific antibodies, 
single domain antibodies and other scaffold proteins. Fusion of marine luciferases to other clinically important 
binding domains and therapeutic proteins can have broad applicability in various areas of biomedicine.

Materials and Methods
Cell lines and reagents.  Raji, Jurkat, HL-60, JeKo-1, BJAB, RS411 and K562 cell lines were obtained 
from ATCC and cultured as per the instructions provided. JNG cell line (Jurkat cells engineered with a 
NFAT-dependent EGFP reporter gene) was kindly provided by Dr. Arthur Weiss (University of California, 
San Francisco, CA, USA). Nalm6 and BV173 cell lines were generous gifts from Dr. Markus Muschen 
(Children Hospital, Los Angeles, CA, USA). MM1S, U266, THP-1 and MOLM-13 cell lines were kindly 
provided by Drs. Alan Lichtenstein (Veterans affairs hospital, Los Angeles, CA, USA), Gregor Adams 
(University of Southern California, Los Angeles), Jae Jung (University of Southern California, Los Angeles) 
and Li Ling (City of hope, Los Angeles, CA, USA) respectively. L428 and L1236 cell lines were kind gifts 
from Dr. Markus Mapara (Columbia University Medical Center, NY, USA). For lentiviral production, 293FT 
cells were purchased from ThermoFisher (Cat #R70007) and maintained as recommended. Polyethylene 
amine (PEI) was purchased from Polysciences Inc (Cat #24765-1). Polybrene (Cat #107689) and coelenter-
azine (Cat #303) were obtained from Sigma and Nano light technology, respectively. Cell culture lysis 5X 
reagent was purchased from Promega (Cat #E153A).

Generation of Malibu-Glo reagent (scFv-luciferase fusion) expression constructs.  Codon opti-
mized cDNA sequences encoding signal peptide deleted variants of different marine luciferases (Nluc, Gluc, 
Mluc7 and Tluc16) were fused in frame with scFvs and other antigen binding domains31 targeting different 
target antigens and cloned into pLenti-EF1α expression vector using standard molecular biology techniques. An 
intervening short Gly-Gly-Ser-Gly (GGSG) flexible linker was included between scFv and luciferase sequences. 
The variable light (vL) and variable heavy (vH) chains of scFvs were also separated by a GGSG linker. These 
constructs also consisted of a T2A ribosomal skip sequence followed by a puromycin resistance gene (PAC, 
Puromycin Acetyltransferase). A synthetic cassette 4xFLAG-2xStreptagII-8xHis carrying 4 copies of a FLAG 
epitope tag, 2 copies of a Strep-tagII and 8 copies of histidine tag was cloned in frame and downstream of the 
luciferase genes.

Production of Malibu-Glo reagents.  The scFv-Nluc fusion proteins (Malibu-Glo reagents) were pro-
duced in 293FT cells by transient transfection of the desired lentiviral constructs using polyethylene amine (PEI). 
Briefly, 293FT cells were plated overnight in a 100-mm tissue culture plate. For each construct, 10 µg of lentiviral 
fusion plasmid and 0.25 µg of EGFP plasmid (to assess the transfection efficiency) were suspended in 960 µl of 
DMEM medium without FBS or antibiotics. To this solution, 21 µl of PEI solution (1 mg/ml) was added dropwise 
under vortex. After 15 min incubation, the solution containing DNA/PEI complex was added over the 293FT 
cells. Approximately, 48 hours after transfection supernatants were collected, filtered through a 0.45 µm filter 
and stored in −80 °C. To assess relative expression of different scFv-Nluc fusions, transient transfections were 
performed in 24-well plates in duplicate. For each well, 1 µl of PEI was added to 40 µl of DMEM (without FBS or 
antibiotics) containing 500 ng of the desired scFv-Nluc fusion plasmid, 30 ng of firefly luc plasmid and 20 ng of 
EGFP plasmid. After 15 min incubation at room temperature, DNA-PEI complex was added to cells in 0.5 ml of 
DMEM with 10% FBS. After 48 hours, cells were washed gently once with PBS, lysed with 150 µl of 1X cell culture 
lysis reagent (Promega). Cell lysates were spun at 10,000 rpm for 5 min at 4 °C prior to measurement of lumines-
cence using D-Luciferin as the substrate.

Generation of Raji clone lacking CD19 using CRISPR/Cas9 technology.  Raji cells lacking 
CD19 were generated by CRISPR/Cas9-mediated gene editing. We employed an all-in-one lentiviral vector 
pLenti-U6-SFFV-Cas9-2A-Puro that encodes CD19-sgRNA and Cas9 nuclease (Applied Biological Materials 
Inc.). Lentiviral supernatant was generated by transient transfection using 10 μg of CD19gRNA/Cas9 vector, 
7.5 μg of PSPAX2 encoding gag/pol envelope proteins and 2 μg of PLP/VSVG as previously described18. Raji cells 
were transduced with a CD19 gRNA/Cas9 lentivirus in the presence of polybrene (8 μg/ml) by spin-infection 
(1800 rpm for 45 min at 37 °C). After overnight incubation, cells were washed and suspended in fresh medium 
with 0.8 μg/ml puromycin. After two weeks, cells were stained with anti-CD19-PE and FACS sorted for the 
CD19−ve population followed by single cell cloning by limiting dilution.

Malibu-Glo assay.  To establish a cell based binding assay using supernatants containing Malibu-Glo reagent, 
cells expressing the desired surface targets were counted, spun down at 1300 rpm for 5 min and re-suspended in 
PBS with 0.5% FBS (2 × 106 cells per ml). For each reaction, 100 µl of target cells were mixed with fusion protein 
supernatants (100 µl or volumes corresponding to equivalent luminescence units) in duplicate. After 45 min incu-
bation on ice, cells were washed 5 times with 1 ml of ice cold wash buffer (0.5% FBS in PBS) and the pellet was 
re-suspended in 100 µl wash buffer. Triplicate wells of a white 384-well lumitrac plate were seeded with 30 µl of 
cells and luminescence was measured using Coelenterazine (CTZ) as substrate18.
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Construction of lentiviral based chimeric antigen receptors (CARs) and generation of JNG-CAR 
cells.  We have previously reported the lentiviral vector pLenti-EF1α-FMC63-MYC-BBz-T2A-Pac18. Lentiviral 
vectors encoding different CARs described in the study were generated by swapping the FMC63-scFv with the 
desired scFv fragments excised from their corresponding scFv-Nluc vector. JNG cells stably expressing different 
CARs were generated by lentiviral transduction as described previously18.

Statistical analysis.  Two-tailed unpaired Student t test was used to test for differences between 2 groups 
using GraphPad Prism 5 software. Differences with a P ≤ 0.05 were considered statistically significant.

Received: 19 June 2019; Accepted: 15 January 2020;
Published: xx xx xxxx

References
	 1.	 Ahmad, Z. A. et al. scFv antibody: principles and clinical application. Clin. Dev. Immunol. 2012, 980250, https://doi.

org/10.1155/2012/980250 (2012).
	 2.	 Chiu, M. L. & Gilliland, G. L. Engineering antibody therapeutics. Curr. Opin. Struct. Biol. 38, 163–173, https://doi.org/10.1016/j.

sbi.2016.07.012 (2016).
	 3.	 Gross, G., Waks, T. & Eshhar, Z. Expression of immunoglobulin-T-cell receptor chimeric molecules as functional receptors with 

antibody-type specificity. Proc. Natl Acad. Sci. USA 86, 10024–10028 (1989).
	 4.	 June, C. H., O’Connor, R. S., Kawalekar, O. U., Ghassemi, S. & Milone, M. C. CAR T cell immunotherapy for human cancer. Sci. 359, 

1361–1365, https://doi.org/10.1126/science.aar6711 (2018).
	 5.	 Arcangeli, S. et al. Balance of Anti-CD123 Chimeric Antigen Receptor Binding Affinity and Density for the Targeting of Acute 

Myeloid Leukemia. Mol. Ther. 25, 1933–1945, https://doi.org/10.1016/j.ymthe.2017.04.017 (2017).
	 6.	 Park, S. et al. Micromolar affinity CAR T cells to ICAM-1 achieves rapid tumor elimination while avoiding systemic toxicity. Sci. Rep. 

7, 14366, https://doi.org/10.1038/s41598-017-14749-3 (2017).
	 7.	 Morgan, R. A. et al. Case report of a serious adverse event following the administration of T cells transduced with a chimeric antigen 

receptor recognizing ERBB2. Mol. Ther. 18, 843–851, https://doi.org/10.1038/mt.2010.24 (2010).
	 8.	 Richman, S. A. et al. High-Affinity GD2-Specific CAR T Cells Induce Fatal Encephalitis in a Preclinical Neuroblastoma Model. 

Cancer Immunol. Res. 6, 36–46, https://doi.org/10.1158/2326-6066.CIR-17-0211 (2018).
	 9.	 Liu, X. et al. Affinity-Tuned ErbB2 or EGFR Chimeric Antigen Receptor T Cells Exhibit an Increased Therapeutic Index against 

Tumors in Mice. Cancer Res. 75, 3596–3607, https://doi.org/10.1158/0008-5472.CAN-15-0159 (2015).
	10.	 Hudecek, M. et al. Receptor affinity and extracellular domain modifications affect tumor recognition by ROR1-specific chimeric 

antigen receptor T cells. Clin. Cancer Res. 19, 3153–3164, https://doi.org/10.1158/1078-0432.CCR-13-0330 (2013).
	11.	 Walker, A. J. et al. Tumor Antigen and Receptor Densities Regulate Efficacy of a Chimeric Antigen Receptor Targeting Anaplastic 

Lymphoma Kinase. Mol. Ther. 25, 2189–2201, https://doi.org/10.1016/j.ymthe.2017.06.008 (2017).
	12.	 Watanabe, K. et al. Target antigen density governs the efficacy of anti-CD20-CD28-CD3 zeta chimeric antigen receptor-modified 

effector CD8+ T cells. J. Immunol. 194, 911–920, https://doi.org/10.4049/jimmunol.1402346 (2015).
	13.	 Nencini, F. et al. Assays and strategies for immunogenicity assessment of biological agents. Drug. Dev. Res. 75(Suppl 1), S4–6, https://

doi.org/10.1002/ddr.21184 (2014).
	14.	 Gedye, C. A. et al. Cell surface profiling using high-throughput flow cytometry: a platform for biomarker discovery and analysis of 

cellular heterogeneity. PLoS One 9, e105602, https://doi.org/10.1371/journal.pone.0105602 (2014).
	15.	 Darwish, I. A. Immunoassay Methods and their Applications in Pharmaceutical Analysis: Basic Methodology and Recent Advances. 

Int. J. Biomed. Sci. 2, 217–235 (2006).
	16.	 Rau, D., Kramer, K. & Hock, B. Single-chain Fv antibody-alkaline phosphatase fusion proteins produced by one-step cloning as 

rapid detection tools for ELISA. J. Immunoass. Immunochem. 23, 129–143, https://doi.org/10.1081/IAS-120003657 (2002).
	17.	 Alcala, P., Ferrer-Miralles, N. & Villaverde, A. Engineering of Escherichia coli beta-galactosidase for solvent display of a functional 

scFv antibody fragment. FEBS Lett. 533, 115–118 (2003).
	18.	 Matta, H. et al. Development and characterization of a novel luciferase based cytotoxicity assay. Sci. Rep. 8, 199, https://doi.

org/10.1038/s41598-017-18606-1 (2018).
	19.	 Thorne, N., Inglese, J. & Auld, D. S. Illuminating insights into firefly luciferase and other bioluminescent reporters used in chemical 

biology. Chem. Biol. 17, 646–657, https://doi.org/10.1016/j.chembiol.2010.05.012 (2010).
	20.	 Takenaka, Y. et al. Evolution of bioluminescence in marine planktonic copepods. Mol. Biol. Evol. 29, 1669–1681, https://doi.

org/10.1093/molbev/mss009 (2012).
	21.	 England, C. G., Ehlerding, E. B. & Cai, W. NanoLuc: A Small Luciferase Is Brightening Up the Field of Bioluminescence. Bioconjug 

Chem. 27, 1175–1187, https://doi.org/10.1021/acs.bioconjchem.6b00112 (2016).
	22.	 Markova, S. V., Larionova, M. D., Burakova, L. P. & Vysotski, E. S. The smallest natural high-active luciferase: cloning and 

characterization of novel 16.5-kDa luciferase from copepod Metridia longa. Biochem. Biophys. Res. Commun. 457, 77–82, https://
doi.org/10.1016/j.bbrc.2014.12.082 (2015).

	23.	 Gopalakrishnan, R. et al. A novel luciferase-based assay for the detection of Chimeric Antigen Receptors. Sci. Rep. 9, 1957, https://
doi.org/10.1038/s41598-018-38258-z (2019).

	24.	 Venkatesh, N. & Murthy, G. S. Dissociation of monoclonal antibody-antigen complexes: implications for ELISA procedures. J. 
Immunol. Methods 199, 167–174 (1996).

	25.	 Han, X. et al. Adnectin-Based Design of Chimeric Antigen Receptor for T Cell Engineering. Mol. Ther. 25, 2466–2476, https://doi.
org/10.1016/j.ymthe.2017.07.009 (2017).

	26.	 Hermanson, D. et al. A Novel Bcma-Specific, Centyrin-Based CAR-T Product for the Treatment of Multiple Myeloma. Blood 128, 
2127 (2016).

	27.	 Siegler, E., Li, S., Kim, Y. J. & Wang, P. Designed Ankyrin Repeat Proteins as Her2 Targeting Domains in Chimeric Antigen Receptor-
Engineered T Cells. Hum. Gene Ther. 28, 726–736, https://doi.org/10.1089/hum.2017.021 (2017).

	28.	 Boute, N. et al. NanoLuc Luciferase - A Multifunctional Tool for High Throughput Antibody Screening. Front. Pharmacol. 7, 27, 
https://doi.org/10.3389/fphar.2016.00027 (2016).

	29.	 Venisnik, K. M., Olafsen, T., Gambhir, S. S. & Wu, A. M. Fusion of Gaussia luciferase to an engineered anti-carcinoembryonic 
antigen (CEA) antibody for in vivo optical imaging. Mol. imaging biology: MIB: Off. Publ. Acad. Mol. Imaging 9, 267–277, https://doi.
org/10.1007/s11307-007-0101-8 (2007).

	30.	 Bielefeld-Sevigny, M. AlphaLISA immunoassay platform- the “no-wash” high-throughput alternative to ELISA. Assay. Drug. Dev. 
Technol. 7, 90–92, https://doi.org/10.1089/adt.2009.9996 (2009).

	31.	 Chaudhary, P. M. A highly sensitive and specific luciferase based reporter assay for antigen detection. United States Patent 
Application 20190107537. 2019 April 11.

https://doi.org/10.1038/s41598-020-59099-9
https://doi.org/10.1155/2012/980250
https://doi.org/10.1155/2012/980250
https://doi.org/10.1016/j.sbi.2016.07.012
https://doi.org/10.1016/j.sbi.2016.07.012
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1016/j.ymthe.2017.04.017
https://doi.org/10.1038/s41598-017-14749-3
https://doi.org/10.1038/mt.2010.24
https://doi.org/10.1158/2326-6066.CIR-17-0211
https://doi.org/10.1158/0008-5472.CAN-15-0159
https://doi.org/10.1158/1078-0432.CCR-13-0330
https://doi.org/10.1016/j.ymthe.2017.06.008
https://doi.org/10.4049/jimmunol.1402346
https://doi.org/10.1002/ddr.21184
https://doi.org/10.1002/ddr.21184
https://doi.org/10.1371/journal.pone.0105602
https://doi.org/10.1081/IAS-120003657
https://doi.org/10.1038/s41598-017-18606-1
https://doi.org/10.1038/s41598-017-18606-1
https://doi.org/10.1016/j.chembiol.2010.05.012
https://doi.org/10.1093/molbev/mss009
https://doi.org/10.1093/molbev/mss009
https://doi.org/10.1021/acs.bioconjchem.6b00112
https://doi.org/10.1016/j.bbrc.2014.12.082
https://doi.org/10.1016/j.bbrc.2014.12.082
https://doi.org/10.1038/s41598-018-38258-z
https://doi.org/10.1038/s41598-018-38258-z
https://doi.org/10.1016/j.ymthe.2017.07.009
https://doi.org/10.1016/j.ymthe.2017.07.009
https://doi.org/10.1089/hum.2017.021
https://doi.org/10.3389/fphar.2016.00027
https://doi.org/10.1007/s11307-007-0101-8
https://doi.org/10.1007/s11307-007-0101-8
https://doi.org/10.1089/adt.2009.9996


13Scientific Reports |         (2020) 10:2318  | https://doi.org/10.1038/s41598-020-59099-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
We thank the following investigators for their generous gift of cell lines: Dr. Markus Muschen (Nalm6 and 
BV173); Dr. Markus Mapara (L428 and L1236); Dr. Arthur Weiss (JNG); Dr. Alan Lichenstein (MM1S); Dr. 
Gregor Adams (U266); Dr. Jae Jung (THP-1); Dr. Li Ling (MOLM-13); This work was supported by grants from 
the National Institutes of Health (R01DE025804) and Ming Hsieh Institute for Research of Engineering-Medicine 
for Cancer.

Author contributions
V.N., R.G., H.M., S.C., S.G., A.J., P.S.K., A.M. and H.V. conducted the molecular and cellular biology experiments. 
V.N., R.G., H.M., S.C., and P.M.C. designed and supervised the experiments. V.N. and P.M.C. wrote and edited 
the manuscript. R.G., V.N. and P.M.C. revised the manuscript. P.M.C. conceived of the Malibu-Glo assay. R.G., 
H.M., S.C. and A.J. edited the final manuscript. All authors critically reviewed and approved the final manuscript.

Competing interests
P.M.C. is an inventor on a patent application related to the technology described in this manuscript that has 
been licensed to Angeles Therapeutics. P.M.C. serves as consultant for Athelas, Oncotartis and Pancella, and 
is the founder of Angeles Therapeutics. University of Southern California has a financial interest in Angeles 
Therapeutics. All the other authors declare no competing financial interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-59099-9.
Correspondence and requests for materials should be addressed to P.M.C.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-59099-9
https://doi.org/10.1038/s41598-020-59099-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A Fast and Sensitive Luciferase-based Assay for Antibody Engineering and Design of Chimeric Antigen Receptors

	Results

	Design and construction of Malibu-Glo reagent (scFv-Nluc fusion) expression constructs. 
	Development of Raji cells lacking CD19 using CRISPR/Cas9 technology. 
	Expression and functional evaluation of CD19-scFv1-Nluc fusion protein. 
	Functional evaluation of Malibu-Glo reagents generated using different marine luciferases. 
	Malibu-Glo assay allows for rapid screening of scFvs based on their expression and target binding. 
	Malibu-Glo assay can be used to evaluate expression and relative binding affinities of different humanized scFv variants. 
	Malibu-Glo assay allows for selection of optimal scFvs for CAR design. 
	Generation and functional evaluation of Malibu-Glo reagents targeting different tumor antigens. 
	Malibu-Glo assay is a fast and highly sensitive assay for detection of cell surface targets. 
	Malibu-Glo assay using single domain antibodies. 
	Malibu-Glo assay using non-scFv scaffold proteins. 

	Discussion

	Materials and Methods

	Cell lines and reagents. 
	Generation of Malibu-Glo reagent (scFv-luciferase fusion) expression constructs. 
	Production of Malibu-Glo reagents. 
	Generation of Raji clone lacking CD19 using CRISPR/Cas9 technology. 
	Malibu-Glo assay. 
	Construction of lentiviral based chimeric antigen receptors (CARs) and generation of JNG-CAR cells. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Generation and Characterization of Raji cell clones lacking CD19.
	Figure 2 Functional evaluation of Malibu-Glo reagents generated using different marine luciferases.
	Figure 3 Malibu-Glo assay enables evaluation of expression and target binding characteristics of different CD19-scFvs.
	Figure 4 Malibu-Glo assay enables evaluation of expression and target binding of different humanized CD19-scFv variants.
	Figure 5 Expression level and binding ability of scFv measured by the Malibu-Glo assay is predictive of the expression and the target binding affinity of the corresponding CAR incorporating that scFv.
	Figure 6 Specific detection of different tumor antigens using Malibu-Glo reagents.
	Figure 7 Malibu-Glo assay is a highly sensitive assay.
	Figure 8 Malibu-Glo assay can be used to evaluate binding of single domain antibodies (VHH).
	Figure 9 Malibu-Glo assay can be used to evaluate binding of non-scFv antigen binding proteins.




