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ARTICLE INFO ABSTRACT

Keywords: Anti-CD19 CAR-T cell therapy represents a breakthrough in the treatment of B-cell malignancies, and it is ex-
Chimeric antigen receptor pected that this therapy modality will soon cover a range of solid tumors as well. Therefore, a universal cheap
C-Myc tag . and sensitive method to detect CAR expression is of foremost importance. One possibility is the use of epitope
1(\:/[:11: Z‘i:;:ynamlcs tags such as c-Myc, HA or FLAG tags attached to the CAR extracellular domain, however, it is important to
CAR-T cell determine whether these tags can influence binding of the CAR with its target molecule. Here, we conducted in-

silico structural modelling of an FMC63-based anti-CD19 single-chain variable fragment (scFv) with and without
a c-Myc peptide tag added to the N-terminus portion and performed molecular dynamics simulation of the scFv
with the CD19 target. We show that the c-Myc tag presence in the N-terminus portion does not affect the scFv’s
structural equilibrium and grants more stability to the scFv. However, intermolecular interaction potential (IIP)
analysis reveals that the tag can approximate the complementarity-determining regions (CDRs) present in the
scFv and cause steric impediment, potentially disturbing interaction with the CD19 protein. We then tested this
possibility with CAR-T cells generated from human donors in a Nalm-6 leukemia model, showing that CAR-T
cells with the c-Myc tag have overall worse antitumor activity, which was also observed when the tag was
added to the C-terminus position. Ultimately, our results suggest that tag addition is an important aspect of CAR
design and can influence CAR-T cell function, therefore its use should be carefully considered.

1. Introduction

Chimeric antigen receptor (CAR) T cell therapy has revolutionized
the field of cancer immunotherapy. The original concept of the synthetic
CAR molecule was to combine the specificity of an antibody with T cell
effector functions, allowing redirection of T cell immune response
against malignant cells expressing a specific membrane antigen [1].
Generally, the CAR consists of an extracellular target-binding domain
connected via a hinge module and transmembrane domain to one or
more intracellular signaling molecules [2]. The extracellular domain
usually consists of a single chain variable fragment (scFv) composed of a

variable light (VL) and variable heavy (VH) chain of a monoclonal
antibody (mADb) joined by a linker [2]. The hinge connects the scFv to
the transmembrane domain, which is responsible for anchoring the re-
ceptor to the T cell membrane and linking the extracellular to the
intracellular domain [3]. Common intracellular signaling domains are
the CD3¢ chain and costimulatory domains derived from CD28 or 41BB,
which work together to provide full activation of the T cell [4]. CARs can
be assembled by combining different versions of each of these structural
determinant domains [5], and several improvements in CAR design have
been tested in recent years with the aim of improving CAR target
recognition and signaling [6].
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The outstanding clinical success of CAR T cell therapy targeting the
CD19 protein in patients with B-cell leukemias and lymphomas led to US
Food and Drug Administration (FDA) approval of two CD19-specific
CAR T cell products based on the FMC63 scFv in 2017, Kymriah and
Yescarta [7,8]. CD19 has been chosen as an eligible target for CAR T
cells in the treatment of B-cell malignancies because it is ubiquitously
expressed throughout B-cell development and its expression is restricted
to the B-cell lineage, being highly expressed in most B cell- derived tu-
mors [9]. Since the first CAR-T cell therapy approvals, the number of
clinical trials using different CAR constructs to recognize a variety of
tumor antigens and even beyond solely targeting tumors is growing
rapidly [10].

Despite these rapid advancements in CAR design and applications,
there is still no universal detection method available to assess CAR
expression on the surface of T cells [11]. Generally, CAR expression is
detected via flow cytometry with fluorochrome-tagged antibodies or
ligands that bind to the CAR extracellular domain, but antibodies tar-
geting specific scFvs are costly [12-14]. A common cost-effective
approach that can be applied to different CAR constructs is attaching a
small epitope tag to the N-terminus or to the C-terminus region of the
CAR extracellular domain. This method offers the possibility to detect,
isolate and characterize CARs for which no specific antibodies are
available [15]. Epitope tags like c-Myc, HA and FLAG are the most
commonly used since their presence typically causes minimal to no ef-
fect on the target protein structure and function and due to wide
availability of primary recognizing antibodies [16-19]. Our group and
others have previously demonstrated the antitumor efficacy of
anti-CD19 CAR-T cells containing an N-terminal c-Myc tag [20], how-
ever, to our knowledge, no previous study compared the same CAR
construct with or without tag addition.

The c-Myc tag (EQKLISEEDL) is a short linear sequence of ten ami-
noacid residues derived from the c-Myc oncoprotein [21], which can be
expressed in many types of eukaryotic and prokaryotic cells. This tag can
be recognized by anti-c-Myc antibodies, such as the widely available
9E10 monoclonal antibody [15,22]. Due to these characteristics, the
c-Myc tag has been extensively used in CAR studies [23-25]. A better
understanding of if the c-Myc tag presence in the anti-CD19 scFv can
potentially affect CD19 recognition and CAR function will allow im-
provements in the development and design of new CARs.

In this study we first modeled an FMC63-based scFv with the c-Myc
tag in the N-terminus position interacting with the target protein and
used Molecular Dynamics (MD) simulation to provide detailed infor-
mation about interface formation between the scFv (with and without c-
Myc tag) and CD19 [26,27]. Next, we compared antitumor efficacy of
anti-CD19 CAR-T cells with or without the N-terminus c-Myc tag in an in
vivo B-cell leukemia model, showing that the tag can negatively impact
anti-tumor activity. To better understand whether this effect was spe-
cific to the tag in the N-terminus position, we also assessed the effect of a
C-terminus c-Myc tag presence in the same CAR design in vivo and found
similar results. Overall, our results suggest that epitope tags can inter-
fere with CAR-T cell function, and therefore other detection approaches
such as fluorescent reporters or independent membrane reporters (such
as the dNGFR reporter) might prove more suitable to avoid undesirable
effects [28,29]. By combining in silico modelling and functional CAR-T
cell assays, this study provides a better understanding of the impact of
epitope tag addition to scFvs and highlights the importance of
thoughtful positioning of peptide tags in novel CAR designs.

2. Materials and methods
2.1. Molecular modeling
2.1.1. Construction of scFv and c-Myc-scFv models
The scFv tridimensional (3D) model of the FMC63 mAb was modeled

using the multiple template modeling protocol of Modeller 9.20 pro-
gram [30]. Five protein structures were chosen as a template, whose
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sequences have homology > 59% (PDB code 3ESU, 3ESV, 3ET9, 3AUV,
6TCS). A flexible glycine/serine linker (G4S)s was inserted between the
VL C-terminus and the VH N-terminus. The best model out of 250
generated 3D models was chosen based on the DOPE score [31]. The
best model was subjected to MD simulation to ensure the refinement of
the 3D structure in aqueous solution.

To build the c-Myc-scFv 3D model, two linear structures of the c-Myc
tag that were forming a complex with the anti-c-Myc antibody 9E10 Fab
fragment (PDB code 20R9) were added to the scFv VL domain N-ter-
minus, using the PyMol 1.8 program [32].

2.1.2. Construction of CD19 model

The missing loops in the CD19 structure (PDB code 6AL5) were
modeled since they are not present in the structure due to diffuse elec-
tron density. The missing residues homology modeling was performed in
the Modeller 9.20 program [30] through missing residues modeling
protocol. The original CD19 structure with some residues sequence
modeled was used as a template for the comparative model construction.

2.2. Molecular docking

Molecular Docking studies were performed to identify the interface
region between scFv and CD19 (scFv-CD19) and c-Myc-scFv and CD19
(c-Myc-scFv-CD19) using the HADDOCK 2.2 webserver [33]. HADDOCK
has a flexible docking approach, which can be guided by incorporating
experimental or bioinformatics data [34,35]. Among the information
that can be added to guide the docking is the definition of the residues
that are important for protein-protein interface formation, which is
denominated as active residues. The scFv active residues defined in the
docking were the CDRs (Table S1 - supplementary material) and CD19
active residues were defined according to Table S2, which shows the
CD19 residues that are important in recognition by this scFv, according
to the literature [36-38]. The CD19 structure was kept fixed during
docking. Docking results show the formation of the scFv-CD19 and
c-Myc-scFv-CD19 complexes and the results were grouped into 6 and 10
clusters, respectively. The scFv-CD19 and c-Myc-scFv-CD19 complexes
named two MD simulation systems. The selection of the docking results
was performed by evaluating the HADDOCK score, cluster size,
root-mean-square deviations (RMSD) and z-score.

2.3. Molecular dynamics simulation

The molecular dynamics (MD) simulations were performed using
GROMACS 2018.3 software [39] using CHARMMS36 [40] force field to
describe the atomic interactions. The structures obtained through ho-
mology modeling (scFv, c-Myc-scFv, CD19) and molecular docking
(scFv-CD19 and c-Myc-scFv-CD19) were inserted in a simulation box
with water molecules to form MD simulation systems. Each assembled
system and the parameters used are described in Table S3. The atomic
coordinates of each structure were submitted to the H+ + server [41] to
verify histidine protonation status at a pH of 7.4 (physiological pH).
Then the structures were placed in a box filled with TIP3P water mol-
ecules [42]. The protein bond lengths were controlled using the LINCS
[43,44] algorithm, and those of water were controlled using SHAKE
[45] algorithm. The interactions between unbound atoms (van der
Waals and Coulomb) were evaluated at a cut-off radius of 1.3 nm and
corrections for electrostatic interactions were calculated using the Par-
ticle Mesh Ewald (PME) method [46].

The energy minimization of the systems was performed using the
steepest descent integrator [47] to optimize the geometry of the protein.
In the thermalization and trajectory production phases, combinations of
MD simulations were used in the NVT and NPT ensembles (Table S4).
The temperature was controlled by the V-rescale thermostat [48] while
the system pressure was controlled with the Berendsen barostat [49] in
thermalization, and Parrinello-Rahman [50] in trajectory acquisition.
Pressure was controlled at 1 atm, at a temperature of 310 K, and the
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systems were neutralized with Na™ and Cl ions at a physiological con-
centration of 0.150 M. The integrator used to integrate the equations of
motion was the leap-frog [51]. The short and successive thermalizations
steps were carried out in the NVT and NPT ensemble at 310 K. The
thermalization protocol of each system is detailed in Table S4. Trajec-
tory acquisition phase was carried out in the NPT ensemble with a dt = 2
fs, where the coordinates were recorded every 100 ps.

2.3.1. Simulation conditions of scFv, c-Myc-scFv and CD19

The structures obtained through molecular modeling (scFv, c-Myc-
scFv, and CD19) were submitted to MD simulation during 700, 700, and
300 ns, respectively. CD19 structure in water was simulated in the first
100 ns with simulated annealing to obtain the minimum energy state of
the modeled loops, leaving only them free to move. More detailed pa-
rameters of the MD of each system are listed in Table S4.

2.3.2. Simulation conditions of scFv-CD19 and c-Myc-scFv-CD19

Each structure described in the previous section, which was previ-
ously simulated in water, was subjected to molecular docking to obtain
the interface structures (scFv-CD19 and c-Myc-scFv-CD19) and to form
the systems to submit them to the MD simulation, which was performed
in triplicates (nl, n2, and n3). More detailed parameters of the MD of
each system are listed in Table S4.

2.3.3. Simulation conditions of scFv-c-Myc

To compare how the tag position added to the scFv can influence the
interface formation, we decided to perform 700 ns of MD simulations of
the scFv with the c-Myc tag added to the C-terminus (scFv-c-Myc sys-
tem). The information about this system is listed in Tables S3 and S4.

2.3.4. Simulation conditions of CAR-C-Myc

To analyze if the c-Myc tag in the C-terminus position impacts CAR
structure, we built the CAR extracellular and transmembrane domains
with the c-Myc tag between the scFv and hinge domains (CAR-C-Myc
system) [52,53]. This system was subject to MD simulation for 400 ns.
More information about this system is listed in Tables S3 and S4.

2.4. Trajectory analysis

The root-mean-square deviations (RMSD), intermolecular interac-
tion potential (IIP), and binding free energy (AGypinq) analysis were built
using GROMACS 2018.3 package [39]. All graphs were plotted using the
Origin 8.0® program. The gmx rms program was used to calculate the
RMSD of carbon o atoms (Ca) of the protein structures collected in the
trajectory over time after overlapping to the MD initial structure. The IIP
was calculated using the gmx energy, through the sum of long-range
(electrostatic) and short-range (Lennard-Jones) potentials within a
cutoff radius of 1.3 nm. The IIP expresses the interaction potential be-
tween unbounded atoms, for example, between the group of atoms of
c-Myc and CDRs, scFv and CD19, and c-Myc-scFv and CD19. The AGyping
was determined for the interaction between scFv-CD19 and
c-Myc-scFv-CD19, using the MM-PBSA method [54] (by the g_mmpbsa
program). The distance between the first and last Ca atoms of the c-Myc
(Glu243 and Leu262, respectively) and the first and last Ca atoms of the
hinge structure (Thr263 and Asp307, respectively) was calculated using
the gmx distance program.

2.5. Plasmids

The original 19BBz sequence [55] encoding an anti-CD19 CAR with
FMC63-derived scFv [56], a 41BB costimulatory domain and the CD3¢
chain, was provided by Dr Dario Campana (St Jude Children Research
Hospital, Memphis, TN). The sequence was codon-optimized and a
c-Myc peptide tag (EQKLISEEDL-EQKLISEEDL) was added between the
CD8a signal peptide and the scFv light chain (VL) (N-terminus position,
named 19BBz.N-Myc) or between the scFv VH and the hinge domain
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(C-terminus position, named 19BBz.C-Myc) (Fig. S6A). This sequence
was synthesized by Genscript (Piscataway, NJ) and cloned in the
Sleeping Beauty transposon vector pT3 (provided by Dr Richard Mor-
gan, NIH) with Agel and NotI restriction enzymes. Synthesis and cloning
of 19BBz without the c-Myc tag in the pT3 vector was done by Epoch Life
Science, Inc. The plasmid pCMV-SB100x encoding a hyperactive form of
the Sleeping Beauty transposase (SB100x) [57] was kindly provided by
Dr Sang Won Han (Federal University of Sao Paulo -UNIFESP, Brazil).

2.6. Cell lines

Human CD19 + B-cell ALL cell lines RS4;11 and Nalm-6 were
modified to express green fluorescent protein (GFP) and firefly lucif-
erase (fluc) using lentiviral vectors and selected by cell sorting. Cells
were maintained in a humidified incubator at 37 °C with 5% CO- at-
mosphere in RPMI-1640 media (Gibco, CA) supplemented with 10%
fetal bovine serum (FBS), 2 mM L-Glutamine (Gibco) plus 100 U/mL
penicillin and 100 pg/mL streptomycin (pen/strep, Gibco). To generate
CD19lo Nalm-6, the gRNA sequence used for Crispr-Cas9-mediated
knockout was CTGTGCTGCAGTGCCTCAA. Ribonucleoproteins (RNPs)
were formed by incubation of 90 pmol of gRNA and 30 pmol of Alt-R S.p.
Cas9 Nuclease V3 (Integrated DNA Technologies, Inc). 1 x 10® Nalm-6
GFP+Luc+ cells were centrifuged at 100 g for 10 min at room temper-
ature and resuspended in 100 pl of 1SM electroporation buffer [58].
Cells were transferred to a 0.2 cm cuvette (Mirus Biotech®, Madison,
WI) and electroporated in a Lonza® Nucleofector® II device with the
X-001 pulse program. After electroporation, cells were resuspended in
RPMI medium with 20% FBS without pen/strep and placed in a 24-well
plate. Cells were sorted according to CD19-APC MFI expression on a
MoFlo Astrios EQ (Beckman Coulter).

2.7. Primary cells and CAR-T cell generation

The use of samples from healthy blood donors was approved by the
Brazilian National Cancer Institute (INCA)’s Ethics Committee review
board. To generate CAR-T cells, leukocyte reduction filters (RS - Hae-
monetics) were obtained from blood bags from healthy donors at the
blood bank of INCA after signing an informed consent approved by the
Ethics Committee. After washing the filter with 80 mL of Phosphate
Buffered Saline (PBS), PBMCs were isolated by density gradient centri-
fugation with Ficoll-Hypaque-1077 (Sigma Aldrich) for 25 min at 400 g
with slow acceleration and break off. Cells were collected from the buffy
coat and washed three times with PBS before counting. Cells were
electroporated using the program U-14 and 3 x 10 cells per 0.2 cm
cuvette in 100 pl of 1SM buffer. Mock controls were electroporated with
1 pg of SB100X plasmid encoding the SB transposase, while 19BBz,
19BBz.N-myc and 19BBz.C-Myc groups received 1 pg of SB100X + 20 pg
of the plasmid encoding the CAR. After electroporation, cells were
carefully resuspended in 1 mL of RPMI medium supplemented with 20%
FBS, 2 mM L-glutamine, 10 mM HEPES (Sigma), 1 mM pyruvate (Gibco)
and 50 U/mL human IL-2 (Proleukin, Zodiac) without pen/strep and
transferred to a 6-well plate already containing 1 mL of medium/well.
Cells were activated with T Cell TransAct CD3/CD28 beads (Miltenyi
Biotec, Germany) at 1:200 concentration 2 h after electroporation. In the
next day, the media supplemented as described and 100 U/mL penicillin
+ 100 pg/mL streptomycin was added to each well. Cells were main-
tained at 37 °C 5% COx during the 8-day expansion, and received more
complete media when acidification occurred.

2.8. Cytotoxicity assays

2.8.1. 4-hour lysis assay

The cytotoxicity assay was based on the original methodology
described by Neri et al. [59]. Briefly, Nalm-6 and RS4;11 target cells
were incubated with 15 pM Calcein-AM (Thermo Fisher Scientific,
Burlington, CAN) (108 cells /mL) in complete RPMI media for 30 min at
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37 °C with periodic agitation. Cells were then washed twice in complete
media, counted, and resuspended to a final concentration of 5 x 10°
cells/50 pl media. Effector cells were counted and plated at a serial
dilution ranging from 50:1 to 0.78:1 effector: target (E/T) ratio in 100 pl
complete media on V-bottom 96-well plates in triplicates. Next, 50ul of
media containing the target cells was added to each well. After 4 h of
incubation at 37 °C and 5% COs, the plate was quickly spun down and
75 pl of supernatant was harvested from each well. Calcein fluorescence
was measured in a SpectraMax® iD3 microplate reader (Molecular De-
vices) with 485 + 9 nm excitation filter and 530 + 9 nm band-pass filter.
Positive controls containing stained target cells + media with 2% Triton
X-100 were added (maximum release, minimum 4 wells) and negative
controls containing stained target cells in complete media (spontaneous
release, minimum 4 wells). Lysis percentage was calculated based on
replicate mean according to the formula: [(test release — spontaneous
release)/ (maximum release — spontaneous release)] x 100.

2.8.2. Long lysis assay

The frequency of CAR ™ cells at day 8 of expansion was determined by
flow cytometry, and total cell number was adjusted using Mock cells to
have the same number of effector cells in all groups. Nalm-6 GFP+ cells
were used as targets and added at 1:1 (3 x10*%3 x10% and 0.5:1 ratio
(1.5 x10%30 x10%) (effector: target) in a final volume of 200 ul RPMI
media in a U-bottom 96-well plate. After 48 h and 96 h, cells were
harvested and stained with Fixable Viability Dye eFluor™ 780 (eBio-
science, 65-0865-14). Killing activity of effector cells was determined
by quantifying the number of live GFP™ target cells. Negative controls
with only target cells were included.

2.9. Cell staining and flow cytometry

Cells were stained for immunophenotyping 24 h after electropora-
tion and at the end of T cell expansion on day 8. Briefly, cells were
washed with PBS and incubated with previously tittered antibodies
(Table S5) for 15-25 min at 4°C. Next, cells were washed again with PBS
and read in the cytometer the same day or fixed with paraformaldehyde
4%. For staining with the FITC-conjugated CD19 protein (CD19p-FITC),
cells were incubated for 1 h with 10 ug/mL CD19p-FITC in 20 pl and
washed twice, following manufacturer’s instructions. All data was ac-
quired in a FACS Canto II (BD Bioscience) and analyzed using FlowJo
software v10.1 (Treestar Software, San Carlos, California, USA). Mock
controls were used to define CAR+ gates and fluorescence minus one
(FMO) controls were added for multicolor panels.

2.10. Xenograft mice model

Female NOD-SCID IL2R gamma null (NSG) mice originally pur-
chased from the Jackson laboratories between eight to twelve-weeks old
were kept at the Brazilian National Cancer Institute (INCA) animal fa-
cility with maximum 5 animals per cage at 12 h light: 12 h dark pho-
toperiods, controlled temperature and free access to food and water.
Animals were randomized between groups and all experimental pro-
cedures were performed in compliance with INCA’s ethics committee
approval. Experiments were non blinded, and no sample size calculation
was performed. Mice were injected intravenously (i.v.) via the tail vein
with 10° Nalm-6 GFP+Luc+ cells in 100 pl sterile PBS. After 48 h, an-
imals received treatment with CAR-T lymphocytes. Before injection cells
were counted, washed and resuspended in sterile PBS at a final volume
of 100 pl per animal and injected i.v. via the tail vein. Mock controls
received the same total cell number of treatment groups. CAR-T cell dose
calculation was based on percentage of CAR+ cells on the day of
injection.

Tumor burden was assessed by in vivo bioluminescence imaging on
an IVIS Lumina XR (Caliper Life Sciences). Mice were injected intra-
peritoneally with 100 pl D-luciferin (75 mg/kg, GoldBio) and anes-
thetized with 4% isoflurane for induction + 2% isoflurane for
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maintenance during image acquisition. Data was analyzed on Living
Image Software v4.1 (Perkin Elmer). The time for euthanasia was based
on disruption of animal welfare such as signs of pain, neurological
symptoms and/or posterior limbic paralysis due to high tumor burden. A
CO5 chamber was used. The spleen and bone marrow were collected and
analyzed by flow cytometry to detect GFP+ Nalm-6 tumor cells.

2.11. Data analysis

Data from in vitro and in vivo experiments was analyzed using
GraphPad Prism version 8.0.1 (GraphPad, La Jolla, USA). We used
Student’s t test to compare means between two groups with or without
pairing depending on the experiment (e.g same donor data was
considered paired data). One-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post-hoc was used to compare means of three or more
groups. Survival data was analyzed using the log-rank test. A p-value <
0.05 was considered statistically significant and sample size is indicated
in each figure legend.

3. Results

3.1. Evaluation of scFv, c-Myc-scFv and CD19 structures in aqueous
solution

To better understand the potential impact of the c-Myc tag addition
to the anti-CD19 scFv, we chose to simulate the scFv with the N-terminal
c-Myc tag (referred here as c-Myc-scFv) as this is a commonly used
position [25]. Root-mean-square deviation (RMSD) profiles allow
analyzing the structural equilibrium of scFv alone and c-Myc-scFv in
water during 700 ns of simulation (Fig. S1A, B). The scFv linker was
disregarded from the RMSD analysis in both systems, as it presents
flexible residues of glycine and serine, which leads to high RMSD fluc-
tuations. In the scFv system (Fig. S1A), the RMSD of VL-VH and VH were
similar and bigger than the RMSD of VL. This indicates that VL-VH
movements can be associated to those of VH, because the VL presents
small oscillations in the structure (RMSD of VL ~ 0.10 4 0.01 nm). After
~250 ns, the scFv reached structural equilibrium (teq) and remained in
equilibrium until the end of the simulation, presenting an average
RMSDs of 0.16 & 0.01 nm, 0.10 £+ 0.01 nm, and 0.17 &+ 0.01 nm for
VL-VH, VL and VH respectively.

In the c-Myc-scFv system (Fig. S1C), the RMSD of c-Myc was 0,66 +
0,12 nm, an average RMSD and deviation considered high, which is
expected for a sequence of residues coupled to the N-terminus of the
scFv and which is free to move (Fig. S1C) (Table S6). Consequently, the
c-Myc was disregarded from the RMSD analysis focusing only on the
structure of VL-VH. The RMSD of VL-VH and VH were similar and higher
than the RMSD of VL (Fig. S1B), it is so similar for the scFv on the other
system (Fig. S1A), including the average RMSD (Table S6).

Therefore, the similarities between the profiles and the RMSD av-
erages between the c-Myc-scFv and scFv systems allow us to infer that
there is no influence of c-Myc on the scFv structure. Additionally, we did
not observe structural changes promoted by the tag addition in the VL-
VH structure that could impact the interface formation with CD19.

The CD19 structure was monitored by calculating the RMSD during
the last 300 ns of simulation (Fig. S1 D). The missing loops modeled in
the CD19 structure proved to be quite flexible during the MD simulation.
So, the RMSD analysis for CD19 was performed, disregarding the
modeled loops presence. The RMSD profile for CD19 is at zero in the first
100 ns due to the structure of CD19 remaining constrained during the
simulated annealing phase, a phase in which only the modeled loops
were free to move in successive heating and cooling cycles, seeking to
find more stable conformations of these loops. The average RMSD for
CD19 throughout the simulation was 0.28 + 0.03 nm (Table S6).
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3.2. The c-Myc tag attached to the N-terminus influences the formation of
the scFv/CD19 interface

An Intermolecular Interaction Potential (IIP) analysis between c-Myc
and the scFv complementarity-determining regions (CDRs) was per-
formed using a cutoff radius of 1.3 nm (Fig. 1A) to identify whether the
c-Myec tag approaches this region in a way to interact attractively.

In the IIP profile (Fig. 1A), IIP < 0 kcal.mol ™! is observed during
most of the simulation, meaning that there is an attractive interaction
between c-Myc and the scFv CDRs. The profile oscillates in levels of ~
— 40 kcal.mol™! with a clear transition to smaller IIP, reaching
— 200 kcal mol !, denoting a more attractive interaction between c-
Myc and the CDRs, indicating that c-Myc approaches the CDRs at some
moments in the simulation. Therefore, we infer that depending on the
relative position between the c-Myc tag and the CDRs, the presence of
this tag can affect the interface formation with CD19. The IIP distribu-
tion histogram in Fig. 1B clearly shows distribution maxima at — 45.97
and — 92.25 keal.mol ™!, with 41% of the time (Fig. 1C) ¢-Myc being in a
conformation that allows potential attractive interaction below
— 45.97 keal.mol L.

Fig. 2 (A-C) shows the configurations, in 4 views, in instants of the
simulations where the IIP are —26.25, —45.97, and
— 92.25 keal mol ™}, respectively. Notably, for the instants 369 ns (IIP =
—45.97 keal.mol™!) and 361 ns (IIP = —92.95 keal.mol™1) (Fig. 2B, and
C, respectively), it is seen that the tag is in an orientation that makes it
difficult to approach for the formation of an interface with CD19. In view
4, in a frontal view of the CDRs, c-Myc is ahead of the CDRs for IIP of
— 92,95 keal.mol ™! (Figs. 2C) and — 45.97 kcal.mol™* (Fig. 2B),
showing that for these configurations, the IIP difference between the two
configurations is due to closer approximation of c-Myc with CDR H2.
However, in both configurations, c-Myc is positioned in front of the
CDRs, which may prevent the scFv/CD19 interface formation.

3.3. Interface formation between scFv and CD19

Based on the most recent publications regarding the CD19 epitope
recognized by the scFv derived from the antibody FMC63, the results
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obtained demonstrate the significant importance of the following CD19
residues: Leu97, Trpl59, Argl63, Lys220, Gly221, and Pro222 which
are comprised of three loops, called Loop 1, Loop 2 and Loop 3
(Table S2) [36-38]. But in the recent work by He et al. [38], Loop 2 and
Loop 3 receive a different denomination, being called Loop 1 and Loop 2,
respectively. When these residues were mutated, they caused a loss of
interaction between FMC63 scFv and CD19 and were, therefore,
considered key residues in this recognition between antibody-CD19 [36,
37]. Among the residues indicated as CD19 key for interaction with
scFv, the main ones were chosen for the docking, being Arg163 of Loop 2
and all residues of Loop 3, except for Ser224, as it is more hidden in the
structure of CD19 (Table S2).

The structures that were the most representative during each simu-
lation (scFv, c-Myc-scFv, and CD19) were collected through cluster
analysis to be used in the molecular docking. Furthermore, the c-Myc-
scFv structure collected had the c-Myc far from the CDRs, presenting an
IIP within the range between 0 and — 26 kcal.mol ™%, so this tag would
not potentially interfere with the interface formation. The CD19 struc-
ture selected presented the key residues (Table S2) in the interaction
with the scFv facing the region where the scFv would anchor. Fig. 3
shows the superimposed structures of the complexes scFv-CD19 and c-
Myc-scFv-CD19 obtained by docking. Notably, in this orientation, the c-
Myc addition to scFv does not interfere significantly with the interface
formation between scFv and CD19.

3.4. Structure dynamics, molecular interaction and binding free energy of
scFy and c-Myc-scFy in interface with CD19

The complexes obtained through the docking with c-Myc (c-Myec-
scFv-CD19) and without c-Myc (scFv-CD19) were submitted to MD
simulation for 1000 ns in triplicate (nl, n2, and n3). The structural
variations of the scFv and CD19 were evaluated by RMSD profiles
(Fig. S2). The RMSD profiles were generated disregarding the scFv
linker, the c-Myc tag and the loops modeled on CD19, due to the known
high conformational degree of freedom in these regions.

The RMSD profiles in Fig. S2 show that, in both scFv-CD19 and c-
Myc-scFv-CD19 systems, VL-VH, VL, and VH domains maintain their
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Fig. 1. IIP profiling between c-Myc and CDRs to determine when c-Myc potentially disrupts CD19 interfacing when placed at the scFv N-terminus. A) IIP
profile between c-Myc and CDRs using a cutoff radius of 1.3 nm. B) Histogram of IIP distribution in relation to the observation of these values throughout the
simulation. The values — 92.25, — 44.25 and — 26.25 are expressed in kcal.mol !, C) Accumulated percentage of ITP values throughout the simulation.
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220 ns (-26.25 kcal.mol )

369 ns (-45.97 kcal.mol ™)
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361 ns (-92.25 kcal.mol ™)
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Fig. 2. Representation of c-Myc-scFv structures in cartoon collected at different simulation times to assess the relative position between c-Myc and CDRs
in four views and relate to the IIP values observed at these times. A) Structure collected at 220 ns, which results of IIP was — 26.25 keal.mol ™. B) Structure
collected at 369 ns, which results of IIP was — 45.97 kcal.mol-1. C) Structure collected at 361 ns, which results of IIP was — 92.25 kcal.mol-1. The c-Myc structure is
identified in black, and the CDRs with colors refer to Table S1. CDR L1 (red), L2 (green), L3 (blue), H1 (purple), H2 (yellow), and H3 (orange). In view 4, c-Myc is
identified in spheres, where the carbon atoms are represented in black, the oxygen atoms in red, and in blue the nitrogen atoms.

structure with variations in solution of 0.1-0.2 nm, which is expected
for protein movement under the thermal effect of water [60]. Regarding
the VL-VH and VH and VL domains, RMSD averages in scFv-CD19 sys-
tem ranged between (0.13 and 0.14 + 0.01 nm) for the VL-VH, and the
domains VL (0.10 to 0.12 + 0.01 nm), and VH (0.10 to 0.13 + 0.01 nm)
(Fig. S2 A-C). Comparing the RMSD profiles of the two systems, it is
noted in c-Myc-scFv-CD19 system (Fig. S2 D-F) that VL gains structural
stability in relation to scFv-CD19 system, as well as VL is slightly more
stable than VH. Table 1 shows that in the c-Myc-scFv-CD19 system, the
VL has a lower average RMSD in triplicates, which may infer that c-Myc
helps to stabilize the VL structure when interfaced with CD19.

The RMSD for CD19, in the system scFv-CD19 (Fig. S2 A-C), oscil-
lates over time above 0.3 nm, with a maximum amplitude of ~
0.475 nm at nl (Fig. S2A). The peak in the profile with subsequent
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reduction of RMSD denotes that there are movements in the structure of
CD19 when interfaced with scFv. Since CD19 RMSD profiles show a
significant increase before 100 ns, teq = 100 ns was considered for the
average calculations for both systems. The average RMSD for CD19
ranges from 0.28 to 0.30 £ 0.02 nm and from 0.23 to 0.30 + 0.02 nm in
the scFv-CD19 and c-Myc-scFv-CD19 system respectively, indicating a
subtle stability in CD19 in c-Myc-scFv-CD19 (Table 1). However, a
plateau was observed in the RMSD profile in the c-Myc-scFv-CD19 sys-
tem for ~220 ns and returned to lower values (Fig. S2 D), configuring
two apparent structural states. The RMSD profiles (Fig. S2 E, F) are quite
similar, as are the average RMSD (Table 1).

The RMSD profiles for CD19 in the c¢-Myc-scFv-CD19 and scFv-CD19
systems and among the triplicates are quite similar (Fig. S2). The RMSD
profiles oscillate over time with an average RMSD above ~0.30 nm at
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CD19

Fig. 3. Interface formation between scFv (with and without the N-termi-
nus c-Myc) and CD19 obtained through docking results. 3D structures of the
interface formation between scFv (green) and c-Myc-scFv (orange) with CD19
(grey) superimposed, identifying the loops corresponding to the antigenic
epitope (Loopl: light pink; Loop2: dark pink; Loop3: cyan).

Table 1

Average RMSD data and deviations for domains: VL-VH, VL, VH, and CD19 of
both systems (scFv-CD19 and c-Myc-scFv-CD19) for the three simulations n1, n2
and n3, calculated from the moment that structural equilibrium is reached, teq
=100 ns.

System Average RMSD + Deviation (nm) teq
(ns)
VL-VH VL VH CD19
scFv-CD19 nl  0.13 0.12 0.10 0.30 100
+0.01 +0.01 +0.01 +0.02
n2 0.14 0.10 0.13 0.30 100
+0.01 +0.01 +0.01 +0.02
n3 0.13 0.11 0.11 0.28 100
+0.01 +0.01 +0.01 +0.02
c-Myc-scFv- nl 0.13 0.08 0.13 0.25 100
CD19 +0.01 +0.01 +0,01 +0.02
n2 0.15 0.09 0.17 0.23 100
+0.01 + 0.01 + 0,01 + 0.02
n3  0.14 0.09 0.14 0.28 100
+0.01 +0.01 +0,01 +0.02

the end of MD (Table 1). The structure of CD19 contains many loops,
including those that were discounted in the RMSD calculation. However,
the profiles show rapid changes in RMSD that suggest movements in the
loops. Likewise, the variation in the profiles of RMSDs ranging from
~4.5 nm and returning to the ~2-3 nm plateau suggests subtle struc-
tural changes at longer times.

Through IIP analysis between scFv CDRs and CD19, IIP values
< 0 were observed in both scFv-CD19 and c-Myc-scFv-CD19 systems
(Fig. S3). Thus, there is an attractive interaction between scFv and
CD19. For the scFv-CD19, the simulations n1 and n2 (Fig. S3 A and B,
respectively) presented similar profiles. The profiles oscillate in levels of
~ — 140 keal.mol ! and are maintained throughout the simulation for
nl and n2 (—144.15 & 37.54 keal.mol~! and —137.22 + 26.38 keal.
mol™Y) (Table 2). In this sense, even with oscillations in the CD19
structure, the interface with scFv is maintained. Hence, the movements
in CD19 are in regions that are not part of the interface, as they do not
change the IIP at the same instants. However, in n3 (Fig. S3 C), there is
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Table 2

Average IIP and deviations in kcal.mol !, calculated for the interaction between
scFv and CD19 in the scFv-CD19 and c-Myc-scFv-CD19, for the three simulations
nl, n2 and n3.

System IIP (kcal.mol 1)
nl n2 n3
scFv-CD19 -144.15 + 37.54 -137.22 + 26.38 -129.05 + 43.00

c-Myc-scFv-CD19 -152.25 + 33.04 -184.71 + 33.28 -194.55 + 35.95

an increase in the IIP at the end of MD simulation, denoting a severe
reduction in the attraction between scFv and CD19. The average IIP
between scFv-CD19 for the n3 system is — 129.05 =+ 43.00 kcal.mol %,
greater than that for nl and n2, as well as the deviation from the mean
(Table 2). This suggests that the interface stability in n3 is more fragile.

On the system with c-Myc-scFv and CD19 interface, the IIP profiles in
nl, n2 and n3 systems are quite similar (Fig. S3 D-F), with more negative
IIP values being observed in n3. The average IIP is — 152.25
+ 33.04 kealmol™, —184.71 + 33.28 kcalmol™! and — 194.55
+ 35.95 kcal.mol’l, for systems nl, n2 and n3 (Table 2). The profiles
oscillate ~ — 180 kcal.mol ! at the end of MD simulation. It can be
inferred that the c-Myc tag does not negatively interfere with the
interface formed between scFv and CD19. Furthermore, the average IIPs
are significantly lower in the c-Myc-scFv-CD19 system than scFv-CD19
(Table 2), revealing that c-Myc stabilizes the complex formed between
scFv and CD19.

The results of the binding free energy by the MM-PBSA method are
shown in Table 3. In the complex formed between c-Myc-scFv and CD19
the average AGyipg is negative (—71.71 + 36.31 keal.mol™1) and lower
than that observed between scFv and CD19 (—7.49 + 27.20 kcal.
mol ™). Therefore, the predicted binding affinity is enhanced for the c-
Myc-scFv-CD19 complex relative to the scFv-CD19. These data corrob-
orate the IIP results that already indicated the presence of c-Myc as
promoting a more stable binding between scFv and CD19.

3.5. The presence of the c-Myc tag does not influence CAR-T cell in vitro
expansion and phenotype

To assess the potential impact of the c-Myc tag on CAR-T cell func-
tion, we generated anti-CD19 CAR-T cells from PBMC of healthy human
donors using the Sleeping Beauty transposon system as previously
described [54]. CAR-T cells with scFvs containing the N-terminus c-Myc
tag (named 19BBz.N-Myc) or without c-Myc tag (19BBz) presented a
similar percentage of CAR+ cells after expansion in vitro (Fig. 4A),
ranging from 10-20% CAR+ cells on day 1 to 20-38% on day 8. We
compared the mean fluorescence intensity (MFI) of CAR-T cells stained
with a FITC-conjugated CD19 protein and did not observe a significant
difference between groups (Fig. 4B, paired by same donors), suggesting
that for the in vitro expansion based on anti-CD3/CD28 beads stimula-
tion the c-Myc tag does not impact the outcome. Our expansion protocol
with low-dose IL-2 resulted in CAR-T cells with mixed effector memory
and central memory phenotype in both groups on day 8 (Fig. 4C) and
favored the expansion of CD8 cells relative to CD4 cells (Fig. 4D). CAR-T
cells showed moderate to high levels of surface activation/exhaustion

Table 3

Binding free energy AG (kcal.mol 1) between scFv and c-Myc-scFv in interaction
with CD19, in the scFv-CD19 and c-Myc-scFv-CD19 systems in triplicate. AGping
is the average between triplicate nl, n2, and n3 MD simulations.

System AGpind AGpind AGpind AGping (kcal.
nl n2 n3 mol ™)
scFv-CD19 -4.74 -12.72 -5.01 -7.49 £+ 27.20
+ 26.93 + 26.89 + 27.79
c-Myc-scFv- -76.85 -81.90 -56.39 -71.71 £ 36.31
CD19 + 37.94 + 34.63 + 36.37
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Fig. 4. Characterization of 19BBz and 19BBz.N-Myc CAR-T cells generated with the Sleeping Beauty system. PBMCs from healthy blood donors were elec-
troporated with CAR plasmids and SB100X transposase and expanded with anti-CD3/CD28 transact + low-dose IL-2 for 8 days. Mock controls were electroporated
only with SB100X transposase. Cells were stained with antibodies for characterization 24 h after electroporation and at the end of the expansion. A) Percentage of
CAR+ cells in culture on day 1 and after 8 days of expansion detected by staining with FITC-conjugated CD19 protein. B) FITC-conjugated CD19 protein MFI after 1 h
staining. C) Memory profile of CAR+ cells based on the expression of CD45R0 and CD62L, where naive cells are defined as CD45R0-CD62L+, effector cells as
CD45R0-CD62L, effector memory cells as CD45R0 +CD62L- and central memory cells as CD45R0 +CD62L+ . D) Percentage of CAR+ CD4 and CD8 T cells on day 1
and day 8 of the expansion. E) Expression of activation and exhaustion markers PD-1, LAG-3, and TIM-3 on CD4 and CD8 CAR-T cells showing individual donors on
days 1 and 8 and concomitant expression of all markers at the end of the expansion. F) Graphs show mean + SEM of minimum 4 individual donors.

markers PD-1, LAG-3 and TIM-3, which increased by day 8 compared to
day 1 (Fig. 4E-F). The exception was PD-1 expression on CD8 CAR-T
cells, which was higher on day 1 compared to day 8, in line with a
transient upregulation of PD-1 after T cell activation [20]. Altogether,
our data from in vitro expansion of CAR-T cells with or without the c-Myc
tag show that the tag does not influence CAR expression or activation,
resulting in similar phenotypes and cell counts in vitro.

3.6. 19BBz cells perform better in vivo against CD19 + B-ALL Nalm-6
tumor cells compared to 19BBz.N-myc cells

We hypothesized that perhaps the influence of the c-Myc tag could
occur during longer term interaction with the CD19 target, since our in-
silico data shows that in certain moments the tag approximates the CDRs
in the scFv, which could impact interface formation between the scFv
and the CD19 protein. Furthermore, the in vitro expansion protocol used
to expand the cells does not rely on CD19 engagement. To assess this
question, we conducted in vivo experiments inoculating immunodefi-
cient NSG mice with the CD19 + B-cell ALL cell line Nalm-6 modified to
express GFP and firefly luciferase (Nalm-6 GFP+Luc+). We used CAR-T
cells from the same donor to conduct both an in vitro 4-hour lysis assay
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(Fig. 5A-B) and to treat mice bearing Nalm-6 tumor (Fig. 5 C). We saw
no difference in cytotoxic activity of 19BBz and 19BBz.N-myc CAR-T
cells when co-cultured for 4 h with Nalm-6 or RS4;11 CD19 + targets,
indicating that activation thresholds to promote target killing are likely
achieved with either CAR design (Fig. 5B). However, in a context of
repeated exposure to leukemia such as the in vivo xenograft model,
19BBz CAR-T cells performed significantly better than 19BBz.N-myc in
both doses tested - a lower dose of 0.7 x 10® CAR+ cells and a higher
dose of 1.4 x 10° CAR+ cells (Fig. 5D-G)- indicating that it is possible to
lower CAR-T cell doses to achieve the same effect in vivo when the c-Myc
tag is not present.

We further tested the impact of the c-Myc tag using a limiting low
dose of CAR-T cells in a second experiment with CD19low Nalm-6
GFP+Luc+ generated with CRISPR-Cas9. This CD19lo cell line had
approximately a 40% decrease in CD19 MFI (Fig. S4 A), and we sought
to assess if it could alter in vivo response when using a low-dose treat-
ment. We injected 0.6 x 10® CAR+ cells (Fig. S4 B) in mice bearing
Nalm-6 GFP+Luc+ CD19lo tumor and followed the tumor burden. Both
19BBz and 19BBz.N-myec still showed a significant response compared to
untreated controls (Fig. S4 C-G), which can be seen both in survival gain
(Fig. S4 F) and decreased percentage of GFP+ tumor cells in the spleen
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Fig. 5. 19BBz CAR-T cells without the c-Myc tag show higher antitumor efficacy in vivo. CAR-T cells were expanded for 8 days and used for cytotoxicity and in
vivo assay at the end of the expansion. A) Percentage of CAR+ cells stained with a FITC-conjugated CD19 protein after 8-day expansion in vitro. B) 4-hour cytotoxic
assay using the same cells depicted in (A) in coculture with CD19 + target cell lines Nalm-6 and RS4;11 in different effector:target ratios. Graph shows mean + SD of
technical triplicates. C) Timeline of the in vivo experiment. NSG mice were injected with Nalm-6 GFP+Luc+ on day 0 and received treatment on day 2 (Untreated = 5
animals, Mock = 5 animals, 19BBz.N-myc 0.7 x10° = 5 animals, 19BBz.N-myc 1.4 x10° = 4 animals, 19BBz 0.7 x10° = 5 animals, 19BBz 1.4 x10° = 5 animals). D)
Representative tumor burden images acquired by bioluminescent imaging in vivo at different time points. E) Total flux quantification of bioluminescent signal
showing mean + SEM and individual animals (F). G) Kaplan-Meier survival curve. Survival data was analyzed with the log-rank test.

at the time of euthanasia (Fig. S4 G). 19BBz CAR-T cells performed
slightly better against CD19lo Nalm-6 than 19BBz.N-myc, although the
difference did not reach the significance threshold (Fig. S4 F), which
could be due to the lower CAR MFI of this donor for the 19BBz condition
compared to 19BBz.N-myc (Fig. S4 B), a variation found from donor to
donor as shown in Fig. 3B. To summarize, these results suggest that the
c-Myc tag located in the N-terminus position of the anti-CD19 scFv can
interfere with CAR-T cell efficacy in vivo.

3.7. The impact of c-Myc tag attached to the scFy C-terminus on scFv-
protein interface formation

Based on previous reports of CAR constructs with C-terminus c-Myc
tag addition [24], we decided to further investigate whether this
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alternative positioning could have less impact in the scFv-target inter-
action and in CAR-T cell function. The same IIP analysis between c-Myc
and CDRs made for the c-Myec attached to the scFv N-terminus structure
(c-Myc-scFv) was made for the c-Myc attached to the scFv C-terminus
structure (scFv-c-Myc) to determine if the c-Myc tag position could
potentially affect the interaction between scFv and the target molecule.
This MD simulation data served to elucidate the role of c-Myc in the
interaction with the CD19 target, which can be extrapolated to the CAR
interaction. The objective was to obtain an inference of the role of c-Myc
tag and insertion positions in scFv in the formation and maintenance of
the interface between scFvs and target proteins.

The scFv-c-Myc structure was subjected to 700 ns of MD simulation,
and the IIP was calculated and shown in Fig. S5. Through this analysis it
was possible to infer that in this position, the tag will not interfere with
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the interaction since the IIP profile was close to 0 kcal.mol-1 (Fig. S5A),
indicating that most of the time there is no interaction between the c-
Myc and the scFv CDRs. The IIP distribution histogram (Fig. S5B) shows
that almost 100% of the time (Fig. S5C), the c-Myc tag was far apart from
the CDRs, being in conformations that do not hinder the interaction with
CD109.

The IIP profiles also reveal that the tag has intense movement along
the MD since the IIP is oscillating with a large potential amplitude on
both systems (c-Myc-scFv and scFv-c-Myc). The average IIP was - 41.99
+ 38.59 and - 0.93 + 6.40 kcal.mol-1 for c-Myc attached to the N- and
C-terminus, respectively (Table 4). The IIP profiles reveal that this tag,
when added at the C-terminus position, does not disturb the scFv-protein
interface formation since the average IIP is close to zero for interaction
with this scFv (Fig S5), meaning it could potentially interfere less with
CAR-T cell activity compared to the N-terminus tag.

3.8. Alternative tag positioning in the C-terminus portion of the CAR also
hampers CAR-T cell function

To determine whether alternative tag positioning in the C-terminus
position of the CAR construct could bypass the negative effect seen with
the N-terminus tag construct, we generated the same 19BBz CAR
construct as before, but added the c-Myc tag between the scFv heavy
chain and the hinge domain, named 19BBz.C-Myc (Fig. S6A). We
compared CAR expression between the 3 constructs using both an anti-
FMC63 antibody and anti-myc tag antibody (Fig. S6B-D). While the
detection with anti-FMC63 was similar for all constructs, the 19BBz.C-
Myc CAR could not be detected to the same level as the 19BBz.N-Myc
with an anti-Myc antibody, as seen by the significant decrease in MFI
(Fig. S6C). This suggests that the structural differences in the molecule
might influence anti-Myc antibody binding. As before, we also did not
observe significant differences in CAR-T cell memory profile after 8-day
expansion between groups (Fig. S6E). We then assessed cytotoxic ac-
tivity of CAR-T cells with the different constructs in vitro using a long
lysis assay, in which the T cells are co-cultured with Nalm-6 target cells
for up to 96 h (Fig. 6A). We observed no significant difference between
constructs, however, to our surprise, there was a trend towards worse
cytotoxic activity of 19BBz.C-Myc CAR-T cells compared to both 19BBz
and 19BBz.N-Myc in 2 out of 3 donors. To determine the antitumor
activity in vivo, we injected 1.5 x 10% CAR+ cells from each construct
into Nalm-6 GFP+Luc+ tumor-bearing mice (Fig. 6B). Consistently with
the lysis assay, we observed significantly impaired antitumor response
of 19BBz.C-Myc CAR-T cells compared to 19BBz, and even a slight
disadvantage compared to 19BBz.N-Myc CAR-T cells in terms of mice
survival (Fig. 6C) and tumor load at day 15 post-injection (Fig. 6D).

One possible explanation would be that the c-Myc tag in the C-ter-
minus position can influence other regions of the CAR, and this could
lead to hampered signaling. The hinge region is one of the logical can-
didates to be potentially influenced since it is closely connected to the
tag in this case. We again used MD simulation, but this time of the CAR
structure (extracellular and transmembrane domains) with the c-Myc
tag added to the scFv C-terminus. The CAR-C-Myc system was subjected
to 400 ns MD simulation, and a distance analysis was made to observe if
the c-Myc movements interfered with the hinge structure. The distance
analysis was made between the first and last Ca atoms of the c-Myc
(Glu243 and Leu262, respectively) (Fig. S7A) to determine whether
these atoms came closer during the simulation, which would be indi-
cated by a decrease in the distance value between them. Indeed, we

Table 4
Average IIP and deviations in kcal.mol ! calculated for the interaction between
the c-Myc tag and the scFv CDRs.

Tag position to scFv Structure TIP (kcal.mol 1)
N-terminus c-Myc-CDRs - 41.99 + 38.59
C-terminus CDRs-c-Myc -0.93 £+ 6.40
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observed that between 225 ns and 275 ns there was a decrease in dis-
tance from 4 nm to 1 nm, demonstrating an approximation and greater
packing of the tag (Fig. S8A). The same distance analysis was made for
the first and the last Ca atoms of the hinge (Thr263 and Asp307,
respectively) (Fig. S7B), indicating that at the same time, between
225 ns and 275 ns, the average distance of 3 nm presented throughout
the simulation increased, reaching values of 6 nm, demonstrating that
these atoms had moved further apart, that is, that the hinge structure
had stretched (Fig. S8B). Overall, it is possible that the C-terminus c-Myc
tag can influence other regions of the CAR molecule which potentially
also impacts CAR-T cell antitumor activity.

4. Discussion

As CAR-T cell applications advance, novel CAR designs are being
developed rapidly and it is expected to be a surge in CAR-T cell pre-
clinical studies and clinical trials in the coming years [61]. Reliable
CAR detection presents a challenge in the field due to the lack of a
universal fast, sensitive, and cost-effective detection method.

Some of the available tools are anti-Fab antibodies and Protein L,
which are cost-effective and can be used for different CAR constructs
[11]. However, as these reagents target indistinct IgG-like fragments,
higher background staining is expected. Additionally, IgG targeting re-
agents cannot be used to trace CAR constructs with non-scFv extracel-
lular domains. Because of the lack of specific antibodies for each newly
developed CAR structure, peptide tags are among the most widely used
reporter in basic and applied research with CARs, because of their ease
of use and broad applicability [62].

Our MD simulations demonstrated, through RMSD analysis, that the
c-Myc presence does not affect the structural equilibrium of the scFv.
Moreover, this tag confers greater stability to the scFv, seeing that the
structural balance of this protein was reached earlier and the RMSD
profile showed smaller fluctuations. This occurs because this tag is
associated with the N-terminus of the scFv, which can restrict the
movement of this protein. This characteristic of not interfering with the
structure and stability of the protein to which the c-Myc tag is associated
is due to the particulars of this polypeptide marker, which are seen as
advantageous, such as its small size and linear structure [63].

However, MD simulation of the scFv with c-Myc tag in the N-ter-
minus addition indicates, through IIP analysis, that the approximation of
c-Myc to the CDRs is ratified or proven by the negative IIP values, and
this, in some moments, causes a steric impediment that could disturb the
interface formation between the scFv and the CD19 protein. Although
the c-Myc tag presence does not affect the structural balance of the scFv,
it may reduce the probability of antigen binding. The interaction inhi-
bition of the recombinant protein of interest with its target is one of the
main disadvantages resulting from tag addition to these molecules [64],
and this disadvantage was observed for the c-Myc tag, when added to the
scFv N-terminus, in this study in some MD simulation moments.

Additionally, it was possible to see that when the c-Myc tag was
added to the scFv C-terminus, the IIP between c-Myc tag and CDRs was
close to 0 keal.mol !, indicating that the tag presence would not inter-
fere with the interface formation. Thus, when the Myc tag is added to the
scFv N-terminus, it can potentially make interface formation more
difficult than when added to the C-terminus. On the other hand, in
favorable conformations of the c-Myc tag, even when added to the scFv
N-terminus, interface formation between scFv and CD19 is possible, and
the maintenance of the interaction throughout the simulation. More
negative IIP values between scFv and CD19 were observed in the system
with the c-Myc tag (c-Myc-scFv), suggesting that there may be a dif-
ference in affinity in this interaction due to the presence of this tag,
which was confirmed by the AGpipg more negative values.

Our results in vivo with the Nalm-6 B-ALL xenograft model support
the hypothesis of the c-Myc tag interference with CAR-T cell effector
function, as we saw decreased antitumor responses in the presence of the
tag in both N-terminus and C-terminus positions in different
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Fig. 6. In vitro and in vivo comparison of CAR-T cells containing N- or C-terminus c-Myc tag. A) Lysis assay in 1:1 and 0.5:1 effector: target ratio assessed at
baseline, 48 and 96 h of coculture with Nalm-6 GFP+ tumor cells. The Y axis shows live target cell count at each timepoint. N = 3 independent donors. B) Timeline of
in vivo experiment. C) Survival curve of tumor-bearing mice untreated, or treated with 19BBz, 19BBz.N-Myc or 19BBz.C-Myc CAR-T cells. N = 5 mice/group. D)

Tumor load was assessed on day 15 post-tumor injection (mean + SEM).

experiments. Although both CAR-T cells with or without the c-Myc tag
addition had significant antitumor response regardless of tag posi-
tioning, 19BBz CAR-T cells showed overall slightly superior antitumor
capacity compared to both 19BBz.N-Myc and 19BBz.C-myc. Addition-
ally, our CAR-T cell expansion protocol is independent of the CD19
target, so it is possible that using CD19-based expansion protocols (e.g
with feeder cells) would reveal an even further impact of the tag
presence.

Therefore, even though it has been demonstrated in silico that the c-
Myec presence at the C-terminus of the scFv does not interfere with the
interface formation between the scFv and its target, in this study, we
found that in this position the intrinsic movement of the tag can interfere
with the hinge structure (Fig. S7 and S8), which potentially interferes
with CAR activity as well. It is known that the hinge plays an important
role in the surface expression level, in the efficiency of membrane
transport, and in defining the signaling threshold of the CAR [65].

In conclusion, our results suggest that peptide tags should be used
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carefully to avoid their presence affecting CAR function and interaction
with the target molecule. Other reporters that are not directly linked to
the CAR molecule, such as fluorescent molecules or membrane reporters
like ANGFR might be suitable alternatives, although they might pose
different challenges [28,29]. Finally, it should be taken into consider-
ation when moving from pre-clinical to clinical research (where the CAR
design usually does not include epitope tags) that the same CAR design
without a peptide tag might have more potent activity than previously
expected.

4.1. Limitations of the study

We are aware that the results presented in this work may vary for
different scFv-target pairs, as our study focused on the FMC63-based
19BBz CAR and the CD19 protein, the scFv CAR/target molecule most
widely used in the clinical setting. In our study design, we opted for
directly assessing impact of tag addition on CAR-T cell efficacy in vivo,
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but we recognize that in vitro biochemical binding assays comparing
different tags and their positioning are most valuable to further tackle
the question of which tag and which position have the least potential to
interfere with CAR-target recognition.
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