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Chimeric antigen receptor (CAR)-T cell immunotherapy is
under intense preclinical and clinical investigation, and it in-
volves a rapidly increasing portfolio of novel target antigens
and CAR designs. We established a platform that enables
rapid and high-throughput CAR-screening campaigns with
reporter cells derived from the T cell lymphoma line Jurkat.
Reporter cells were equipped with nuclear factor kB (NF-
kB) and nuclear factor of activated T cells (NFAT) reporter
genes that generate a duplex output of enhanced CFP
(ECFP) and EGFP, respectively. As a proof of concept, we
modified reporter cells with CD19-specific and ROR1-specific
CARs, and we detected high-level reporter signals that allowed
distinguishing functional from non-functional CAR con-
structs. The reporter data were highly reproducible, and the
time required for completing each testing campaign was
substantially shorter with reporter cells (6 days) compared
to primary CAR-T cells (21 days). We challenged the reporter
platform to a large-scale screening campaign on a ROR1-CAR
library, and we showed that reporter cells retrieved a func-
tional CAR variant that was present with a frequency of
only 6 in 1.05 � 106. The data illustrate the potential to
implement this reporter platform into the preclinical develop-
ment path of novel CAR-T cell products and to inform and
accelerate the selection of lead CAR candidates for clinical
translation.
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INTRODUCTION
Adoptive immunotherapy with gene-engineered T cells expressing a
chimeric antigen receptor (CAR) is under intense preclinical and
clinical investigation.1,2 CARs are synthetic designer molecules
that redirect the specificity of T cells to surface molecules on target
cells. CAR specificity is determined by an extracellular antigen-
binding domain that typically incorporates the variable heavy
(VH) and variable light (VL) chain domains of a monoclonal anti-
body (mAb) specific for the intended target antigen.3 In addition,
several parameters have been identified that affect CAR sensitivity
and the ensuing antitumor function of T cells. These parameters
include antigen-binding domain affinity, length and composition
of the extracellular CAR spacer domain,4–6 and composition of
the co-stimulatory domains included in the intracellular signaling
module.7
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At present, the evaluation of novel CAR designs and constructs is per-
formed empirically and depends on testing campaigns in primary
T cells. This approach is laborious and time consuming, and it is
confounded by donor-to-donor variability in T cell subset composi-
tion, genomic insertion, and ensuing CAR surface expression.8–10

These factors contribute to a high degree of variability between indi-
vidual testing campaigns and poor reproducibility between testing
campaigns that are performed in different laboratories.

In pharmaceutical small molecule and antibody discovery, lead com-
pounds are commonly identified in library-screening campaigns us-
ing standardized platforms.11,12 Indeed, a standardized platform
that is capable of identifying CAR constructs with the desired speci-
ficity and function from a large pool of candidates, thereby informing
the selection of lead candidates for preclinical and clinical develop-
ment, would substantially accelerate the development of novel
CAR-T cell products. Ideally, a CAR-screening platform would
work with an established cell line to eliminate the need for primary
T cell culture, and it would provide an easy-to-measure, quantitative
readout as a surrogate for primary T cell function.

Several recent studies suggest that CAR stimulation activates charac-
teristic T cell receptor (TCR) signaling pathways in primary human
T cells that are ignited by the phosphorylation of immunoreceptor
tyrosine-based activation motifs (ITAMs) of the CAR CD3z domain.
Accordingly, CAR stimulation activates Src family kinases, leads to
the phosphorylation of ZAP-70, and induces downstream signaling
proteins that are known to control the transcription factors
nuclear factor kB (NF-kB) and nuclear factor of activated T cells
(NFAT).13–15 Intriguingly, the signaling machinery and transcription
factor network of primary T cells are highly conserved in the T cell
lymphoma line Jurkat. This includes the transcription factor family
of NF-kB, which is associated with inhibitor of NF-kB (IkB) family
members that retain NF-kB in the cytosol. Upon activation, IkB is
degraded, which allows NF-kB to translocate into the nucleus where
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Figure 1. Activation of NF-kB and NFAT in ROR1-CAR-T Cells after Antigen Stimulation

(A) Phenotype of CD4+ and CD8+ ROR1-CAR-T cells. Staining was performed with anti-EGFR mAb to detect the EGFRt transduction marker and AF647-labeled ROR1

protein to detect the CAR. (B) NF-kB and NFAT were detected by western blot in the nuclear and cytosolic fractions of ROR1-CAR-T cells. ROR1-CAR-T cells were either

unstimulated or stimulated for 120 min with anti-CD3 and anti-CD28 mAbs, immobilized ROR1 protein, or PMA and ionomycin (P/I). Lamin A/C and a-tubulin served as

loading controls for the nuclear and cytosolic fractions, respectively. (C) Nuclear enrichment of NF-kB andNFAT as quantified by densitometric analysis of western blots (n = 3

donors for CD4+ and n = 2 donors for CD8+ ROR1-CAR-T cells). Data were normalized to corresponding loading controls and presented as fold change ± SD relative to

unstimulated T cells.
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it binds to its target genes.16 Further, TCR activation induces the
calcium-calmodulin-dependent phosphatase calcineurin, which de-
phosphorylates members of the NFAT family, leading to their trans-
location to the nucleus. There are four calcium-regulated members
(NFATc1 to NFATc4) that remain inactive in the cytosol until the nu-
clear localization signal is unmasked by dephosphorylation.17 Both
NF-kB and NFAT transcription factors are indicators for the strength
and duration of T cell activation that has been received through the
TCR. For instance, NFAT induction correlates positively with TCR
stimulation and is a regulator of the resulting T cell response.18–20

In addition, it has been demonstrated that NF-kB induction depends
on the magnitude of the TCR signal, affecting cytokine production,
T cell proliferation, and survival.21–23

Therefore, we reasoned that Jurkat cells, equipped with NF-kB- and
NFAT-responsive enhanced CFP (ECFP) and EGFP reporter genes,
may be useful for establishing a CAR-screening platform.We demon-
strate that Jurkat NF-kB/NFAT reporter cells, modified with ROR1-
specific and CD19-specific CARs, generate a rapid and specific ECFP
and EGFP reporter signal. Further, we performed screening cam-
paigns involving small (n = 3) and large (n > 1 � 106) CAR libraries,
and we show that NF-kB/NFAT reporter cells are capable of rapidly
identifying lead CAR constructs that confer maximum antitumor
reactivity in primary T cells.
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RESULTS
NF-kB and NFAT Are Activated upon CAR Engagement in

Primary T Cells

We hypothesized that CAR engagement would lead to the transloca-
tion of NF-kB and NFAT from the cytosol into the nucleus of primary
T cells. Therefore, we modified CD8+ and CD4+ T cells with a ROR1-
specific CAR recognizing the R12 epitope. We enriched CAR-ex-
pressing T cells using the truncated epidermal growth factor receptor
(EGFRt) transduction marker, and we confirmed specific binding to
soluble ROR1 protein (Figure 1A).

ROR1-CAR-T cells were then stimulated either with immobilized
ROR1 protein or with anti-CD3 and anti-CD28 mAbs for 2 hr.
At the end of the stimulation period, the T cells were lysed, and
the cytosolic and nuclear fractions were obtained to track NF-kB
and NFAT by western blot. The data show that both transcription
factors were highly enriched in the nuclear fraction of CD4+ and
CD8+ T cells after stimulation with ROR1 antigen (Figure 1B). In
ROR1-CAR-T cells that had received no stimulus, only a minute
fraction of NF-kB and NFAT could be detected in the nuclear frac-
tion compared to the cytosolic fraction. Quantitative analysis re-
vealed that the amounts of NF-kB and NFAT that could be detected
in the nuclear fraction after stimulation with ROR1 protein through
the CAR were similar to that obtained after stimulation with



Figure 2. NF-kB and NFAT Activation in Jurkat Cells Detected with Reporter Genes

(A) Schematic representation of reporter cells with NF-kB- and NFAT-inducible ECFP and EGFP reporter genes, respectively. RE, response element; MP, minimal promoter.

(B) MFI of ECFP and EGFP after stimulation of reporter cells with PMA and ionomycin (P/I). (C) Phenotype of reporter cells and BW5147 stimulator cells. The membrane-

bound anti-CD3-scFv of BW-OKT3 cells was detected by its CD14 stem domain. Numeric values represent the MFI of transduced cells minus the MFI of control. (D) Co-

culture of reporter cells with BW5147 stimulator cells distinguished by human CD45 detection during flow cytometry analysis. (E) MFI of ECFP and EGFP after stimulation of

reporter cells with BW-OKT3 cells at a 2.5:1 ratio for 24 hr.
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anti-CD3 and anti-CD28 mAbs and comparable in CD4+ and CD8+

T cells (Figure 1C). Concurrently, decreases in both transcription
factors were observed in the cytosol by quantitative analysis (data
not shown).

Taken together, these data demonstrate that the transcription fac-
tors NF-kB and NFAT are translocated into the nucleus of CD4+

and CD8+ ROR1-CAR-T cells after CAR engagement, suggesting
they can be exploited as surrogates of CAR activation in a reporter
system.
Expression of NF-kB and NFAT Reporter Genes in Jurkat Cells

We reasoned that activation of NF-kB and NFAT after CAR engage-
ment may be modeled in the human T cell lymphoma line Jurkat. To
provide a simple and quantitative measurement of CAR activation,
we constructed two reporter genes that induce expression of ECFP
and EGFP under the control of NF-kB and NFAT, respectively (Fig-
ure 2A). Each of these genes contains a response element for the
respective transcription factor and a minimal promoter that, by
default, is inactive. We integrated both reporter genes in Jurkat cells,
which from here on are termed reporter cells. As a proof of concept,
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we performed stimulation with phorbol 12-myristate 13-acetate
(PMA) and ionomycin for 24 hr, and we detected a strong and uni-
form increase in ECFP and EGFP signals in reporter cells by flow cy-
tometry. Without PMA and ionomycin stimulation, no reporter
signal was detectable (Figure 2B).

Next, we established a stimulator cell line that could be used in
conjunction with reporter cells to express the antigen of interest in
CAR-screening campaigns. We selected the mouse thymoma cell
line BW5147, which expresses murine activating and inhibitory li-
gands that do not cross-react with human receptors on Jurkat cells,
and thus it only induces negligible background signal.24 In co-culture
experiments, reporter cells and BW5147 stimulator cells were distin-
guished by their differential expression of human CD45 (Figures 2C
and 2D). To provide a positive control, we used BW5147 cells
expressing a membrane-bound anti-CD3-single-chain fragment
variable (scFv) derived from mAb OKT3 (from here on termed
BW-OKT3 cells) to engage CD3 on reporter cells (Figure 2C). As
anticipated, co-culture of reporter cells with BW-OKT3 stimulator
cells resulted in high-level ECFP and EGFP reporter gene induction
(Figure 2E).

In summary, these data show that NF-kB and NFAT reporter genes
are active in Jurkat cells and enable quantitative readouts of cellular
activation by flow cytometry.

CAR Stimulation Induces a Specific NF-kB and NFAT Signal in

Reporter Cells

In the next set of experiments, we sought to determine the magnitude
and kinetics of NF-kB and NFAT activation in reporter cells after
CAR stimulation. Therefore, we modified reporter cells with either
a ROR1-specific or a CD19-specific CAR (Figure 3A). We confirmed
ROR1-CAR and CD19-CAR expression by staining with soluble
ROR1 protein and anti-c-Myc mAb, respectively (Figure 3B).

Then, we performed co-culture experiments of CAR reporter cells
and BW5147 stimulator cells that had been transduced to express
ROR1 or CD19 (termed BW-ROR1 and BW-CD19) (Figure 3C).
For both, ROR1-CAR and CD19-CAR reporter cells, we detected a
specific and strong reporter signal after 24 hr of stimulation (Fig-
ure 3D). No reporter gene activation was observed after co-culture
with native BW5147 cells. Analysis of reporter gene activation over
time showed that the ROR1-CAR-induced ECFP and EGFP signal
was first detectable after 4 hr and significantly increased after 6 hr
of stimulation (Figure 3E). The reporter gene signal continued to in-
crease at the 24-hr-analysis time point, and it reached its maximum
after 48 hr. At the subsequent analysis time points of 72 and 96 hr,
the reporter signal had decreased but was still higher compared to
baseline signal and the signal obtained with native BW5147 cells,
which were included in the assay as a reference. Of interest, the ampli-
tude of the reporter signal after antigen-specific stimulation with BW-
ROR1 cells relative to BW-OKT3 cells was much higher for NF-kB
compared to NFAT, likely because the CAR construct contained a
4-1BB co-stimulatory domain (Figure 3E).
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We also confirmed that ROR1-CAR and CD19-CAR reporter cells
were able to respond to antigen on human cancer cell lines, as exem-
plified by specific, high-level NF-kB and NFAT reporter signal after
stimulation with JeKo-1 lymphoma cells (ROR1+ CD19+) and K562
cells that had been transduced to express ROR1 (K562-ROR1) or
CD19 (K562-CD19), respectively (Figure 3F). Further, we confirmed
that reporter cells were able to respond to purified antigen, as exem-
plified by ROR1-CAR reporter cells that we probed against titrated
amounts of plate-bound ROR1 protein (Figure 3G).

Collectively, these data demonstrate that CAR reporter cells respond
to their cognate antigen with a specific and readily detectable NF-kB
and NFAT reporter signal. The reporter assay has a rapid turnaround
time and delivers results within 6–24 hr after assay setup.

Reporter Cells Rapidly Identify the Lead CAR Construct in a

Small-Scale Screening Campaign

Next, we employed our CAR reporter cells in a screening campaign
with the objective to identify the optimal CAR construct from a small
panel of candidates. In previous work, we had demonstrated that a
ROR1-specific CAR targeting the R11 epitope requires a long IgG4-
Fc spacer consisting of hinge, CH2, and CH3 domains to bind mem-
brane-bound ROR1 protein on tumor cells.5We therefore expressed a
small library of 3 R11 ROR1-CAR constructs, comprising either the
long spacer or the alternative intermediate (hinge and CH3) and short
(hinge only) spacer variants in reporter cells (Figure 4A). We
confirmed uniform expression of each CAR construct on the cell sur-
face using soluble ROR1 protein (Figure 4B), and then we co-cultured
the CAR reporter cells with BW-ROR1 cells for 24 hr. The CAR re-
porter cells readily identified the functional R11 ROR1-CAR with
the long spacer domain, and they distinguished it from the non-func-
tional R11 ROR1-CAR variants with the intermediate or short spacer
domain (Figure 4C). We repeated the reporter assay 3 times and ob-
tained highly reproducible results (Figure 4D).

Notably, the entire screening campaign to identify the functional
CAR construct from this small ROR1-CAR spacer library was
completed in 6 days, which compares favorably to the amount of
time (approximately 21 days) typically required in a screening
campaign with primary T cells (Figure 4E). Together, these results
show that small-scale library-screening campaigns can be conve-
niently performed on the reporter cell platform and substantially
shorten the time required for distinguishing functional from non-
functional CAR constructs compared to testing in primary T cells.

Reporter Cells Support Large-Scale Screening Campaigns with

CAR scFv Libraries

Finally, we challenged reporter cells to a large-scale screening
campaign with a CAR scFv library to identify the optimal CAR
construct from a large panel of candidates. We established a library
from the ROR1-specific R11 scFv using PCR-based site-restricted
mutagenesis with NNK primers to introduce nucleotide changes in
the VH domain complementarity-determining region 3 (CDR3) (Fig-
ure 5A) that is critical for binding to ROR1, as we have recently



Figure 3. CAR-Mediated Activation of NF-kB and NFAT Reporter Genes

(A) Schematic representation of CAR-modified reporter cells. scFv, single-chain fragment variable; S, spacer; TM, transmembrane domain. (B) CAR expression of transduced

reporter cells.ROR1-CARwasdirectly stainedwithAF647-labeledROR1protein, andCD19-CARwasdirectlydetectedby itsN-terminal c-Myc tag.UTD,untransduced. (C)Target

antigen expression of transduced BW5147 stimulator cells in comparison to native BW5147 cells. Numeric values represent the MFI of transduced cells minus the MFI of native

cells. (D)MFIofECFPandEGFPafterstimulationofROR1-CARandCD19-CARreporter cellswithstimulator cellsata2.5:1 ratio for 24hr. (E) ECFPandEGFPexpressionkineticsof

stimulated ROR1-CAR reporter cells. Data represent MFI ± SD. (F) NF-kB and NFAT activation of ROR1-CAR and CD19-CAR reporter cells co-cultured with human K562 cells

expressing either ROR1 or CD19 or JeKo-1 cells expressing both antigens. The activation in percent ± SDwas calculated by normalizing CAR stimulation to the positive control

(stimulation with BW-OKT3). (G) MFI of ECFP and EGFP after a 24-hr stimulation of ROR1-CAR reporter cells with plate-boundROR1 protein. Statistical significance for (E) (n = 4)

and (F) (n = 3) was determined using two-way ANOVA with Holm-Sidak post hoc test; ns, not significant; **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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shown.25 We estimated that our mutagenesis generated a total of
1.05� 106 (NNK)4 nucleotide sequence variants, resulting in approx-
imately 2 � 105 distinct amino acid sequence variants. From the
1.05 � 106 (NNK)4 nucleotide sequence variants, only six variants
would still encode the wild-type (WT) amino acid sequence. Our
PCR-based mutagenesis was not expected to re-generate the WT
nucleotide sequence, which we, however, confirmed to be present
in our library prior to initiating the screening campaign.
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Figure 4. Small-Scale Screening Campaign with a ROR1-CAR Spacer Library in Reporter Cells

(A) Schematic of the ROR1-CAR spacer library with short, intermediate, and long spacer domains derived from IgG4-Fc. scFv, single-chain fragment variable; H, hinge; CH,

constant heavy domain. (B) CAR expression of transduced reporter cells. ROR1-CAR was directly stained with AF647-labeled ROR1 protein. UTD, untransduced. (C) MFI of

ECFP and EGFP after stimulation of CAR reporter cells with BW-ROR1 cells at a 2.5:1 ratio for 24 hr. (D) NF-kB and NFAT activation in percent ± SD of BW-ROR1 stimulated

ROR1-CAR reporter cells normalized to the positive control (stimulation with BW-OKT3). Statistical significance (n = 3) was determined using one-way ANOVA with Holm-

Sidak post hoc test; ***p < 0.001. (E) Time required for a small-scale screening campaign with reporter cells or primary human T cells.
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To generate the ROR1-CAR scFv library, we integrated the R11 scFv
mutants into the CAR framework of the pT2/HB Sleeping Beauty
transposon donor vector, and then we performed virus-free gene
transfer into reporter cells. Nucleofection was performed into 64 �
106 reporter cells, which resulted in �2.7% EGFRt-positive cells, of
which only a small fraction (<0.3%) was still capable of binding sol-
uble ROR1 protein (Figure 5B). To reduce the amount of non-nucle-
ofected reporter cells and reporter cells that encoded nucleotide var-
iants comprising a stop codon, we performed two sequential sorting
steps enriching for CAR reporter cells that expressed EGFRt (first
step) and were able to bind ROR1 protein (second step). This
increased the population of interest (double positive, i.e., EGFRt pos-
itive and binding to ROR1 protein) to 5.6%. As a reference, we also
inserted the original ROR1-CAR with WT R11 scFv (ROR1-CAR
WT) into reporter cells, and we confirmed that all EGFRt-positive
cells showed specific binding to ROR1 protein (Figure 5B). Accord-
ingly, this enrichment strategy increased the number of library re-
292 Molecular Therapy Vol. 27 No 2 February 2019
porter cells that displayed NF-kB ECFP and NFAT EGFP reporter
signals after stimulation with BW-ROR1 cells (Figure 5C).

Reporter Cells Retrieve a Rare R11 scFv Mutant Capable of

Binding ROR1

We then performed single-cell sorting for ROR1-CAR scFv library re-
porter cells that showed the highest level of ECFP and EGFP expres-
sion (sorting gate shown in Figure 5C). From this sorting campaign, a
total of 100 cell clones were re-analyzed for reporter activity upon
stimulation with BW-ROR1 cells, and the 25 clones with highest
ECFP and EGFP signal intensity were selected. Of these, 10 clones
had to be excluded from further analysis due to insufficient expansion
or unspecific reactivity, which left 15 clones for detailed analysis (Fig-
ure 5D). In 11 of these 15 clones, the signal of at least one of the two
reporter genes was significantly lower (* Y) than the reference set by
reporter cells expressing the ROR1-CAR WT. In 4 of these 15 clones
(45, 54, 70, and 80), the reporter signal was similar (ns) or higher (*[)
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compared to the ROR1-CARWT reference. These clones were, there-
fore, of particular interest.

In 3 of these 4 clones (45, 70, and 80), more than two nucleotide se-
quences were detected by VH CDR3 sequencing, apparently because
multiple genomic transposon integrations per cell had occurred
(Table 1). In each of the three clones, there was at least one nucleotide
sequence that encoded a novel and unique CDR3 amino acid
sequence. However, in each of the three clones, we also detected the
WT scFv nucleotide sequence. Preliminary testing of CARs carrying
the novel CDR3 amino acid motifs did not show specific binding to
ROR1 protein and no recognition of ROR1+ stimulator cells, suggest-
ing that the reporter signal had been generated by the ROR1-CAR
withWT scFv in these three reporter cell clones. In clone 80, in which
we detected the highest reporter signal, we also detected the highest
level of CAR expression, as assessed by staining for EGFRt. This
observation provides an explanation for the higher reporter signal
compared to clones 45, 54, 70, and WT reference.

Analysis of clone 54 revealed only a single nucleotide sequence
(n = 1), suggesting that only a single (or low number of) genomic
insertion of the Sleeping Beauty (SB) transposon vector had occurred.
This nucleotide sequence was distinct from the WT scFv nucleotide
sequence; however, upon translating the genetic code, we found
that this nucleotide sequence encoded the amino acid sequence
STYY, i.e., the same motif contained in WT VH CDR3. As such,
our reporter platform had retrieved an scFv nucleotide variant encod-
ing a functional ROR1-CAR that we had calculated to occur with a
frequency of 6 in 1.05 � 106.

In aggregate, these data demonstrate that reporter cells are able to
identify functional CAR constructs in large-scale library-screening
campaigns, where lead candidates are only present with very low fre-
quency. In addition, the data suggest that the VH CDR3 region is crit-
ical for the reactivity of the R11 ROR1-CAR and may not be readily
modified without compromising the ability of binding to ROR1 anti-
gen. Collectively, the data highlight the potential utility of NF-kB/
NFAT reporter cells as a screening tool in CAR development.

DISCUSSION
Translational research in CAR-T cell immunotherapy involves a
rapidly increasing spectrum of target antigens and CAR designs, as
well as extensive testing in preclinical models in vitro and in vivo.
To accelerate this process, reduce cost, and facilitate high-throughput
analyses, we established a screening platform that is based on Jurkat
cells, an immortalized CD4+ T cell lymphoma line. For several
decades, Jurkat cells have been used to study TCR signaling and its
underlying molecular mechanisms, because, with a few exceptions,
Jurkat cells comprise the entire downstream signaling machinery of
primary T cells, turning them into an intuitive tool for the analysis
of T cell immune receptors.26,27

We have recently derived a reporter cell line from Jurkat cells that
reads out the activity of NF-kB and NFAT through ECFP and
EGFP reporter genes, respectively. We have demonstrated that these
reporter cells provide a quantitative measure for stimulation through
the endogenous TCR as well as activating and inhibitory ligands.28,29

Other investigators have used similar reporter gene-modified Jurkat
cells to examine antibody-dependent cell-mediated cytotoxicity,
inhibitory molecules, immune checkpoint molecules, as well as virus-
and tumor-specific TCRs.30–33 In the present study, we demonstrate
that Jurkat NF-kB/NFAT reporter cells can be employed as an effec-
tive tool in CAR-screening campaigns. The ECFP and EGFP reporter
genes utilized in our study are easy to read out, and they permit quan-
titative analyses of intact cells by flow cytometry, which allows rapid
and automated acquisition of a high number of events from a high
number of samples. The advantages of using fluorescent proteins as
a reporter rather than luciferase activity is that several reporter signals
can be analyzed simultaneously and the reporter signal can be traced
back to a single cell. In addition, fluorescent protein reporter assays
require considerably less hands-on time, which makes them more
suitable for high-throughput screening than bioluminescence-based
systems.

In previous studies, screening campaigns were performed with Jurkat
cells to detect TCR-dependent cytosolic calcium flux that provides a
rapid signal, but the analysis procedure is substantially more complex,
is only moderately quantitative, and provides a single output.34,35

Another approach that has been pursued in Jurkat cells is the analysis
of activation markers like CD25 and CD95 or cytokines like inter-
leukin-2 (IL-2) and tumor necrosis factor alpha (TNF-a), but their
expression is often low, and their detection requires antibodies, mak-
ing them inappropriate for platform-based screenings.36,37 We there-
fore focused on NF-kB and NFAT, both crucial transcription factors
that are strongly induced upon stimulation through the endogenous
TCR in primary human T cells and in Jurkat cells.18,23,28 Because
CARs integrate structural and functional elements of the TCR and
engage similar signaling molecules upon stimulation,13,38 we
reasoned that NF-kB and NFAT would serve as indicators and surro-
gates of CAR-mediated activation. Indeed, several studies reported
NFAT activation via inducible reporter gene systems or inducible
cytokine secretion in T cells and Jurkat cells,39–42 and, similarly, the
induction of NF-kB signaling after CAR triggering has been
described.43,44 These observations are supported by our data demon-
strating an accumulation of NF-kB and NFAT in the nucleus of pri-
mary T cells and an activation of reporter genes in Jurkat cells after
CAR stimulation.

In the present study, we equipped reporter cells with CAR constructs
specific for ROR1, which is expressed in several hematologic malig-
nancies, including chronic lymphocytic leukemia and mantle cell
lymphoma, as well as several prevalent epithelial cancers, including
lung adenocarcinoma and triple-negative breast cancer.45 We also
modified reporter cells with a CD19-specific CAR that has obtained
clinical proof of concept in patients with acute lymphoblastic leuke-
mia, non-Hodgkin lymphoma, and chronic lymphocytic leukemia.46

For each of these CAR constructs, the reporter cells generated a spe-
cific and high-level NF-kB and NFAT reporter signal. The reporter
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Table 1. Sequence Analysis of Cell Clones with Highest NF-kB and NFAT

Activation

Library Clone CDR3 Nucleotide Sequence Amino Acid Sequence

45

50-TCCACATACTAC-30 (WT) STYY (WT)

50-GATACGTATTAG-30 DTY–

50-ACGTTGAATTCG-30 TLNS

50-GATCCGCCGCAT-30 DPPH

54 50-TCGACTTATTAT-30 (non-WT) STYY (WT)

70
50-TCCACATACTAC-30 (WT) STYY (WT)

50-TAGCGTGCTCCT-30 –RAP

80

50-TCCACATACTAC-30 (WT) STYY (WT)

50-TAGTTTACGGCT-30 –FTA

50-GTGTGGGTTACG-30 VWVT

50-ACGCCGCTGCCT-30 TPLP

50-ATGACTGGGTAG-30 MTG–

50-CAGGCTTGGATG-30 QAWM

50-ATGAGTATGATT-30 MSMI

Reference 50-TCCACATACTAC-30 (WT) STYY (WT)

www.moleculartherapy.org
signal was detectable as early as 6 hr following CAR stimulation, and
it reached its maximum between 24 and 48 hr. The CAR reporter cells
provided a clear distinction between functional and non-functional
CAR constructs in a rapid and highly competitive turnaround time.
Our data show that reporter cells can be used to screen cell prepara-
tions where the antigen of interest is expressed on the cell surface and
protein preparations where the antigen is plate bound. Therefore, it is
conceivable to engage CAR reporter cells with one or multiple known
or even unknown specificities in the analyses of primary tumor cell
samples and tumor cell lysates and in ligandome analyses to discover
novel tumor antigens.

We conducted several screening campaigns with our CAR reporter
cell platform. In one example, we performed a small-scale screening
involving a CAR spacer library, which was established in earlier
work, showing that the extracellular spacer domain is a decisive
feature in CAR design.5 Indeed, the ROR1-CAR targeting the mem-
brane-proximal R11 epitope in the ROR1 kringle domain requires a
long IgG4-Fc spacer to function. Using a panel of R11 ROR1-CARs
with short, intermediate, and long spacer designs, reporter cells
readily identified the functional CAR construct due to specific and
high-level NF-kB and NFAT reporter signals. Compared to conven-
tional analyses with primary T cells, the screening campaign with
Figure 5. Large-Scale Screening Campaign of a ROR1-CAR Library with scFv

(A) Schematic representation of the WT ROR1-specific R11 scFv with nucleotide (NT

mutagenesis are underlined. SP, signal peptide; (G4S)3, linker. (B) EGFRt expression a

reporter cells after nucleofection and subsequent EGFRt-based magnetic bead enrichm

(second step). (C) ECFP and EGFP reporter signal after stimulation of ROR1-CAR scFv lib

(D) NF-kB and NFAT activation in percent ± SD of BW-ROR1-stimulated ROR1-CAR sc

compared to the ROR1-CAR WT (NF-kB, black line; NFAT, gray line). Statistical signific

ANOVA with Holm-Sidak post hoc test. [, higher; Y, lower; ns, not significant; *p < 0.0
CAR reporter cells required less than one-third of the time for iden-
tifying the lead construct.

In a second example, we performed a large-scale screening campaign
involving a CAR scFv library that was generated from the ROR1-spe-
cific R11 scFv by site-restricted mutagenesis. We have recently
obtained a co-crystal structure of the R11 scFv in complex with the
kringle domain of ROR1, confirming thatVHCDR3 is critical for bind-
ing.25 Accordingly, introducing mutations to VH CDR3 was antici-
pated to cause a loss of specificity and affinity in the majority of cases.
This provided the opportunity of challenging the reporter platform to
retrieve the exceedingly rare library variants that comprised the WT
amino acid sequence or an alternative amino acid sequence that was
still capable of bindingROR1.Our screening campaign yielded four re-
porter cell clones that stood out through their high NF-kB and NFAT
signals. In one of these clones, VH CDR3 contained a novel, unique
nucleotide sequence that had been introduced by our mutagenesis
but still encoded the WT amino acid sequence STYY. The occurrence
of multiple genomic insertions in reporter cells after conventional len-
tiviral and transposon-based gene transfer is a technical challenge that
complicated our library-screening campaign. Strategies of targeted
gene insertion into distinct genomic loci are currently emerging,47,48

and they will facilitate future screening campaigns with CAR libraries
where each reporter cell only expresses a single library variant.

Several prior studies have rationally modified the VL and VH CDR re-
gions to modulate the binding affinity and properties of mAbs and
scFvs.49,50 It is conceivable that such modifications would also alter
the binding affinity and properties of CARs, thereby affecting the acti-
vation and function of CAR-T cells. In line with our finding that the
VH CDR3 region of R11 is critical for binding ROR1,25 we have not
yet identified novel scFv variants with improved functionality over
the WT from our ROR1-CAR scFv library. It is conceivable and sup-
ported by the R11/ROR1 co-crystal structure that the STYY motif is
indeed optimal in terms of the paratope-epitope interaction and that
identifying novel scFv variants will therefore be challenging. Other
stretches in the CDR or framework regions of VH of R11 (VL of
R11 does not interact with the antigen) are likely more suitable for
yielding non-WT amino acid sequences after randomization and re-
porter cell-based screening.

On the other hand, it should be noted that, due to our selection
criteria (high NF-kB and NFAT signal, expansive growth, and specific
activation), clones with low-affinity CAR variants were likely
excluded from the clones that we included into our sequencing
Mutations

) and amino acid (AA) sequence of the VH CDR3 region. Nucleotides targeted by

nd ROR1-specific CAR expression of ROR1-CAR scFv library and ROR1-CAR WT

ent (first step) and flow cytometry-based sorting with AF647-labeled ROR1 protein

rary and ROR1-CARWT reporter cells with BW-ROR1 cells at a 2.5:1 ratio for 24 hr.

Fv library clones normalized to the positive control (stimulation with BW-OKT3) and

ance (n = 3) in comparison to the ROR1-CAR WT was determined using two-way
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analysis. In ongoing experiments, we have adjusted the selection
criteria and analyzed a larger number of clones to support the iden-
tification of novel CAR variants with altered (lower) affinity from
this library. In the small- and large-scale screening campaigns re-
ported in this study, the lead CAR constructs were functionally supe-
rior to the other candidates. In screening campaigns, where functional
CAR constructs are contained with higher frequency and/or func-
tional CAR variants differ more subtly, a higher number of sequential
pre-enrichment and screening rounds may be required for identifying
the optimal CAR construct. In particular, the identification of high-
affinity CAR variants, which are anticipated to generate a stronger re-
porter signal compared to the WT, may be fostered by performing a
higher number of iterative pre-enrichment steps.

In summary, we report on the development of a standardized CAR-
screening platform that employs Jurkat NF-kB/NFAT reporter cells.
The reporter cell system is attractive as a platform technology because
it is independent of testing in primary T cells, exportable, and scalable
to accommodate small- to large-scale CAR library screenings. We are,
therefore, confident that this reporter cell platform will facilitate and
accelerate the preclinical development and evaluation of novel CAR
constructs.

MATERIALS AND METHODS
Human Subjects

Peripheral blood from healthy donors was obtained after written
informedconsent toparticipate in researchprotocols thatwere approved
by the Institutional Review Board of the University of Würzburg.

Cell Lines

Jurkat cells (clone E6.1) were transduced with retroviruses encoding
NF-kB-andNFAT-inducibleECFPandEGFP reporter genes andclon-
ally selected by limiting dilution.28 Jurkat NF-kB/NFAT reporter cells
(reporter cells) were maintained in Iscove’s modified Dulbecco’s
medium (IMDM) with 25 mM HEPES, 4 mM L-glutamine, 1�
GlutaMAX, 10% fetal calf serum (FCS), and 100U/mLpenicillin-strep-
tomycin. The murine cell line BW5147 (thymoma) and the human
cancer cell lines K562 (erythroid leukemia) and JeKo-1 (mantle cell
lymphoma)were cultured inRPMI-1640mediumwith 25mMHEPES,
10% FCS, 1� GlutaMAX, and 100 U/mL penicillin-streptomycin.

Reporter Genes

Genes encoding ECFP and EGFP were cloned downstream of mini-
mal promoters controlled by response elements for NF-kB and
NFAT, respectively. Both reporter gene cassettes were subcloned
into the self-inactivating retroviral vector pSIRV.28

CAR Constructs

The VH and VL domains of the antibody FMC63 were fused via a
Whitlow linker to generate a CD19-specific scFv,51 and a c-Myc tag
(EQKLISEEDL) in duplicate was added at the N terminus to facilitate
detection by flow cytometry. Similarly, the VH and VL domains of an-
tibodies R12 and R11 were coupled via a (G4S)3 linker, resulting in
ROR1-specific scFvs.52 Both CD19 scFv and ROR1 R12 scFv were
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cloned into lentiviral vector epHIV7 upstream of an IgG4-Fc hinge
spacer, a CD28 transmembrane domain, and intracellular CD3z and
4-1BB domains.6 The ROR1-specific R11 scFv was cloned into lentivi-
ral vector epHIV7upstreamof an IgG4-Fc short (hinge domain), inter-
mediate (hinge + CH3 domain), or long (hinge + CH2 +CH3 domain)
spacer, fused to a CD28 transmembrane domain, and intracellular
CD3z and 4-1BB domains.5 All constructs included an EGFRt trans-
duction marker separated from the CAR gene by a viral 2A sequence.

ROR1-CAR scFv Library

The ROR1-specific R11 scFv was selected for preparation of the CAR
scFv library. Using NNK-doping strategy (N = A, C, G, or T; K = G or
T) for site-restricted mutagenesis of its VH CDR3 region, 12 nt encod-
ing amino acids STYY that are involved in ROR1 kringle domain
binding were mutated.25 In detail, PCR of the right arm of the R11
scFv template DNA was performed using a forward degenerated
primer P1 (50-GCG ACG TAT TTC TGT GCG AGG GGG TAT
NNK NNK NNK NNK GGT GAT TTC AAC ATC TGG GGT-30),
binding in the VH CDR3 region that covers the four amino acids
with NNK codons to introduce mutations, and a reverse primer P2
(50-CCC GTT AAG GTC CTG ATG-30), binding in the IgG1-Fc
spacer domain. A second PCR was performed with forward primer
P3 (50-CCT ACT CTA GAA GCT GGG TAC CG-30) and reverse
primer P4 (50-ATA CCC CCT CGC ACA GAA ATA CGT CGC-30)
to amplify the left arm of the scFv, including the signal peptide and
the VL and the residual VH domains to obtain an amplicon with
overlapping sequence (underlined in P1 and P4) to the right arm am-
plicon. PCR products were recovered by gel purification, and the com-
plete scFv was fused by overlapping PCR using primers P3 and P2.
Then the scFv mutants were cloned via restriction sites into the
pT2/HB Sleeping Beauty transposon donor vector53 upstream of a
CD28 transmembrane domain and intracellular CD3z and 4-1BB do-
mains by GeneArt (Thermo Fisher Scientific, Regensburg, Germany)
to generate the ROR1-CAR scFv library. Library accuracy analysis
confirmed a correctness of 91%, with 74 of 81 clones containing
four sense codons in the correct reading frame.

CAR Gene Transfer into Reporter Cells

Reporter cells were transduced in medium supplemented with
5 mg/mL polybrene using lentiviral vectors encoding the CAR, and
expression was analyzed after 2 days. CAR-expressing reporter cells
were enriched via the EGFRt transduction marker using biotinylated
anti-epidermal growth factor receptor (EGFR) antibodies and anti-
biotin microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany).
The ROR1-CAR scFv library was transfected into reporter cells using
the 4D-Nucleofector X Unit and nucleofection kit SE (Lonza, Co-
logne, Germany), according to the manufacturer’s instructions. In
brief, 5 mg CAR encoding Sleeping Beauty transposon donor vector
and 2.5 mg SB100X minicircle vector53 were added per 2 � 106 cells,
and nucleofection was performed with program CL-120.

Generation of Stimulator Cells

BW-OKT3 cells were generated using a previously described vector
encoding membrane-bound OKT3 that was created by fusing the
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anti-CD3 scFv to the human CD14 stem domain.24 BW5147 and
K562 cells were modified with the full-length sequences of human
ROR1 (UniProt: Q01973) or human CD19 (UniProt: P15391).

CAR-T Cell Manufacturing

CD4+ and CD8+ T cells were isolated from peripheral bloodmononu-
clear cells (PBMCs) via magnetic cell separation and activated with
anti-CD3/anti-CD28 Dynabeads (Thermo Fisher Scientific, Darm-
stadt, Germany). The following day, 5 mg/mL polybrene was added
to T cells, and transduction with lentiviral vectors encoding the
CAR was performed at an MOI of 5. Dynabeads were removed after
7 days, CAR expression was analyzed, and CAR-T cells were
expanded using a rapid expansion protocol.54

Flow Cytometry

Fluorophore-labeled mAbs for CD3, CD4, CD8, CD19, ROR1, and
c-Myc were purchased from Miltenyi Biotec (Bergisch Gladbach,
Germany). Streptavidin-phycoerythrin (SA-PE) and fluorophore-
labeled mAbs for CD14 and CD45 were purchased from BioLegend
(San Diego, CA, USA). The anti-EGFR mAb Cetuximab (Bristol-
Myers Squibb, New York, NY, USA) was labeled in-house with biotin
or AF647. Recombinant human ROR1 protein linked to fluorophore
AF647 was a kind gift of Professor Johannes Huppa (Medizinische
Universität Wien, Wien, Austria). Antibody staining was performed
according to the manufacturer’s instructions. Measurements were
done on a FACSCanto II flow cytometer (BD Biosciences, Heidelberg,
Germany). FACS was performed by the Cell Sorting core facility at
the Institute for Virology and Immunobiology Würzburg using a
FACSAria III (BD Biosciences, Heidelberg, Germany). Data were
analyzed with FlowJo software (version 10.4, Tree Star, Ashland,
OR, USA).

Reporter Cell Assay

CAR reporter cells (5� 104) and stimulator cells (2� 104) expressing
the relevant target antigen were added to round-bottom 96-well plates
in duplicates. K562 and JeKo-1 cells were pre-stained with eFluor 670
dye (Thermo Fisher Scientific, Darmstadt, Germany), according to
the manufacturer’s instructions. After a 24-hr incubation at 37�C,
the co-cultures were harvested, and reporter cells were distinguished
from murine BW5147 stimulator cells by the detection of human
CD45 and from human cell lines (K562/JeKo-1) by the detection of
eFluor 670 via flow cytometry. Reporter gene activation was analyzed
by measuring the geometric mean fluorescence intensity (MFI) of
ECFP and EGFP.

Cell Lysis, Fractionation, and Western Blot

ROR1-CAR-T cells were added to 12-well plates pre-coated with anti-
CD3 mAb (2.5 mg/mL) and soluble anti-CD28 mAb (6 mg/mL), re-
combinant human ROR1 protein (0.6 mg/mL), or PMA (120 ng/mL)
and ionomycin (3 mg/mL), and they were incubated for 2 hr at
37�C. Cells were harvested, and cytosolic and nuclear lysates were
separated by rapid, efficient, and practical (REAP) fractionation.55

Protein concentration was determined using the DC Protein Assay
Kit (Bio-Rad, Munich, Germany), according to the manufacturer’s in-
structions, and 10–15 mg protein was added to a 10% SDS polyacryl-
amide gel. After separation by electrophoresis, proteins were trans-
ferred to a polyvinylidene fluoride (PVDF) membrane and blocked
with 5%milk in Tris-buffered saline with Tween 20 (TBS-T). Proteins
were detected using antibodies for NFATc2 (clone D43B1), NF-kB
p65 (clone D14E12), Lamin A/C (clone 4C11), and a-tubulin (clone
11H10), all purchased from Cell Signaling Technology (Frankfurt
am Main, Germany). Protein bands were visualized using the
ChemiDoc MP gel imaging system (Bio-Rad, Munich, Germany).

Genomic DNA Analysis

Sequence analysis of the R11 VH CDR3 region was performed on
genomic DNA of reporter cells obtained with a genomic DNA extrac-
tion kit (Thermo Fisher Scientific, Darmstadt, Germany), according to
the manufacturer’s instructions. The scFv was amplified by PCR with
primers covering the 50 and 30 ends using Phusion High-Fidelity DNA
polymerase (New England Biolabs, Frankfurt am Main, Germany).
Amplified fragments were separated by electrophoresis, and PCR am-
plicons were purified and transferred to TOPO-TA Cloning vector
(Thermo Fisher Scientific, Darmstadt, Germany) for sequencing.

Statistical Analysis

Data are presented as mean ± SD. Statistical analysis was performed
with GraphPad Prism Software using one-way or two-way ANOVA
with Holm-Sidak post hoc test. Significance is indicated as follows:
ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001.
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