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Abstract

Background: Producing an appropriate number of engineered cells is considered as one of the influential factors
in the successful treatments with chimeric antigen receptor (CAR) T cells. To this aim, the transduction rate of the
viral vectors can play a significant role. In addition, improving transduction rates can affect the success rate of this
treatment due to hard-transduced T lymphocytes.

Results: In this study, activated T cells were transduced using different transduction methods such as spinoculation,
retronectin, polybrene, spinoculation + retronectin, and spinoculation + polybrene after selecting the most efficient
transfection method to produce recombinant viral particles containing MUCT CAR. PEI and lipofectamine with the
amount of 73.72 and 72.53%, respectively, showed the highest transfection rates with respect to calcium phosphate
(14.13%) for producing lentiviral particles. However, the cytotoxicity of transfection methods was not significantly
different. Based on the results, spinoculation + retronectin leads to the highest transduction rates of T cells

(63.19 + 4.45%) relative to spinoculation + polybrene (34.6 + 4.44%), polybrene (10.23 + 0.79%), retronectin

(1037 + 1.85%), and spinoculation (21.11 + 1.55%). Further, the polybrene (40.02%) and spinoculation + polybrene
(48.83% + 4.83) increased cytotoxicity significantly compared to other groups.

Conclusion: Improving transduction conditions such as using spinoculation with retronectin can ameliorate the
production of CAR-T cells by increasing the rate of transduction, as well as the success rate of treatment.
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Background

During the recent years, cancer immunotherapy, espe-
cially hematologic malignancies, has created promising
clinical outcomes. The use of genetically modified T
lymphocytes targeting CD19 leads to remission in 70—
90% of children with B-cell acute lymphoblastic
leukemia (B-ALL) [1, 2]. These redirected T cells express
a synthetic receptor called the CAR which recognizes
the CD19. CAR structure comprises an antigen-
recognizing domain (derived from single-chain variable
fragments of antibodies), a hinge sequence, and intracel-
lular signaling domains.

Mucin-1 (MUCI1) is considered as a large membrane-
bound glycoprotein which is aberrantly overexpressed in
most human breast cancers and other malignancies such
as pancreatic cancer, lung carcinoma, multiple myeloma,
ovarian cancer, etc. [3]. MUC1 has been attractive for
immunotherapies since the overexpression of this anti-
gen is related to increased tumor aggressiveness and
poor prognosis tumors. Redirecting T lymphocytes
against MUCI1 -positive breast cancer cells by CAR tech-
nology was first developed and characterized by Scott
Wilkie et al. and indicated that the MUCI-targeting
CAR T cells efficiently eliminate breast tumors [4]. Most
recently, a novel CAR based on a humanized antibody
(5E5), which specifically recognized Tn (GalNAcal-O-
Ser/Thr) glycoform of MUC1 was developed. The results
demonstrated that the 5E5-based CAR T cells signifi-
cantly targeted multiple types of cancer cells expressing
the Tn-MUCI, including breast cancer cells, leukemia
cells, and pancreatic cancer cells, [5].

Gene engineering of primary T cells to express CAR
requires the delivery of CAR construct gene into T cells.
Integrative viral gene delivery methods are superb due
to stable transgene expression and high transduction ef-
ficacy of the possibility of large-scale production using
packaging cell lines although CAR gene transfer using
transient methods such as mRNA electroporation or
adenovirus-associated vector delivery system is safer [6].

On the other hand, developing the third generation of
lentiviral vectors named SIN (self-inactivating) vectors
has largely alleviated safety concerns, which has been ap-
proved for human use in some cases such as the
Kymriah [7].

CAR-T cells are now made mainly through viral
vectors, especially lentiviruses. The ability to infect non-
proliferative cells and difficulty of infect cells is the
advantage of lentiviral vectors over gamma retroviral
vectors Delivery of the CAR gene into the T cell by len-
tiviral vectors involves the production of pseudoviruses
containing the CAR transgene. The helper plasmids such
as gag, pol, rev, and VSV-G genes, and the transgenic
plasmid are transiently transfected into packaging cells
such as HEK-293 T to produce the recombinant virus.
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Recombinant pseudoviruses are packaged and made in
the cytoplasm of cells and released around the cell after
destroying the cell membrane. Different methods such
as calcium phosphate, cationic lipids, or polyethylenei-
mine are used for transfecting plasmids. Meanwhile, the
high cost or complexity of these methods prevents from
their use in a large-scale system although using cationic
lipids and calcium-phosphate leads to high transfection
rates in lab-scale setups [7].

Currently, clinical settings of CAR T technology use
the third generation of lentiviral vectors for gene engin-
eering of T cells. One of the significant problems in pro-
ducing CAR T cells is that lentiviral vectors cannot
infect quiescence and naive T cells effectively and inte-
grate the CAR gene into the genome. Therefore, it is ne-
cessary to activate the pre-transduction of naive T cells.
In addition, high multiplicities of infection (MOI) of the
virus are used by standard protocols to overcome the
limitations of hard-transduced cells like primary T
cells. The use of high concentrations of the virus
(viral MOI) results in increasing the time and cost of
producing CAR T cells, which can affect the success
of treatment [8].

Improving the transduction conditions can ameliorate
the efficiency of engineered T cell production leading to
the success of the CAR T cell-based therapy since the
low rate of T cell transduction is considered as one of
the main problems in CAR T cell manufacturing. Hence,
T cells were exposed to different transduction conditions
in order to improve the transduction rate. In this study,
lentiviral transduction was used for the engineering of
human T lymphocytess due to efficiency and safety. This
study aims to describe the details of the production of
lentivirus particles containing CAR MUCI transgene
and the conditions for the high efficiency of human T
cell transduction and compare different transduction
methods.

Results

Transfection of HEK-293 T cells

The previously optimized PEI transfection [9] was com-
pared with the main conventional transfection methods
to determine a higher efficacy method of viral produc-
tion. For this purpose, a total amount of pLJM1-EGFP:
pRSV-Rev:pMDLg/pRRE:pMD2.G complex plasmids at
1ug/well was tested in 24 well plates.

Fluorescence microscopic examination of transfected
HEK- 293 T cells showed most PEI-based (73.72%) and
lipofectamine-based (72.53%) transfectant cells express-
ing GFP. In contrast, the cells transfected calcium
phosphate had low levels of GFP expression (14.13%).
(Fig. 1A and B).

Trypan blue dye exclusion was used for evaluating cell
viability. The value was not significant although the



Rajabzadeh et al. BMC Molecular and Cell Biology (2021) 22:57

Page 3 of 9

13d

aulwejdajodi

ajeydsoyd wnpjed

\

Fig. 1 The comparison of transfection efficiency between PE|, lipofection and calcium phosphate methods. A) Co-transfection of pLIM1-
EGFP:pRSV-Rev:pMDLg/pRRE:pMD2.G plasmids into HEK-293 T cells. Fluorescence microscopy of GFP indicates higher expression levels of GFP in
PEl and lypofectamine transfection methods than calcium phosphate method. B) Transfection rate of mentioned methods. C) The effect of
transfection methods on viability of HEK-293 T cell. The scale bar represents 100 um
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toxicity of the calcium phosphate method (90.59 + 4.29%
viability) was less than that of transfection methods based
on PEI (75.74 + 9.24% viability) and lipofectamine
(79.08 + 9.15% viability) (Fig. 1C).

Packaging and producing recombinant lentivirus particles
containing MUC1 CAR

Transfer plasmid (pLJM1-CAR MUCI1) and packaging/
envelope plasmids were transiently transfected to pack-
aging cells (HEK-293 T) using the polyethyleneimine.
Then, the media containing recombinant lentiviruses
were harvested after 72 h. In addition, lentiviral titer was
determined by transducing 8 x 10* HEK- 293 T cells
using 20 pL of concentrated virus particles. To this aim,
the copy number of the puromycin resistance gene was
measured by the absolute quantitative PCR technique.
The titer of recombinant CAR MUCI1 lentiviral vector in
transforming unit per mL was 1.12 x 10® TU/mL from
real-time PCR results (Supplementary data).

Transduction of T lymphocytes

As shown in Fig. 2, the stimulation of PBMCs using
DynabeadsTM T-Activator CD3/CD28 led to 74.9%
CD3 positive cell populations (Fig. 2). Here, five distinct
methods were used for transducing the stimulated T
lymphocytes. Finally, the surface expression of the
chimeric receptor (CAR MUC1) was measured by flow
cytometry. Based on the flow cytometric evaluations, the
activated T cells transduced by spinoculation + retronec-
tin showed that 63.19 + 4.45% of the cells expressed the
CAR MUCI. However, 34.6 + 4.44% of cells exposed to
viral particles using spinoculation + polybrene indicated
the expression of this chimeric receptor. CAR expression
reduced significantly in the groups used polybrene
(10.23 + 0.79%), retronectin (10.37 + 1.85%), or spinocu-
lation (21.11 + 1.55%) (Figs. 3A and B). An increase in
the surface expression of the receptor was significant in
the spinoculation + retronectin group compared to the
other groups. However, an increase in expression in the
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Fig. 2 T cell population after stimulation by Dynabeads™ T-Activator CD3/CD28
spinoculation + polybrene was insignificant compared to  Discussion

the polybrene, retronectin, and spinoculation groups.
The results indicated that viral infection and transduc-
tion rates were more efficient and effective for T cells
in spinoculation with retronectin compared to other
groups.

Cytotoxicity of transduction methods

Cell viability was evaluated for determining the toxicity
of different transduction methods on human T cells. In
addition, the cytotoxicity rate of polybrene (40.02%) and
spinoculation + polybrene (48.83% + 4.83) increased
significantly compared to the other groups. More cyto-
toxicity was observed in spinoculation (11.14% * 5.44)
and spinoculation + retronectin (14.6% + 4.30) com-
pared to retronectin (7.11% + 4.76), although it was
insignificant. Based on the results, polybrene had a
greater toxicity effect on human T cells during 72h
compared to retronectin. However, spinoculation had
no effect on toxicity (Fig. 3C).

In general, viral lentiviral vectors are produced in de-
layed titration and transient titration methods. The first
method requires developing stable packaging cell lines,
while viral agents are made transiently in the host cells
in the second approach. There are some limitations such
as the cytotoxic effects of vector components (gag, pol,
rev, and VSV-Q), relatively low efficiencies, and an ex-
tended selection period characterization complicate their
use although stable cell line packaging methods are re-
producible and may be cost-effective. In addition, each
desired viral vector should develop a new stable cell line
with different conditions. In contrast, the transient
transfection method of lentiviral plasmids is faster and
has higher vector titers [10]. Therefore, in this study,
third-generation lentiviral vectors containing CAR trans-
gene were generated using the transient method. In the
transient titration method, the transfection rate of trans-
genic and helper plasmids to packaging cells are vital in
virus production. The choice of transfection method can
effectively titrate the produced viral particles due to the
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Fig. 3 Expression rate of CAR MUCT on T cells and transduction efficacy. A) CAR MUC1 expression in various transduction methods using
immunostaining of FITC-conjugated anti-VHH. B) Transduction rate of recombinant lentiviral vectors containing CAR MUC1 using various

Transduction cytotoxicity (%)

type of vector and cell line packaging. For this purpose,
PEI, calcium-phosphate, and lipofectamine methods
were compared for the transient transfer of viral plas-
mids to packaging cells (HEK-293 T).

The PEI transfection method used in this study was
already optimized in the previous study [9]. The results

showed that the transfection rates are identical in PEI and
lipofectamine methods under similar conditions. However,
the calcium phosphate method indicated a significant de-
crease compared to the other two groups. PEI is inexpen-
sive and more cost-effective although both PEI and
lipofectamine methods showed high transfection rates for
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the pLJM1-EGEFP. In addition, PEI is preferred for clinical
purposes since methods such as lipofectamine are either
challenging to scale up or expensive [7]. Further, Sou et al.
(2013) showed that the transfection rate in the PEI
method was higher than lipofectamine in different condi-
tions (48 h after transfusion) [11]. Pirona et al. (2020) re-
ported a higher rate of lipofectamine transfection than PEI
in adherent cells [12], the difference of which may be re-
lated to the differences in the used cell or vector. In the
present study, the PEI transfection rate increased signifi-
cantly compared to the CaPO4 transfection. Furthermore,
the PEI-based transfection method is more straightfor-
ward than the CaPO4 method and is pH-independent
[10]. As a result, PEI was used to produce recombinant
lentiviral vectors containing MUC1 CAR transgene and
evaluate transduction methods.

The transduction process begins with the attachment
of viral particles to the surface of the target cell. This as-
sociation is formed through specific bindings between
virus envelope proteins and their receptors at the cell
surface. However, several studies have shown that the
initial binding of the virus to the cell membrane is
dependent on the binding of the envelope protein to its
specific receptor. Non-receptor binding is involved in
the formation of this binding [13]. The initial virus-cell
binding is affected by the electrostatic repulsion forces
between the cell surface and the virus envelop proteins,
affecting the efficiency of this junction and, conse-
quently, the transduction efficiency [11]. Recently, poly-
peptides have been developed for increasing the binding
efficiency between viral particles and cells. Retronectin is
one of these polypeptides provided by Takara biotech.
Since most polycations are cytotoxic, retronectin was
reported to be more effective for transducing sensitive
and hard-to-transduce cells such as lymphocytes and
hematopoietic stem cells [14]. Accordingly, T cell trans-
duction was divided into five groups, and the results
were compared with each other. The highest transduc-
tion rate of human activated T cells was observed in the
spinoculation + retronectin group. Considering that the
transfection rate was low in the groups without spinocu-
lation and no significant difference was observed, the
spinoculation process could play an essential role in the
efficiency of virus binding to T lymphocytes, as well as
in the transduction rate.

So far, several studies have been directed to clear these
mechanisms. Different viruses had different rates of in-
fection under similar spinoculation conditions, and the
difference was not related to the various sizes or weights
of viral particles. In addition, the rate of viral infection is
not the same when the same type of virus is used with
the same centrifugal conditions but with different cell
lines [15]. In a study spinoculation was used as a substi-
tute for heparan sulfate for herpes simplex virus (HSV-
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1) infection of glycosaminoglycan-deficient cells. The
heparan sulfate acts as a co-receptor for the HSV-1 virus
to bind to the cell surface [16].

Based on the above-mentioned issues, it seems that spi-
noculation concentrates not only on viral particles but
also causes physiological and biochemical changes at the
cell surface, leading to an increase in the permissiveness of
the target cell for viral infection. A recent study reported
that the spinoculation facilitates HIV-1 infection of T cells
by triggering cortical actin and cofilin activity [17]. In an-
other study, the cortical actin was a significant barrier to
T cell infection by HIV [18]. They showed that actin mol-
ecules polymerize to resist pressure during centrifugation,
which activates the cofilin protein leading to the
depolymerization of actin filaments. The dynamic between
actin and caffeine is required for T cell infection by HIV-
1, which is altered by proteins such as gp120 and Nef [17,
19]. In addition, spinoculation may induce chromatin re-
modeling and facilitate the entry of HIV-DNA into the
genome of the infected cells.

On the other hand, the ability of the HIV-1 virus is
limited to infect resting T cells [20], which may be
related to the inability of the HIV-1 virus to transfer its
DNA into the nucleus of an inactive cell, as well as its
inability to find an open chromatin location [8].

In this study, retronectin was used as a booster for the
transduction of activated T cells. Retronectin is a frag-
ment of recombinant human fibronectin with three do-
mains. The C-domain and CS-1 are responsible for
binding the peptide to the target cell, and the H-domain
is responsible for binding to and trapping viral particles.
Cell-binding domain receptors in the target cell are
VLA-5 and VLA-4, respectively (Fig. 4). These receptors
exist on the surface of lymphocytes. Therefore, the use
of retronectin is effective in the transduction efficiency
of these cells. The results are consistent with those of
Rustanti et al., in which spinoculation increased the T
cell transduction rate significantly. Retronectin associ-
ation with spinoculation led to a 25% increase in T cell
transduction rate compared to polybrene and spinocula-
tion [18].

Conclusion

Based on our results, the use of retronectin and spinocu-
lation has a synergistic effect on the transduction rate of
the lentiviral vector into human T cells, which may be
effective in increasing the production of engineered T
lymphocytes, leading to an increase in the success of
CAR T cell-based therapies.

Material and method

Cell line packaging and production of viral particles
HEK-293 T (Iranian Biological Resources Center) cells
were seeded to three 100 cm? plates (2.5 x 10° cells) and
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incubated overnight at 37 °C and 5% CO,. During the
next day, transfer vector DNA (PLJM1-EGFP), together
with pMDLg/pRRE packaging plasmid, pMD2.G envelop
plasmid, and pRSV-Rev plasmid was co-transfected to
HEK-293 T cells at a ratio 4:2:1:1 respectively. The trans-
fection protocol was performed by three methods; lipo-
fectamine2000™ Reagent (Invitrogen), polyethyleneimine
(PEI) (Sigma), and calcium phosphate (CaPO4) methods.
The transfection rates were evaluated by a fluorescent
microscope.

Absolute gPCR for viral titration
Cell supernatant containing viral particles was collected
at 1-, 2-, and 3 days post-transfection and was centri-
fuged at 1500 rpm for 5min at 4°C. Then lentivirus-
containing media were passed through a 0.45 um pore
filters (Millipore). Lentiviruses were concentrated by
ultra-centrifugation for 120 min at 20000xg / 4 °C. The
supernatant was removed and pellets resuspended in
200 pL of DMEM, taken aliquots, and stored at — 80 °C.
HEK-293 T cells were transduced by MUC1 CAR con-
taining lentiviral vectors and evaluated by quantitative
real-time PCR in order to determine the lentiviral
particle titer. For this purpose, 5 x 10* cells were plated
in 24 well plates 24 h before transduction. Subsequently,
the cell supernatant was removed and exposed to 50 puL
concentered lentiviral particles in a final volume of
300 uL DMEM was supplemented with 5 pg/mL hexadi-
methrine bromide (polybrene, Sigma-Aldrich). Plates
were incubated overnight at 5% CO,, 37 °C incubators.
The next day, transduction medium was replaced with
fresh complete DMEM. The cells were detached from
plates and were followed by DNA extraction (DNA ex-
traction kit, Roche) 72 h after transduction. Viral titers

was assessed using detection of the puromycin resistance
gene by qPCR as previously described [9];

Preparation of human T cells

Peripheral blood samples were obtained from healthy
donors in EDTA green top tubes after getting informed
consent and in compliance with the ethical principles of
Tehran University of Medical Sciences guidelines for hu-
man researches (approval code: IRTUMS.VCR.-
REC.1395.538). Peripheral blood mononuclear cells
(PBMC) were separated using ficoll-paque (Sigma) reagent.
Survival cells were counted by trypan blue using the Neu-
bauer chamber. Then, the activation of T lymphocytes was
performed with anti-CD3/CD28 antibodies. PBMCs (10°
cells) were cultivated in complete medium (FBS 10%-RPMI
1640) and 100 IU/mL rIL-2. Then, cells mixed with Human
T-Activator CD3/CD28 Dynabeads™ (Gibco) at a 1:1 bead-
to-cell ratio. The beads were removed after 48-72h, and
CD3"cells were analyzed by flow cytometry.

T lymphocytes transduction

Stimulated human primary T lymphocytes were trans-
duced with five different methods for MUC1CAR lenti-
viral vectors.

Hexadimethrine bromide (polybrene)

For this method, 0.5 x 10° activated T cells were incu-
bated in 0.5 ml RPMI medium supplemented with 5%
FBS, concentrated viral supernatant (MOI > 10) and
8 ug/mL polybrene (Sigma) with gently mixing. Poly-
brene was removed during the next day, and 0.5ml of
complete medium, polybrene, 100 IU/mL of rIL-2, and
concentrated viral supernatant were added to the T lym-
phocytes. After 48—72 h, cells were washed and prepared
for analysis.
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RetroNectin

The activated T cells (0.5 x 10° cells) were incubated in
0.5 ml of complete RPMI medium and concentrated viral
supernatant (MOI > 10) in 24 well plates precoated with
RetroNectin (10 pg/cm?) (Takara Bio) with periodical
mixing. After overnight, the transduction medium was
replaced with a fresh complement medium, concentrated
viral supernatant, and rIL-2 (100 IU/mL). After 48—72h,
cells were washed and prepared for analysis.

Spinoculation method

For the transduction method, 0.5 x 10° activated T cells
were incubated in 0.5ml RPMI medium was supple-
mented with 5% FBS and concentrated viral supernatant
(MOI = 10) in 24 well plates for 20 min. In the next step,
the cells were centrifuged at 800xg/ 90 min/ 32°C. In
the next procedure, the cells were resuspended and
transferred to the CO, incubator. In addition, the fresh
transduction medium supplemented with 100 IU/ml rIL-
2 was replaced during the next day. After 48—72h, cells
were washed and prepared for analysis.

Spinoculation+RetroNectin

This method was the same procedure mentioned in the
spinoculation method, but the cells were incubated in
the precoated 24 well plates with RetroNectin (10 pg/
cm?2) (Takara Bio).

Spinoculation+Polybrene

The procedure was the same method mentioned in the
spinoculation method except for the polybrene of trans-
duction medium (8 pg/mL).

Flowcytometry

For surface staining, 2-5 x 10° transduced or untrans-
duced T cells were rinsed in PBS supplemented with
10% FBS and 0.05% sodium azide), and subsequently
stained with either APC-conjugated anti-CD3 (BD
Pharmingen) for evaluating CD3" T cell population or
primary rabbit anti-VHH and secondary FITC-
conjugated anti-rabbit IgG (Abcam) for evaluating the
transduction rate. After 30 min on ice, samples were
assessed by BD FACSCanto II equipment, and the data
were analyzed by Flow]Jo software (v10).

Cytotoxicity

Transduced T cells were analyzed by MTT assay after
72h of transduction to determine the cytotoxicity of
transduction methods. For this purpose, the cells were
centrifuged in the 96 plates at 1000xg for 5min, and
MTT solution was added to all wells after aspiration.
Then, the cells were incubated for 3 h. DMSO was added
to wells after the purple formazan formation, and the
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absorbance was detected at 540 nm wavelength by a mi-
croplate reader.
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