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In the next 5–10 years we could see cellular-based pharmaceuticals, or cell therapy, 
meeting the unmet medical needs of thousands of people. How this therapy will meet 
these needs depends on the ability of researchers and manufacturers to successfully 
and cost effectively manufacture and deliver engineered cell-based therapeutic 
products that are safe and exhibit enhanced potency with resulting durable, 
meaningful clinical efficacy. The ability to engineer such enhanced potency using 
nonviral, cGMP-compliant, automated and closed system manufacturing processes 
will represent a significant advantage. To outline how such a process might work, 
we have summarized the application of a scalable, cGMP-compliant, electroporation 
platform for engineering dendritic cells (DCs), NK cells and T cells for development 
of cellular immunotherapies targeting hematological malignancies and solid tumors. 
Autologous cellular immunotherapy refers to a class of therapies that are designed to 
stimulate a specific immune response against cancer cells or other disease targets. Many 
autologous cellular immunotherapy protocols involve ex vivo modification of a patient’s 
immune cells to enhance biological potency. Cellular modification strategies include 
pulsing DCs with tumor antigens/lysate and expression of chimeric antigen receptors 
or modified T-cell receptors (TCRs) on T cells and NK cells. DC pulsing is a process that 
stimulates uptake of tumor antigens or tumor cell lysate by DCs for the purpose of 
presenting tumor antigens on the DC surface in complex with major histocompatibility 
class molecules. DC pulsing is used in autologous cellular therapies for treating cancer. 
A chimeric antigen receptor (CAR) is a recombinant protein that typically consists of 
an extracellular antigen recognition domain (usually derived from an immunoglobulin 
variable region or TCR), a transmembrane domain, and one or more intracellular 
signaling domains (typically derived from TCRs and other proteins that are involved 
in T-cell signal transduction). Expression of CARs on the surfaces of NK cells or T cells 
following viral gene delivery or transfection with mRNA allows specific targeting of 
autologous immune cells to cancer cells. Scalable electroporation is a method for loading 
molecules into large numbers of cells based on the application of an electric field that 
produces temporary permeabilization of cell membranes. In contrast to conventional 
electroporation, which typically takes place in small cuvettes, scalable electroporation 
enables the processing of larger numbers of cells by flowing cells and loading agents 
between a pair of electrodes. mRNA transfection involves introducing mRNA molecules 
into cells for the purpose of expressing exogenous proteins. Compared to transfection 
of cells with plasmid DNA, mRNA transfection typically results in higher levels of cell 
viability and higher percentages of cells that express the encoded proteins. Transfection 
with mRNA also eliminates the potential for undesirable genomic insertion events that 
are associated with viral gene delivery methods.
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Dendritic cell cancer vaccines
Cell-based vaccines are showing tremendous promise 
for treating a range of cancers. Solid tumors, which are 
often intractable to conventional cancer treatments, 
can now be targeted effectively by cellular therapies 
that trigger an immune response specifically against 
cells expressing tumor antigens. Modified dendritic 
cells (DCs) provide an especially potent platform for 
cellular immunotherapy because, as professional anti-
gen-presenting cells, they are capable of stimulating 
naive and memory T cells, natural killer (NK) cells 
and B cells while producing important immunomodu-
latory cytokines that are essential for cell-mediated kill-
ing [1]. One such cellular immunotherapy is Provenge®, 
which was approved in April 2010 by the US FDA for 
advanced prostate cancer [2].

A number of approaches have been used to harness 
DCs for cancer therapy, all based on modifying autolo-
gous DCs to present tumor antigens on the cell surface 
in conjunction with major histocompatibility complex 
(MHC) molecules. Most DC modification protocols 
involve co-incubation of immature DCs with peptides, 
antigens, or whole cell tumor lysates. However, these 
passive delivery methods, which rely on endogenous 
endocytic functions of the DC, are hampered by low 
efficiency  [3–6]. Active delivery approaches based on 
transfection of DCs with tumor-encoding mRNAs, 
peptides, or cell lysates are much more efficient, but 
they are often impractical from a clinical perspective 
due to lack of GMP compliance [7–9]. Below we pres-
ent several examples of active DC loading that use a 
scalable, GMP-compliant electroporation-based tech-
nology that can load either immature or mature DCs. 
In addition to high loading efficiency and regulatory 
acceptance, clinical electroporation offers enhanced 
biological efficacy based on in vitro tumor-killing 
assays and patient responses.

Weiss et al. demonstrated the practicality and effi-
cacy of electroporation-based DC pulsing by load-
ing murine DCs with whole cell lysates generated 
from tumor cell lines  [10]. The authors noted several 
advantages to loading whole-tumor lysate versus single 
antigens. First, there is a limited supply of well-charac-
terized tumor antigens for many types of cancer. Sec-
ond, lysates provide a more comprehensive repertoire 
of tumor-associated antigens (TAAs), which should 
reduce the likelihood for tumor escape  [11–12]. Third, 
single antigens will be presented in complex with a 
particular human leukocyte antigen type, leading to 
induction of only cytotoxic T-cell responses. In con-
trast, by using a whole-tumor lysate approach, differ-
ent antigens should be presented in class I and class 
II MHC pathways. This dual pathway presentation 
could also be expected to induce simultaneous CD4 

and CD8 T-cell stimulation, leading to more efficient 
tumor killing [13].

Immature DCs derived from murine bone marrow 
were first subjected to electroporation in the absence of 
loading agent and assayed by flow cytometry to con-
firm that the electroporation process did not alter the 
normal repertoire of MHC class II and costimulatory 
molecules, such as CD80, CD83 and CD86. Follow-
ing treatment with a cytokine maturation cocktail, the 
electroporated DCs also exhibited expected expres-
sion of maturation markers and secreted cytokines. 
Thus, electroporation appeared to have no discernable 
impact on normal DC cell biology. Next, whole cell 
lysates from multiple tumor cell lines or from control 
cells were loaded either by electroporation or by co-
incubation into immature DCs. Following overnight 
maturation, DCs were cocultured with naïve syngeneic 
splenocytes. After several rounds of priming, stimu-
lated splenocytes were cocultured with tumor cell lines 
matching the lysate source or with control cells, and 
tumor cell killing was quantified by a chromium release 
assay. DCs electroloaded with tumor lysate exhibited 
significantly higher levels of tumor cell-specific kill-
ing compared with DCs loaded by co-incubation. 
Enhanced CD8+ T cell stimulation was also evidenced 
by robust IFN-γ production following co-incubation 
with electroloaded DCs. In vivo efficacy of DC elec-
troloading was demonstrated by injecting loaded DCs 
into syngeneic mice, which were also injected with 
tumor cells either post DC injection (tumor challenge 
model) or prior to DC injection (metastatic reduction 
model). Significantly lower rates of tumor growth and 
metastasis were observed in mice treated with DCs 
that were electroloaded with tumor lysate versus DCs 
loaded by co-incubation or control DCs (Figure 1).

Building on the above studies with murine imma-
ture DCs (imDCs), Wolfraim et al. demonstrated effi-
cacy and scalability of an electroporation-based loading 
approach using human DCs. Monocytes enriched from 
human peripheral blood mononuclear cells were first 
differentiated into imDCs. Based on other studies that 
reported enhanced in vitro potency with DCs that were 
matured prior to loading, the authors then converted 
the imDCs to mDCs using standard protocols [13]. As 
an initial proof of concept, mDCs were electroloaded 
with lysate from cultured tumor cells that were engi-
neered via transient transfection to express the influenza 
virus matrix protein (M1). A head-to-head comparison 
was performed with co-incubation loading, and effi-
cacy was measured based on in vitro expansion of anti-
gen specific CD8+ T cells. Data generated with mDCs 
from nine different donors showed a significant advan-
tage to electroloading versus co-incubation (Figure 2). 
Upon restimulation, the majority of the antigen-spe-
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Figure 1. Delay of tumor burden and reduction of tumor metastases with electropoloaded dendritic cells. 
(A) Delay of tumor burden by electroloaded DCs versus DCs loaded via co-incubation. DCs derived from BalbC 
mouse bone marrow were co-incubated or electroloaded with RENCA tumor lysate. Following DC maturation, 
approximately 1E6 mock or treated DCs were injected subcutaneously in syngeneic mice. After 10 days, the mice 
were challenged with 5E5 RENCA tumor cells. Significantly smaller tumor volumes were detected in mice that 
received tumor lysate–electroloaded DCs compared with no lysate DCs and no DC control mice (*p = 0.05). (B) 
Reduction of lung metastases by electroloaded DCs. C57BL6 mice were injected intravenously with 5E5 Lewis lung 
carcinoma (LLC) cells. DCs derived from C57BL6 bone marrow were co-incubated or electroloaded with LLC whole–
tumor cell lysate, matured and cryopreserved. On days 3 and 6 post LLC injection, mice were dosed with 1E6 DCs 
via tail vein injection. Mice were killed and lungs were weighed 15 days post LLC injection.There was a significant 
reduction in LLC lung metastases following administration of DCs electroloaded with LLC lysate compared with 
lungs from mice given no DCs, DCs electroloaded with control liver lysate, or DCs co-incubated with LLC lysate. (n 
= 2; p = 0.01;. each dot on the graph represents one mouse from a group of at least eight mice). 
DC: Dendritic cell. 
Adapted from [10].
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cific CD8+ T cells secreted high levels of IFN-γ, indicat-
ing that the electroloaded cells were functional and not 
anergic. Superiority of electroporation-based DC puls-
ing was validated with lysate from a melanoma cell line. 
mDCs loaded with melanoma lysate elicited expan-
sion of CD8+ T cells specific to the TAA MART-1/
MelanA. To demonstrate robustness and scalability of 
the loading process, large volume flow electroporation 
was used to pulse >1 × 108 mDCs with tumor lysate. 
In experiments with cells from three different donors, 
mDCs loaded by large-scale flow electroporation and 
small-scale static electroporation elicited statistically 
identical levels of T cell expansion. Finally, the authors 
noted that electroloading required two- to five-fold less 
lysate than co-incubation. Additionally, loading mDCs 
rather than imDCs significantly reduced antigen loss 
during the maturation step, resulting in a more potent 
cell product.

Safety and efficacy of electroporation-based DC 
loading were demonstrated in a clinical setting by 
Kamigaki  et  al.  [14]. During a Phase I clinical trial, 
autologous tumor lysates, prepared from resected 
tumors, were loaded by electroporation into imDCs 
from ten cancer patients suffering from various types 
of solid tumor malignancies. Only mild adverse events 
were noted, and there were no signs of autoimmune 
responses. Subsequently, 52 patients with 41 types of 

solid tumors were treated using autologous electro-
loaded DC vaccines. In some cases, the DC vaccine 
was used as an adjuvant therapy post surgery or it 
was used in combination with other forms of therapy. 
The overall response rate (complete remission + par-
tial remission) was 4.9%, and the clinical benefit rate 
(complete remission + partial remission + stable dis-
ease) was 37.1%. The authors also noted that a delayed 
type hypersensitivity response was present in 91.7% of 
patients exhibiting clinical benefit.

Expression of chimeric antigen receptors in 
NK cells & T cells
In addition to DCs, natural killer (NK) cells and 
T cells are two other components of the immune sys-
tem that have been at the center of efforts to develop 
autologous cellular cancer therapies. The challenge 
of targeting NK and T cells to cancerous cells while 
avoiding deleterious off-target immune responses has 
been addressed in recent years by applying ex vivo cel-
lular modification and gene delivery strategies to cells 
isolated from the peripheral blood of cancer patients. 
Two of the most promising approaches to immune 
cell modification involve expression of modified 
T-cell receptors (TCRs) and chimeric antigen recep-
tors (CARs) that specifically interact with TAAs [15,16]. 
TCRs recognize antigens presented in complex with  
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Figure 2. Electroloading tumor lysate into dendritic 
cells produces a more potent vaccine than co-
incubation. Dendritic cell (DCs) were isolated from 
nine healthy human leukocyte antigen-A2+ donors 
and pulsed with lysate from JCOB cells expressing the 
influenza matrix protein M1, either by co-incubation 
or by electroloading. Following a 48-h maturation 
period, DCs were co-incubated with primary blood 
lymphocytes, and antigen-specific expansion of CD8+ 
T cells was quantified by M1 peptide tetramer staining. 
Statistically greater expansion of T cells was observed 
with the electroloaded DCs versus the co-incubation 
DCs. 
Adapted from [13].
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major histocompatibility antigen (MHC) molecules. 
CARs have potential advantages over modified TCRs 
in that they typically have higher affinities for tumor 
antigens, and they recognize antigens on the cell sur-
face without the requirement for a particular context of 
MHC presentation [15–20]. Below, we discuss strategies 
for engineering NK and T cells to express CARs, and 
we describe several published studies that highlight the 
advantages of a nonviral, electroporation-based mRNA 
delivery method for CAR expression for treatment of 
solid cancers [21].

A typical CAR protein has an extracellular domain 
comprised of a single chain variable fragment (scFv) 
encompassing variable regions from heavy and light 
chain immunoglobulins that recognize a particular 
TAA. The TAA-specific scFv is adjoined by a mem-
brane spanning domain, which in turn, is linked to 
an intracellular signaling domain. Various signaling 
domains have been tested in CAR cell therapies, either 
alone or in tandem with other signaling domains. 

Commonly used CAR signaling domains include those 
derived from the CD3 zeta chain and from costimula-
tory molecules such as CD28, OX40 and 41BB [22,23].

Viral vectors are often used for ex vivo delivery of 
CAR expression constructs into primary hemato-
poietic cells  [22,23]. Although the process is relatively 
efficient, viral gene delivery presents significant safety 
concerns stemming from the random nature of viral 
insertion. In addition, a commercial cellular therapy 
product based on viral transduction presents chal-
lenges for both manufacturing and clinical adminis-
tration. Transient transfection of NK and T cells with 
plasmid DNAs encoding CARs obviates many of the 
safety and logistical issues related to viral transduction. 
However, plasmid DNA induces apoptosis soon after 
it is introduced into most hematopoietic cells [24–26].

To overcome the safety concerns of viral transduction 
and the toxicity of DNA delivery, Li et al. developed a 
strategy for introducing CAR-encoding mRNAs into 
NK cells using a scalable, GMP-compliant electropora-
tion-based transfection process [27–29]. Transfection effi-
ciency greater than 90% with minimal impact on cell 
viability was achieved in human NK cells following elec-
troporation with mRNA encoding GFP. Unstimulated 
NK cells were then transfected with mRNA encoding 
a CAR targeting CD19, a surface antigen expressed on 
B cells. Flow cytometry analysis showed robust cell-
surface expression of CAR proteins in over 50% of 
the transfected cells. Similar results were achieved by 
transfecting expanded NK cells that were stimulated by 
coculture with irradiated K562 cells expressing a mem-
brane-bound form of interleukin 15 and 4-1BB ligand 
(K562-mb15–41BBL). Scaling up the electroporation 
process, achieved by flowing cells through an electro-
poration chamber, yielded the same CAR expression 
levels as smaller scale transfections performed via static 
electroporation. Finally, biological efficacy was demon-
strated by quantifying the ability of transfected NK cells 
to induce lysis of CD 19 expressing tumor cells. Figure 3 
illustrates that >80% cell killing could be achieved at 
effector:target cell ratios of 1:2 or above when trans-
fected NK cells were cocultured with OP-1 cells [27–29].

In vivo antitumor activity of NK cells transfected 
with anti-CD19 CAR mRNA was demonstrated by 
Shimasaki et al.  [30–34] and with T cells by collabora-
tors at the University of Pennsylvania [35,36]. NK cells 
from healthy human donors were expanded by cocul-
turing peripheral blood mononuclear cells with irradi-
ated K562-mb15-41BBL cells for 7 days. A 94% pure 
population of CD56+, CD3 cells was generated follow-
ing depletion of T cells. After demonstrating efficient 
in vitro cell killing with several CD19+ tumor cell lines, 
NK cells loaded with anti-CD19 CAR mRNA via flow 
electroporation were tested for antitumor activity in a 



www.future-science.com 467

Figure 3. Specific killing of tumor cells by natural killer 
cells electroloaded with chimeric antigen receptor 
mRNA. Unstimulated natural killer (NK) cells were 
transfected with anti-CD19-BB-z mRNA, and 3 h post 
transfection, transfected cells were mixed with OP-1 
tumor cells at five different relative ratios. Target cells 
were loaded with calcein-AM (the non-fluorescent 
acetomethoxy derivative of the dye calcein) prior to 
addition of NK cells, and cell killing was measured via 
flow cytometry. 
Adapted from [28]. 
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murine model of acute lymphocytic leukemia (ALL). 
NOD scid gamma (NSG) mice, which lack mature 
B cells, T cells and NK cells, were injected with cells 
from an ALL cell line. 2 days later, the mice were 
injected with CAR-expressing NK cells, either one 
time or daily for 3 days. After 30 days, leukemic cell 
burden was significantly lower in the CAR-NK cell-
treated mice versus mice receiving unmodified NK 
cells or no NK cells (Figure 4).

Solid tumors are also amenable to treatment via adop-
tive immune cell transfer. Noting that retroviral trans-
duction of T cells can produce insertional mutagenesis, 
Zhao et al. [37,38] leveraged the advantages of an electro-
poration-based mRNA transfection strategy for intro-
ducing CARs into T cells. Human T cells purified by 
elutriation were electroporated with mRNA encoding a 
CAR targeting mesothelin, a glycosylphosphatidylino-
sitol-linked molecule that is overexpressed on ovarian 
and pancreatic cancer and mesothelioma cells. Different 
combinations of CD3ζ, CD28 and 4-1BB intracellular 
activation domains were tested in conjunction with an 
extracellular antimesothelin scFv region.

An optimized CAR construct was identified, based on 
an in vitro tumor cell lysis assay and tested for in vivo 
efficacy in a mouse tumor model. Mesothelin-positive 
tumors expressing firefly luciferase were established in 
NSG mice. Then beginning 8 weeks later, the mice were 
injected periodically with stimulated, autologous T cells 
that were isolated from the tumor cell donor. The mice 
were divided into three treatment groups: injection with 
T cells electroporated with antimesothelin CAR mRNA, 
injection with T cells electroporated with anti-CD19 
CAR mRNA, and saline-injected controls. Tumor bur-
den, measured by bioluminescence imaging, was signifi-
cantly reduced in the mice treated with antimesothelin 
CAR T cells, whereas the tumor continued to grow in 
the other two treatment groups. The 50% median sur-
vival was also significantly higher and the mean change 
in total body weight was lower in the antimesothelin 
CAR T group, compared with the other two groups.

Conclusion 
Cellular therapies based on modifying autologous cells 
from cancer patients represent a promising new avenue 
for targeting diseases that respond poorly to conven-
tional treatment methods. Loading dendritic cells with 
tumor lysates and expressing modified/chimeric recep-
tors on the surfaces of T cells and NK cells are two 
emerging therapeutic approaches that have led to the 
regression of both solid and hematologic malignancies. 
A number of autologous cellular therapies currently in 
the clinic rely on viral-based methods for introducing 
genes into primary T cells and other immune cells. 
While viral gene therapy is effective for many cell 

types, it presents a number of safety concerns, as well 
as manufacturing challenges. In addition, viral gene 
transfer is of limited use for dendritic cell pulsing. 

Many of the technical and safety hurdles associ-
ated with viral gene therapy can be overcome with the 
application of clinical electroporation. Electroporation 
of DCs with tumor cell lysates promotes a more robust 
T-cell response compared to conventional methods 
of DC pulsing, and the method is amenable to both 
mature and immature DCs. T cells and NK cells can 
be electroporated with mRNAs encoding chimeric anti-
gen receptors or modified T-cell receptors. In addition 
to high levels of transgene expression, mRNA electro-
poration produces higher cell viability and eliminates 
the potential for integration of transgenes into delete-
rious loci. Non-viral methods of cellular modification 
have already been demonstrated in multiple clinical tri-
als, and with more data emerging daily, we appear to be 
entering an exciting new era that will bring new hope to 
cancer patients.

Future perspective
In the next 5–10 years, traditional cancer therapies 
based on nontargeted delivery of chemical toxins or 
harsh radiation treatments will be replaced by precise 
cellular modification strategies that direct the patients’ 
own immune systems to specifically eradicate cancers 
while greatly minimizing off target side effects. These 
more effective strategies for combating cancer have been 
made possible by advances in our understanding of the 
molecular mechanisms of immune system regulation 
and by innovative approaches for genetic modification 
of immune cells. Although, the field of gene therapy has 
advanced significantly from its early days, the inherent 
risks of viral-based gene delivery are still present and 
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Figure 4. Antileukemic activity of natural killer cells electroporated with anti-CD19 chimeric antigen receptor. (A) Ability of NK cells 
electroloaded with anti-CD19 CAR mRNA to kill tumor cells in vivo. NOD scid gamma mice were injected ip. with cells from the acute 
lymphocytic leukemia  cell line 380 stably expressing luciferase, followed 2 days later by intraperitoneal injection of expanded NK 
cells electroloaded with or without anti-CD19 chimeric antigen receptor (CAR) mRNA. Leukemia progression was monitored by in vivo 
imaging. (B) Reduction of systemic leukemia cell engraftment by NK cells expressing anti-CD19 CAR. NSG mice were injected with 380 
cells intravenously followed 2 days later by 3 daily intravenous administrations of expanded NK cells expressing the anti-CD19 CAR or 
RPMI-1640 (control mice). 
NK: Natural killer. 
Adapted from [30].
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offer significant safety and manufacturing challenges 
to widespread implementation of autologous cellular 
cancer therapies. Thus, large-scale, transient delivery 
of mRNA using electroporation will enable reproduc-
ible cellular modification on a commercially viable scale 
while eliminating the safety concerns stemming from 

random integration events that are associated with viral 
vectors and other DNA-based gene delivery methods. 
Messenger RNA electroporation has proven effective 
in the laboratory as well as in the clinic for modifying 
DCs, NK cells, T cells and B cells to serve as autolo-
gous cancer therapies. In addition to advancing cellular 
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immunotherapy treatments for cancer, the advantages 
of mRNA electroporation over viral transduction have 
been proven in other applications, such as the derivation 
of induced pluripotent stem cells [39]. Therefore, in the 
coming years, we can expect future advances in cellular 
therapy and regenerative medicine to depend more and 
more on the application of electroporation-based cell 
loading technology.
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Executive summary

•	 A cGMP-compliant, scalable electroporation technology offers significant safety and efficacy advantages over 
cellular modification strategies that require viral vectors.

•	 Cancer immunotherapies based on electroloading autologous dendritic cells (DCs) with tumor lysate are more 
efficient than traditional approaches to pulsing DCs based on co-incubation, and a whole cell lysate approach 
offers a more comprehensive repertoire of tumor antigens, thus reducing the potential for tumor escape.

•	 Unlike conventional DC pulsing strategies that typically work best with immature DCs, electroporation 
enables DCs to be loaded with tumor lysate post maturation, reducing the potential for antigen loss.

•	 Electroporation of natural killer (NK) cells and T cells with mRNA yields high levels of transfection efficiency 
while overcoming the toxicity associated with DNA transfection and eliminating the random integration 
issues associated with viral vectors.

•	 NK cells and T cells transfected with mRNA encoding chimeric antigen receptors showed specific, efficient 
killing of tumor cells in vitro.

•	 NK cells and T cells electroloaded with chimeric antigen receptor mRNA reduced the expansion of 
hematologic and solid cancers in mice, demonstrating in vivo efficacy of mRNA-based approaches to cellular 
cancer immunotherapy.
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