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ORIGINAL RESEARCH

Development of CAR-T cell therapy for B-ALL using a point-of-care approach
Luiza de Macedo Abdo a, Luciana Rodrigues Carvalho Barros a, Mariana Saldanha Viegas a,
Luisa Vieira Codeço Marques a, Priscila de Sousa Ferreira a, Leonardo Chicaybam b,
and Martín Hernán Bonamino a,b

aImmunology and Tumor Biology Program - Research Coordination, Brazilian National Cancer Institute (INCA), Rio de Janeiro, Brazil; bVice-Presidency of
Research and Biological Collections (VPPCB), Oswaldo Cruz Foundation (FIOCRUZ), Rio de Janeiro, Brazil

ABSTRACT
Recently approved by the FDA and European Medicines Agency, CAR-T cell therapy is a new treatment
option for B-cell malignancies. Currently, CAR-T cells are manufactured in centralized facilities and face
bottlenecks like complex scaling up, high costs, and logistic operations. These difficulties are mainly
related to the use of viral vectors and the requirement to expand CAR-T cells to reach the therapeutic
dose. In this paper, by using Sleeping Beauty-mediated genetic modification delivered by electropora-
tion, we show that CAR-T cells can be generated and used without the need for ex vivo activation and
expansion, consistent with a point-of-care (POC) approach. Our results show that minimally manipulated
CAR-T cells are effective in vivo against RS4;11 leukemia cells engrafted in NSG mice even when
inoculated after only 4 h of gene transfer. In an effort to better characterize the infused CAR-T cells,
we show that 19BBz T lymphocytes infused after 24 h of electroporation (where CAR expression is
already detectable) can improve the overall survival and reduce tumor burden in organs of mice
engrafted with RS4;11 or Nalm-6 B cell leukemia. A side-by-side comparison of POC approach with
a conventional 8-day expansion protocol using Transact beads demonstrated that both approaches
have equivalent antitumor activity in vivo. Our data suggest that POC approach is a viable alternative for
the generation and use of CAR-T cells, overcoming the limitations of current manufacturing protocols. Its
use has the potential to expand CAR immunotherapy to a higher number of patients, especially in the
context of low-income countries.
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Introduction

In the last decade, CAR-T cell immunotherapy has shown con-
siderable results in the treatment of different types of cancer,
especially of patients with B cell malignancies, with ~80% of
response rate in patients with B cell acute lymphoblastic
leukemia1,2 and 52-82% response rate in patients with B cell
lymphoma.3,4 This therapy consists of redirecting T lymphocytes
to antigens expressed by tumor cells by expressing a chimeric
receptor harboring an extracellular antigen recognition domain
derived from an antibody, a transmembrane region, and an intra-
cellular domain for signaling and activation of the T lymphocyte.5

Based on these results, anti-CD19 CAR-T cells were recently
approved by the FDA and European Commission for use in
USA andEurope, consisting of a new treatment option for patients
with B cell malignancies. Similar therapies targeting antigens like
CD22,6,7 BCMA,8-10 and EGFRvIII11 are currently being evaluated
in clinical trials, which will further extend the clinical application
of CAR-T cell therapy to other types of cancer, and potentially
improve the response rates in the diseases already approached by
CAR-T cell therapies.

Currently, the prevailing CAR-T cell manufacturing process
involves the use of retro or lentiviral vectors for delivering the
transgene to purified T cells followed by an in vitro expansion

protocol aimed at generating enough T lymphocytes to reach
the target dose, ranging in general from 2-5x106/kg.12 This
process, despite providing satisfactory performance in generat-
ing the currently approved therapies, will hardly meet the
expected increase in demand for CAR-T cell therapies in the
near future, both in terms of cost and time of production.
Retroviral and lentiviral vectors are costly and cumbersome to
produce in large batches, and their use requires that specific
quality control assays regarding the presence of replication-
competent retrovirus (RCR) are performed in the final
product.13 Moreover, use of retroviral vectors requires pre-
activation of T cells, which generally adds at least 2 days to
the manufacturing process. In combination with the current
methods of T cell expansion, like Wave bioreactors, or G-REX
flask, total production time ranges from 12 to 16 days.14

We and others have shown that the integrative, non-viral
Sleeping Beauty (SB) transposon system is a suitable alterna-
tive to viral vectors in the process of CAR-T cell
production.15-18 CAR-T cells generated by electroporation of
mononuclear cells with SB plasmids (one encoding the CAR
transgene and the other encoding the SB100x transposase)
have antitumor activity in vitro and in vivo, while presenting
long-term CAR expression. As a plasmid-based system, this
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method is less cumbersome and potentially has a reduced
overall cost when compared to viral vectors. Moreover, dif-
ferent studies have shown that the transgene integration pro-
file of SB vectors is close to random,19-21 which confers an
advantage over retroviral and lentiviral vectors that have an
integration profile biased toward transcriptionally active
sites.22-24

Recently, Ghassemi et al. reported that decreasing the time
of in vitro T cell expansion increased its antitumor activity
in vivo, and lower doses of CAR T cell were able to control
leukemia growth.25 This report goes in line with the literature,
showing that considerable T cell differentiation occurs after
in vitro expansion, with less differentiated, central memory-
like T cells being associated with improved antitumor activity
in preclinical models26-28 and patients.29 In this proof-of-
principle paper, we take this concept one step further and
show that, by using SB transposon system and electropora-
tion-based gene delivery, CAR-T cells can be generated and
directly used for therapy, without the need of ex vivo activa-
tion and expansion protocols. We show that this point-of-care
(POC) approach is efficient against two different B cell

leukemia models (RS4;11 and Nalm-6), constituting
a potential new method for the generation and application
of CAR-T cell therapy.

Results

Evaluation of the potential antileukemic effect of the
point-of-care approach

Point of care approaches have the potential to simplify and
broaden CAR-T based therapies. In order to demonstrate the
feasibility of this approach, we validated this strategy in vivo in
preclinical models. First, we validated POC-based protocol abil-
ity to restrain leukemia growth by injecting 5 × 106 RS4;11 GFP
cells in NSG mice on d+0, as demonstrated at the timeline
(Figure 1a). Three days later, PBMC from a healthy donor
were isolated and electroporated with the pT3-19BBz plasmid
(anti-CD19 CAR with 41BB and CD3ζ domains) and SB100x
(the transposase that mediates transgene integration). Cells were
rested for 4 h and then 107 total cells were inoculated to treat
each mouse. After 24 h of electroporation, we evaluated CAR

Figure 1. Evaluation of the potential antileukemic effect of the point-of-care approach. (a) Timeline of the experiment. NSG mice were inoculated with RS4;11 GFP
tumor cells and, after 3 days, treated with CAR T cells electroporated 4 h before treatment. (b) Expression of 19BBz CAR in T cells 24 h after electroporation. Mock
condition represents the electroporation of PBMC without 19BBz plasmid. (c) Animal blood was collected on day 41 for analysis of tumor burden of RS4;11 GFP by
flow cytometry. (d) Kaplan-Meier plot of survival data (PBS n = 6; Mock n = 5; 19BBz n = 9). (e) After euthanasia, tumor burden in blood, bone marrow, spleen, and
liver were analyzed by flow cytometry. The survival curve was analyzed by log-rank test and for organ analysis, the Mann–Whitney test was used for paired
comparisons. Consider * p < .05, ** p < .01, *** p < .001.
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expression bymyc-tag detection in vitro. A total of 6,2x105 CAR-
T cells were injected into each animal (Figure 1b).

During the experiment, we analyzed tumor burden by
measuring RS4;11 GFP expression in the blood of animals
over time (Figure 1c). The group that received 19BBz CAR-T
cells showed a decreased tumor burden in blood when com-
pared to PBS treated mice (p = .0004). Mock and 19BBz
groups showed a lower statistical difference in blood leukemia
burden (p = .0196), suggesting an antitumor activity by
untransfected cells. This lower tumor burden also impacted
the survival curve (Figure 1d), demonstrating an improve-
ment in mock group when compared with PBS treated mice
(p = .0278). Interestingly, 19BBz cells were able to greatly
improve the overall survival of mice when compared to
mock cells. At day 60, all 19BBz animals remained alive and
were euthanized, the tumor burden of organs was then
checked by flow cytometry and compared between groups
(Figure 1e). PBS group presented a high tumor burden in all
organs analyzed and no significant difference was observed
between mock and 19BBz, except for bone marrow, where
19BBz treated mice showed lower tumor burden.

The survival curve and bone marrow tumor burden indi-
cate the effectiveness potential of the POC approach. Cells
used 4 h after electroporation do not yet express the CAR
molecule, rendering impossible to evaluate the number of
CAR-T cells infused in advance (such evaluation can only be
performed at least 24 h post gene transfer).

We usually evaluated CAR expression 24 h after electro-
poration and, when we evaluated 5 donors for 3 days in vitro
by keeping T cells in minimal culture conditions (without

activation), CAR expression percentages remained overall
stable (Supplementary Figure 1a-b), so we can assume flow
cytometry evaluation of CAR expression at 24 h is a bona fide
readout for CAR-T cell number evaluation. The in vitro anti-
tumor capacity of CAR-T cells was low or absent and was
similar to mock cells in the cytotoxicity assay against RS4;11
and Nalm-6 in these 3 days after electroporation
(Supplementary Figure 1c). In addition, CAR expression was
restricted to CD3+ cells, with low or absent CAR expression
in CD19+ or CD56+ cells (Supplementary Figure 2). Since the
24 h rest enables CAR-T expression evaluation before injec-
tion, we decided to check for CAR-T cell antitumor potential
after this short period of incubation.

Comparison of anti-tumor activity of cells 4 h vs or 24 h
post electroporation

For a better characterization of the cells being used in the
treatment, we compared overall survival of animals treated
with equivalent numbers of CAR-T cells kept in culture for
4 h or 24 h after the electroporation.

RS4;11 leukemia cells were engrafted in NSG animals and
3 days later CAR-T from 4 h or 24 h post electroporation from
the same donor were injected in equivalent numbers for both
groups (Figure 2a). PBMC composition using CD14, CD19, and
CD56markers was similar in both groups (Figure 2b), withmost
of the cells being T lymphocytes (CD14-CD19-CD56-). T cell
memory populations were determined among CD4+ and CD8
+ cells (Figure 2c) showing a predominance of central memory
(CM) cells inCD4+ lymphocytes and also the presence of effector

Figure 2. Comparison of antitumor activity in treated animals with cells electroporated 4 or 24 h earlier. (a) Timeline of the experiment. Animals were treated with
CAR T cells from the same donor, but at different times after its production: 4 or 24 h after electroporation. (b) Immunophenotypic characterization of cells and (c)
memory phenotype characterization evaluated in CD4+ and CD8 + T cells and represented by Naive (CD45RO-), Central Memory (CM, CD45RO+ and presence of
either CD62L or CCR7 markers) and effector Memory (CD45RO+CD62L-CCR7-) 24 h after electroporation. (d) Expression of 19BBz CAR in T cells 24 h after
electroporation. (e) Kaplan-Meier plot of overall survival data (Mock 4 h n = 5; Mock 24 h n = 6; 19BBz 4 h n = 6; 19BBz 24 h n = 6). The survival curve was
analyzed by log-rank test.
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memory (EM) and naïve cells. For the CD8+ population, the
predominant cell subset is EM, with smaller contributions for
CM and naïve cells. Nomajor difference in composition could be
observed when comparing mock and 19BBz conditions.

We adjusted the number of total cells injected to 106 for all
groups. After 24 h of electroporation, the CAR expression
could be detected in about 4% of the cells, meaning that
4 × 104 CAR-T positive cells were injected (Figure 2d). All
the 19BBz conditions outperformed the corresponding mock
conditions, both for 4 h and 24 h resting cells (Figure 2e).
When comparing 4 h vs 24 h between mock or 19BBz condi-
tions, 24 h resting seems to present a slight tendency to
provide better survival, although statistical significance was
never reached.

The RS4;11 model represents a valuable leukemia model
that can reach very high tumor load in the periphery by day
21 and still allow the animals to survive for a few weeks,
killing the mice by day 45 (Figure 1d). In order to validate
these results in a more aggressive mouse model, we tested the
same approach in NSG mice engrafted with Nalm-6 leukemia,
which leads to animal death by day 21.

Effectiveness of the point-of-care approach in animals
engrafted with Nalm-6

The Nalm-6 cell line is widely used and is a well-established
model in several works with CAR-T cell therapies.30-32 We
injected 105 Nalm-6 per animal and treated the groups with
CAR-T cells 2 days later (Figure 3a). Using the 24 h POC
CAR-T generation approach, 18,5% of the cells showed
CAR expression 24 h after electroporation (Figure 3b) and
a total of 7x105CAR-T cells were injected into each animal.
The 19BBz treated group largely outperformed both PBS
and mock-treated groups in survival analysis (Figure 3c).
PBS and mock groups showed no difference in survival
curve, indicating that mock electroporated cells have no
antitumor activity in this model. After euthanasia, the
19BBz group showed lower tumor burden in all the eval-
uated organs when compared with the other groups, except
in bone marrow. This inversion of tumor burden may be
due to the longer survival time of the 19BBz group that
allowed the accumulation of tumor cells in this organ
(Figure 3d).

Figure 3. Effectiveness of point-of-care (POC) approach in animals engrafted with Nalm-6. (a) Timeline of the experiment. NSG mice were inoculated with 105 Nalm-6
GFP cells and were treated after 2 days with CAR T cells produced 24 h earlier. (b) Expression of 19BBz CAR in T cells 24 h after electroporation. (c) Kaplan-Meier plot
of survival data (PBS n = 5; Mock n = 5; 19BBz n = 6). (d) After euthanasia, tumor burden of blood, bone marrow, spleen, and liver were analyzed by flow cytometry.
The survival curve was analyzed by log-rank test and for organ analysis, the Mann–Whitney test was used for paired comparisons. Consider * p < .05, ** p < .01, ***
p < .001.
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Antitumor activity of Point-of-care and anti CD3/CD28
beads expanded cells

If a POC approach is to be used clinically, it should perform
at least as well as the current bead-based expansion protocols.
Hence, we conducted experiments to compare both
approaches side-by-side. We divided the animals into two
groups, POC and Expansion and used the same donor as
source of T cells, adjusting the dose of CAR-T cells infused
to be equal for both conditions.

On this occasion, we purified T cells from PBMCs to
ensure no antitumor effect by natural killer (NK) cells and
ensure cell composition homogeneity in both groups by
injecting only CD3+ cells. As previously described by our
group, NK cells may have accounted for improved survival
of the mock group compared to PBS treated animals when the
infused product contains this lymphocyte population.15 T cells
were electroporated and infused into the animals after 24 h in
the POC group. A fraction of the cells from the same electro-
poration were stimulated with CD3/CD28 Transact beads and
expanded for 8 days. Figure 4a shows the expansion of these
cells in culture, with 19BBz cells displaying higher expansion
capabilities when compared to the mock electroporated cells.
As expected, the memory cell profiles changed over the
in vitro culture period. Only low levels of CD4+ and CD8
+ Naive T cells could be detected after 8 days of culture and
the lymphocytes consisted basically of CM cells at the end of
the culture for both CD4 and CD8 subsets (Figure 4b).

CAR expression was evaluated by cytometry to match the
same number of CAR-T cells in POC and Expansion treated
groups (Figure 4c). We tested two different CAR-T cell num-
bers, injecting 1,5x105 or 1,5x104 CAR+ cells in two separate
groups. Mock condition animals received 1,4x106 total cells.
We analyzed the percentage of GFP cells in spleen, bone
marrow, blood, and liver after euthanasia and the group that
received the largest number of CAR-T cells showed the lowest
tumor burden in almost all cases in both the POC and
Expansion groups (Figure 4d).

Survival of animals from the POC group proved to be
similar to that of the Expansion group (Figure 4e). In both
cases, all animals receiving any dose of CAR-T cells had
improved survival. No consistent dose–response effect was
observed between 19BBz groups: POC p(1,5x104 vs 1,5x105

19BBz) = 0,0692 and Expansion p(1,5x104 vs 1,5x105

19BBz) = 0,6034.
This experiment was repeated using similar conditions. In

this case, cells were expanded for 12 days and no change in
CAR-T cell percentage was observed (Supplementary Figure
3a). Central memory cells were also the major population
after expansion (Supplementary Figure 3b). Survival of ani-
mals from the POC group proved to be similar to that of the
Expansion group using the same CAR-T cell dose. In this
model, a higher dose of CAR-T cell confers a longer overall
survival from both POC and Expansion groups
(Supplementary Figure 3c). Our data indicate that the anti-
tumor capacity of the POC approach is comparable to the
potency of the bead-based expansion protocol, indicating that
POC-based CAR therapy can be proposed as a clinical
strategy.

Discussion

CAR-T cells are now being successfully used for the treatment
of B cell leukemias and lymphomas, constituting a new treat-
ment option for these malignancies. Further developments in
target antigen selection, CAR design, and combination ther-
apy are likely to extend CAR-T cell therapy to solid
tumors.33,34 Thus, large-scale production capabilities need to
be developed in order to meet this expected increase in
demand in the next years.

Current methods used for autologous CAR-T cell manu-
facturing rely on viral vector transduction and ex vivo expan-
sion protocols to generate the therapeutic product, procedures
that are difficult to scale up and that require skilled techni-
cians. In an attempt to optimize production, companies opted
for centralized production facilities that supply CAR-T cell
therapies to qualified treatment centers, but this also imposes
a considerable logistic challenge that contributes to the com-
plexity of this treatment modality.35 Indeed, 7 of 88 patients
enrolled in the ELIANA trial could not be treated with tisa-
genlecleucel due to manufacturing failures.36 Moreover, some
patients with advanced disease may succumb to the disease
prior to receiving the therapy. These aspects, combined with
long (12–20 days) production time and high costs, constitute
important bottlenecks for the widespread use of this technol-
ogy. The use of automated CAR-T cell production equipment
(for example, Miltenyi Prodigy) will likely improve the pro-
cess, but the high upfront costs of acquisition and lack of
customization might hamper their use in the short term.37,38

Meanwhile, preclinical and clinical data are showing that
T cells with a less differentiated phenotype, such as naïve or
central memory T cells, have improved antitumor responses
in vivo.39-41 In fact, a recent report described that the presence
of a memory-like CD27+CD45RO-CD8+T cell subpopulation
was associated with improved responses in patients with
chronic lymphocytic leukemia treated with anti-CD19 CAR-
T cells.27 However, current T cell manufacturing protocols are
not optimized to generate or expand these cell types and
generally induce T cell differentiation, mainly related to expo-
sure to cytokines like IL-2.42,43 Importantly, it was recently
shown that producing CAR-T cells using a shorter (3–5 days)
expansion protocol can induce less T cell differentiation,
reducing the expression of inhibitory receptors and improving
effector function.25

In this context, the use of SB system associated with
nucleofection provides a compelling approach for the fast
generation of minimally manipulated CAR-T cells. Being
a plasmid-based, integrative genetic modification tool, this
system can be delivered by electroporation and generate
large numbers of CAR-T cells in a short time, consistent
with a POC approach. As we showed in this report, T cells
electroporated with 19BBz CAR and injected after only 4 h
induce increased survival of mice engrafted with RS4;11 B cell
leukemia when compared to mock T cells (Figure 1).

Unlike most of the papers showing CAR-T effects in NSG
models, where essentially the infused cells are T cells due to
the expansion (and/or purification) of the T cell compart-
ment, we use in the current manuscript basically the PBMCs
freshly electroporated. This infusion product includes other
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cell populations beyond T cells, such as NK and NKT cells,
largely known for their potential antitumor effects.44 These
additional cell populations are likely to be responsible for the
discrete anti-leukemia effects even in the mock conditions.
Similar results were reported by our group in a recent
publication15 using a lymphoblast cell line (LCL) for activated
and expanded PBMCs. The final product of these LCL-based

expansions included NK cells and we could observe there the
same profile of partial benefit with tumor load reduction and
moderate improvements in survival curves. In any case, in
both examples CAR+ cells show much more pronounced
antitumor effects and survival benefits. A similar result was
obtained when 19BBz were rested in culture for 24 h after
electroporation, demonstrating that 4 × 104 CAR+ T cells are

Figure 4. Comparison of the efficiency of antitumor activity between the Point-of-care approach and cells expanded with anti-CD3/CD28 coated beads. (a)
Comparison of the expansion of CAR+ cells. Cells from this donor were used to treat NSG mice engrafted with RS4;11 in the POC or expanded cells approach.
(b) Memory phenotype was evaluated on day 1 and day 8 after electroporation in CD4+ and CD8+T cells and was represented by Naive (CD45RO-), Central Memory
(CM, CD45RO+ and presence of either CD62L or CCR7 markers) and Effector Memory (CD45RO+CD62L-CCR7-). (c) Expression of 19BBz CAR in T cells 24 h after
electroporation and on day 8 of the expansion protocol. (d) Evaluation by flow cytometry of the tumor burden of the organs in the groups after euthanasia. (e)
Kaplan-Meier plot of survival data (POC group: PBS n = 6; Mock n = 6; 19BBz 1,5x104 n = 7; 19BBz 1,5x105 n = 7. Expansion group: PBS n = 6; Mock n = 6; 19BBz
1,5x104 n = 7; 19BBz 1,5x105 n = 7). The survival curve was analyzed by log-rank test and for organ analysis, the Mann–Whitney test was used for paired
comparisons. Consider * p < .05, ** p < .01, *** p < .001.
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already sufficient to induce an increased survival in mice
engrafted with RS4;11 B cell leukemia (Figure 2). This is
important since, for regulatory reasons, the 24 h cultivation
would allow rapid tests for sterility to be performed and
minimal phenotypic characterization of the cells, such as
CAR detection on T lymphocytes and dose adjustments to
reduce potential toxicities. Supporting this idea, our data
show that CAR expression at d+1 post nucleofection repre-
sents roughly the peak of CAR expression (Supplementary
Figure 1) and can be used as a proxy for CAR-T cell infusion
doses. Our results also indicate that CAR-T cells at d+1 post-
CAR gene transfer do not display significant leukemia lysis
capabilities in vitro, reinforcing the notion that these mini-
mally manipulated CAR-T cells will expand and differentiate
in vivo, acquiring their final phenotype and cytotoxic
functions.

Our experiments also demonstrated that 19BBz CAR-T used in
POC approach showed antitumor responses in a more aggressive
B cell leukemia model using the Nalm-6 cell line. As shown in
Figure 3, 19BBz CAR-T cells induced improved overall survival
and decreased tumor burden in blood, spleen, and liver when
compared to mock T cells. It is important to note that 7 × 105

CAR-T cells were required to induce this response, as numbers
lower than this were not effective in vivo (data not shown). Finally,
side by side comparison of CAR-T cells generated after 8 days of ex
vivo expansion with CAR-T cells used with POC approach showed
equivalent efficiency in vivo in terms of percentage of tumor cells in
organs (Figure 4d) and overall survival (Figure 4e), despite showing
different distributions of T cell memory subpopulations in the cell
preparations (Figure 4b and Supplementary Figure 3).

The results presented in this paper demonstrate the feasibility of
the POC approach. Large-scale, closed electroporation systems, like
Lonza Nucleofector 4D LV unit or Maxcyte's electroporator, can
process large quantities (up to 20 × 109 cells per run) of PBMCs45

and generate minimally manipulated CAR-T cells in a short time,
being compatible with GMP procedures. It was recently reported
that 1.18–298 × 109 PBMCs (median: 8.83 × 109 cells) can be
recovered after apheresis of pediatric and young adult patients
with B-ALL or neuroblastoma enrolled in CAR clinical trials.46

A second paper reported recoveries ranging 0.12–100 × 109 of
PBMCs (median: 10.5 × 109) in adult patients.47 Assuming 50%
viability and 10% transfection efficiency, by processing around
3 × 109 PBMCs it would be possible to generate 15 × 107 CAR+
T cells, equivalent to 2.1 × 106 CAR+ T cells/kg for a 70 kg patient.
These numbers are enough as a starting point for short CAR-T
expansion protocols, such as the approach recently described by
our group48 and represent realistic start points for POC-based
protocols. Therefore, production of CAR-T cells for POC approach
using currently available devices is potentially feasible and compa-
tible with T cell doses used in the clinical practice. The described
cell viability efficiencies for electroporators used in clinical trials or
designed for large-scale applications, such as the Lonza
Nucleofector IIb,49 the 4D model50,51 and the BTX Agilent pulse,
52 is in the range of 60-70% viability and about 90% gene transfer
for unstimulated PBMCs/T cells with ribonucleoproteins. These
ranges are impacted by several factors, including the kind of nucleic
acids or biological material used for gene transfer. Messenger RNA
and proteins are known to promote less toxicity to lymphocytes
during the electroporation process. The use of transposon

containing DNA minicircles and transposase proteins has shown
to improve the cell viability of electroporated T cells.17,53

Furthermore, providing antigen-presenting cells (APCs) in vitro
to freshly electroporated T cells can help preserving cell viability.16

Since in our POC approach T cells will likely encounter APCs
in vivo after infusion, this could further increase gene-modified cell
function, viability, and persistence. Considering these aspects, the
current numbers discussed here showing that 2.1 × 106 CAR+
T cells/kg for a 70 kg patient is feasible and can be further optimized
to achieve higher doses of transgenic cells if necessary.

Nonetheless, the minimal manipulation of our POC approach
has the potential to generate cells in better shape to provide
leukemia protection in vivo, so the minimal doses required for
in vivo function in patients are still to be determined. Although
the results presented here were obtained with cells from healthy
donors, we can anticipate that this result can be applied to the
autologous CAR-T setting already largely explored clinically.

The proposed approach in this report can be further potentiated
with additional manipulations of T cells such as the addition of
cytokines or immune checkpoint blockade secretion by T cells, as
already described.54 In any case, the absence of an ex vivo expansion
phase simplifies the CAR-T manufacturing process and has the
potential to drastically decrease the overall cost, facilitating the
adoption of this new therapy, especially in developing countries.

Material and methods

Plasmids

The 19BBz CAR sequence was supplied by Dr. Dario Campana (St
Jude Children’s Research Hospital, Memphis, TN). The sequence
was codon optimized and synthesized by Genscript (Piscataway,
NJ) and a myc-tag was added between CD8ɑ signal peptide and
scFv to allow flow cytometry-based detection as described
elsewhere.15 The transgene was cloned using AgeI/NotI sites in
the transposon vector pT3 provided by Dr RichardMorgan (NIH).
The SB100x transposase which is encoded by plasmid pCMV-
SB100x was provided by Dr Sang Won Han (Federal University
of São Paulo [UNIFESP], Brazil).

Cell lines and primary cells

Nalm-6 and RS4;11 were modified by lentivirus to express
a fluorescent GFP protein as previously described15 and were
selected by fluorescence-activated cell sorting (FACS). These cells
were cultivated in RPMI (Gibco, CA) complete medium supple-
mented with 10% fetal calf serum, 2mM L-Glu and 100U/mL
penicillin and 100 μg/mL streptomycin (Sigma–Aldrich, MO) at
37°C, 5% CO2. Cell line identities were confirmed by STR profiling
analysis. Peripheral blood mononuclear cells (PBMCs) were col-
lected from the blood bank of the Brazilian National Cancer
Institute (INCA). Healthy donors signed a board–approved
informed consent. Mononuclear cells were isolated by density
gradient centrifugation protocol (Ficoll-Hypaque-1077 (Sigma-
Aldrich); slow acceleration/deceleration off; centrifugation for 20
min at 890 g). Cells were washed three times with PBS. The use of
PBMCs was approved by an institutional review board (Brazilian
National Cancer Institute [INCA] Ethics Committee) and per-
formed in accordance with the Declaration of Helsinki.

ONCOIMMUNOLOGY e1752592-7



PBMCs electroporation and expansion

For PBMCs genetic modification, we used Lonza®
Nucleofector® II electroporation system as described in
Chicaybam, 2013.55 Briefly, we transferred 107 or 3 × 107

cells with 100ul of 1SM buffer, 20ug of pT3-19BBz and 1ug
SB100x plasmids into a 0.2 cm cuvette (Mirus Biotech®,
Madison, WI) and cells were electroporated with the U-14
program. The mock condition was electroporated with
SB100x plasmid only. After electroporation, 1 mL of RPMI
medium supplemented with 2 mM L-glutamine, 20% fetal calf
serum, and IL-2 (50 U/mL; Proleukin, Zodiac) without anti-
biotic was added to the cuvette and cells were transferred to
a 6-well plate. After 4 h or 24 h resting in RPMI with 20%
fetal calf serum, cells were centrifuged, resuspended in PBS,
and used for POC condition. For the expansion experiments,
cells were activated with T Cell TransAct CD3/CD28
(Miltenyi Biotec, Germany) at 1:200 concentration 24 h after
electroporation and the next day, the supernatant was
removed to withdraw beads. For the experiment referring to
Figure 4, whole blood was incubated with RosetteSep™
Human T Cell Enrichment Cocktail (StemCell) for 15 min
at the concentration of 30 μl to 1 ml of blood for purification
of CD3+ cells. The cells were further processed as described
above. For the in vitro experiment for Supplementary Figure
1, T cells were cultured for 3 days with 200 U IL-2 and
cytotoxicity assays were performed as described below.

Cytotoxicity assay

This experiment was performed according to Neri et al.,56 Calcein-
acetoxymethyl (Calcein-AM) (Thermo Fisher Scientific,
Burlington, CAN), was used to stain RS4;11 and Nalm-6 cells.
The target cells were incubated in complete medium with 15 µM
calcein-AM at final concentration of 106/ml during 30 min at 37ºC
and washed twice with medium. After this procedure, the target
cells were resuspended at a final concentration of 5 × 103 cells/50 µl
of medium. Effector cells were serially diluted from 50:1 to 0.7:1 of
Effector:Target in a V-bottom plate and co-cultured with the
5 × 103 target cells for 4 h at 37°C and 5% CO2. After this
procedure, 75 µl of the supernatant were harvested and measured
using a Tecan’s Infinite® series of microplate readers (excitation
filter: 485 ± 9 nm; band-pass filter: 530 ± 9 nm). The percent of lysis
was calculated according to the formula: [(test release − sponta-
neous release)/(maximum release − spontaneous release)] × 100.

Flow cytometry and antibodies

FACSCalibur (BD Biosciences) was used to perform the cell phe-
notype analysis. The cells previously washed with PBS were incu-
bated with antibody for 15–20 min and then washed again. The
following antibodies were used: anti-CD62L-FITC (Thermo Fisher
Scientific Cat# 11-0629-42, RRID:AB_10667774), anti-CCR7-PE
(Thermo Fisher Scientific Cat# 12-1979-42, RRID:AB_10670625),
anti-CD3-PE-Cy5 (Thermo Fisher Scientific Cat# 15-0038-42,
RRID:AB_10598354), anti-CD45RO-PE-Cy7 (Thermo Fisher
Scientific Cat# 25-0457-42, RRID:AB_10718534), anti-CD14-
FITC (Thermo Fisher Scientific Cat# 11-0149-42, RRID:
AB_10597597), anti-CD56-PE (Thermo Fisher Scientific Cat# 12-

0566-42, RRID:AB_2572563), anti-CD19-PercP Cy5.5 (Thermo
Fisher Scientific Cat# 45-0199-42, RRID:AB_2043821), anti-CD19-
FITC (Thermo Fisher Scientific Cat# 11-0199-42, RRID:
AB_10669461), anti-Myc tag Alexa 647, and anti-Myc tag Alexa
Fluor 488 (clone 9E10) (Santa Cruz Biotechnology Cat# sc-40,
RRID:AB_627268), anti-CD4-PercP (BioLegend Cat# 344624,
RRID:AB_2563326), anti-CD8-APC-Cy7 (BioLegend Cat#
344714, RRID:AB_2044006). Data were analyzed using the
FlowJo software v10.1 (FlowJo, RRID:SCR_008520)

Xenograft model

We used 8- to 12-week-old NOD-SCID IL2 R gamma null (NSG)
mice. 5 × 106 RS4;11 GFP or 105 Nalm-6 GFP were inoculated
intravenously on the tail vein. Following this procedure, the ani-
mals were randomized byweight to ensure no inoculation bias. The
number of injected cells varied according to the experiment and is
indicated throughout the results. PBS group indicates animals
treated with saline (tumor-only control group) on the same day
as treatment with 19BBz or mock cells. During the experiment, the
blood was collected by facial vein using a 5mm lancet (Goldenrod)
and blood was placed in a tube with 0.5 M EDTA. Animal welfare
was monitored, and animals euthanized when recommended in
a CO2 chamber. The organs were then macerated, the red blood
cells lysed with Ammonium-Chloride-Potassium (ACK) Lysing
Buffer for 20min andwashedwith PBS for flow cytometry analysis.
The NSG mice were obtained from Jackson laboratories and all
animal procedures were approved by the animal ethics committee
of the Brazilian National Cancer Institute.

Statistical analysis

The data were analyzed using Prism version 7.0 (GraphPad Prism,
RRID:SCR_002798). Results of survival curve were analyzed using log-
rank test and the p-value was described in each figure. For organs
analysis, Mann–Whitney test for pairwise comparisons was used.
When using asterisks, consider *p< .05, **p< .01, ***p< .001.
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