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CAR-NK cells may represent a valuable tool, complementarptCAR-T cells, in adoptive
immunotherapy of leukemia and solid tumors. However, gengansfer to human NK cells
is a challenging task, particularly with non-virus-basedethniques. Here, we describe
a new procedure allowing ef cient electroporation-based tansfection of plasmid DNA,
including CAR and CCR7 genes, in resting or cytokine-exparetl human NK cell
populations and NK-92 cell line. This procedure may offer aigtable platform for a safe
and effective use of CAR-NK cells in adoptive immunotherapgf cancer.
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INTRODUCTION

Cell-mediated immune responses play a central role in thercbof infections and tumor growth.
In particular, cytotoxic T lymphocytes (CTL) and natural killeNK) cells are important e ectors
against solid tumors and leukemiag, (2). In this context, both T and NK cells are known
to play a fundamental role in clearing tumor cells in patientéshwhematologic malignancies
receiving allogeneic hematopoietic stem cell transplama@o-HSCT) @). Another important
cell-based immunotherapy is the use of autologous T cellstihe¢é been genetically engineered
with Chimeric Antigen Receptors (CAR-T cells) speci ¢ for tumantigens. A substantial bene t
of this therapeutic approach has been shown by clinical tqalsjarily in patients with lymphoid
malignancies refractory to chemotherapy or relapsing aftler-tdSCT (@—6). However, clinical
trials employing CAR-T cell in solid tumors have not been sacassful ) mainly due to the
suppressive nature of the tumor microenvironme#}.(

Recent studies indicated that also NK cells may be gengtieaiineered with CARY-12).
Notably, CAR-NK cells retain the expression of their aciivgtand inhibitory receptors. Thus,
di erent from CAR-T cells, CAR-NK cells can still exert thématural” anti-leukemia e ect ) in
case the tumor antigen targeted by CAR is downregulate}l (n addition, given their di erent
homing properties and the di erent patterns of cytokines/chedmes released upon activation,
CAR-NK cells may be complementary to CAR-T cells in tumor thpgrand, possibly, safer with
respect to clinical implications, including the cytokine stosyndrome and neurotoxicityl{, 15).
Moreover, CAR-NK cells may potentially become an o -the-sttebil, as they do not seem to
require a strict autologous HLA matching as T cells dd)(
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A successful CAR-based immunotherapy requires an e cienirradiated PBMCs feeder cells in the presence of 600 U/mL
transfer of the CAR transgene into the immune cells. To thigecombinant human IL-2 (Proleukin; Chiron Therapeutics,
purpose, both viral transduction and non-viral transfectionEmeryville, CA) and 1.5ng/mL phytohemagglutinin (PHA,
methods in T and NK cells have been attempted. While th&IBCO Ltd) for the rst week. The culture medium was RPMI
use of CAR-NK cells may oer potential advantages, theirl640 (Euroclone, MI, IT) medium supplemented with 2 mM
transfection is considerably less e cient as compared to T ce L-glutamine (Euroclone,Ml, IT), 1% penicillin-streptomyein
transfection {6). Recent improvements in viral transduction neomycin mixture (Euroclone,Ml, IT), and 10% heat-inactiac
technology renewed the interest in developing strategie®adi Fetal Calf Serum (FCS, Euroclone, MI, IT). Every 3—4 days NK
at potentiating NK cell activity through genetic enginegrific-  cells were expanded until the right exponential growth phase wa
18). However, viral transduction requires dedicated fa@#ti reached to perform experiments.
high costs and a complex preparation. Recently, electroporation
of MRNA has been proposed as an alternative method to virdPlasmids
transduction although the short-time expression of the sgane pmaxGFP (3,5kb; Lonza) was used to setting up the
may represent a major limitatiorllG-21). electroporation conditions. The following plasmids were

In the present study, we developed a new (virus-free) protocalsed for the experiments: pEGFP-N1 (BD Biosciences, San
for NK cell electroporation using plasmid DNA that allows aJose, CA) (4,7kb) and pEGFP-N1-CCR7 (5,5kb));( pLV-
major improvement both in the transfection e ciency and in Azuride (7,5kb Addgene plasmid #36086); pCEP4YPet (10,9kb
cell viability. We could successfully transfect di erenpogter  Addgene plasmid #14032). The plasmids carrying the rst and
genes (such as EGFP, YFP, Azuride) and functional genes (second generation CAR were developed by Dr. C. Quintarelli.
anti-CD19 CAR and a chemokine receptor, the CCR7 geneBoth plasmids have been designed to carry the cassette of
Our new protocol allows a safer and e cient way to genetically rst or second generation CAR with speci city for the CD19
manipulate NK cells, thus o ering a novel valuable tool forantigen. Single-chain variable fragment (scFv), derivedchfa

cancer immunotherapy. murine antibody of 1IgG (FMC63) class, was linked to human
CD8a hinge-transmembrane domain (CD8aTM) and CB3-

MATERIALS AND METHODS to obtain a rst generation CAR plasmid or CD8aTM, the
costimulatory domains 4-1BB (CD137) and CR3e obtain

Human Samples a second generation of CAR plasmid. The sequence encoding

This study included 18 buy coats collected from volunteerfor a peptide derived from the human phosphoglycoprotein
blood donors admitted to the blood transfusion service cE[RS CD34 (L CD34) was added as a trackable marker. All plasmids
Bambino Gesu Pediatric Hospital after obtaining informedwere puried from Escherichia cetransformed cells using
consent. The Ethical Committee of IRCCS Bambino Ges&ndoFree Plasmid Maxi kit (Quiagen, Hilden, Germany), and
Pediatric Hospital approved the study (825/2014) and condiictere-suspended in endotoxin- free water. Light absorption at
in accordance with the ethical principles stated inthe Deatlan 260 nm was used to determine the DNA concentration. Quality
of Helsinki. of the plasmid puri cation was assessed by calculating thie rat
of light absorption at 260/280 and 260/230 nm.
Cells Lines and Cell Culture
NK-92 (malignant non-Hodgkin's lymphoma), K562 (chronic Cell Electroporation
myelogenous leukemia, CD1Y Jurkat (acute T cell leukemia, NK-92 cell line, freshly isolated (resting) or IL-2-actied NK
CD19 ) Karpas 299 (Human Non-Hodgkin's Ki-positive Large cells were electroporated with the Neon Transfection System
Cell Lymphoma, CD19), Nalm-8 (Lymphoblastic Leukemia, (Thermo Fisher Scientic, Waltham, Massachusetts, USA).
CD19%) Raji (Burkitts Lymphoma, CD19), and DAUDI During the optimization process, a range of conditions for
(Burkitts Lymphoma, CD19) cell lines were purchased from di erent transfection parameters (DNA concentration, nuntbe
American Type Culture Collection (ATCC, Rockville, MD). of cells, pulse settings) was tested. To determine the optimal
K562, Karpas 299, Jurkat, Nalm-8, Raji and Daudi cells wel@NA amount, di erent plasmid concentrations were tested,
cultured in RPMI 1640 supplemented with 2 mM [-glutamine, ranging from 50 to 20@g/ml. The Optimal Condition (OC)
1% penicillin-streptomycin-neomycin mixture and 10% heat-was 120ng/ml. For the number of cells, (range from B
inactivated Fetal Calf Serum. For NK-92 20% of FCS antb 6 10’/ml) the OC was 410’/ml for both resting and II-2-
50ng/ml of recombinant human IL-2 (Proleukin; Chiron expanded NK cells. We also adjusted the electroporation pulse
Therapeutics, Emeryville, CA) were added at the culture oredi  voltage and width. For both the rst and the second pulse, ayean
Peripheral blood mononuclear cell (PBMC) were obtainedf voltage (from 1400 to 2300V for the rst pulse and from 500
from buy coats after density gradient centrifugation over to 1000V for the second pulse) was tested and then the three bes
Ficoll Lympholyte® -H (Cederlane, Burlington, Canada). Highly voltages were used with a range of width (from 10 to 30 ms for
puried ( 98%) NK cells were subsequently obtained bythe rst pulse and from 50 to 300 ms for the second pulse). For
depletion of non-NK cells using the Miltenyi NK cell separationthe resting NK cells the OC of the rst pulse resulted 2050 V and
kit (Miltenyi Biotech, Bergisch Gladbach, Germany), acaogd 20 ms followed by a second pulse of 500V and 100 ms. We found
to the manufacturer's instruction. To obtain polyclonal izeted that the OC for the Il-2-expanded NK were a rst pulse of 1850V
NK cells, freshly isolated NK cells were cultured on 30 Gynd 20 ms and a second one of 500V and 100 ms. For NK-92 cell
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line, we used a rst pulse of 1650V and 20 ms and a second orfellow: target cells were stained withr®/ Cell Tracker Green

of 500V and 100 ms. For e cient electroporation of NK-92 and (CMFDA, Invitrogen, Thermo Fisher Scienti c), incubatedttvi
IL-2-expanded NK cells, di erent electroporation bu ers were NK cells at 37C for 4h and then propidium iodide (Sigma-
tested. In particular, di erent amount of: DMSO (Sigma-Aldrich Aldrich, St. Louis, USA) was added. Live target cells were
St. Louis, USA) (from 0.01 to 10%), sucrose (Sigma-Aldrichidenti ed as CMFDAC Pl whereas dead target cells (Td) were
St. Louis, USA) (from 10 to 200nM), magnesium (Sigma-CMFDAC PIC. Speci c lysis was calculated as Td of target cells
Aldrich, St. Louis, USA) (from 0.1 mM to 20 mM) and dextran cultured with e ector cells — Td of target cells cultured witlto
(Sigma-Aldrich, St. Louis, USA) (from 2ng/ml to 10mg/ml) e ector cells.

were diluted in Optimem medium (Thermo Fisher Scientic,

Waltham, Massachusetts, USA, henceforth mentioned as bu er

0). The components were added individually or in a combinationFlow Cytometry Analysis and

of two or three to buer O. For the pre-electroporation step, Measurement of Cell Viability

the same bu ers were used for a washing step of 5min at 30090 verify the purity of NK separation, NK cells were stained with
before electroporation. Bu er O with the 0,1% of bu er CD was anti-CD56-PC7 (Beckman Coulter, Brea, CA, USA, Clone N901
the OC. All steps were performed at room temperature. AfteNKH-1) anti-CD3-ECD (Beckman Coulter, Clone UCHT1) anti-
electroporation, cells were grown on a 96-well round bottomcD14-ECD (Beckman Coulter, Clone RMO52) anti-CD19-ECD
plate in 100m of RPMI 1640 medium supplemented with 2mM (Beckman Coulter, Clone J3-119) antibodies. To study the
I-glutamine, 600 U/mL recombinant human IL-2 and 20% heat-expression of NK receptors after electroporation, NK cells were
inactivated FCS. Viability and transfection e cienciesne¢ested  stained with antibodies speci ¢ for NKG2a PE (Beckman Caullte
24h after electroporation. After the electrotransfer, cellere  Clone 7199); CD158 a/h (Clone EB6B),CD158b1/b2/j (Clone
analyzed by ow cytometry on a Cyto ex S (Beckman Coulter,GL183),CD158el/e2 (Clone Z27.3.7) APC (Beckman Coulter);
Brea, CA, USA) ow cytometer to evaluate the levels of GFRIKp46 (Clone BAB281), NKp44 (Clone Z231), NKp30 (Clone
expression. The number of living cells was evaluated as Pl gr5) PE (Beckman Coulter); NKG2D PE/Dazzle594 (Biolegend,
DAPI (Sigma-Aldrich, St. Louis, USA) negative. The perceatagSan Diego, CA, Clone 1D11); DNAM1 APC (Biolegend, Clone
of surviving cells was determined 24h after electroporation1A8): Perforin PE (Biolegend, Clone dG9); CD11a vioblue
and expressed as a percentage of the number of cells count@gilitenyi Biotech, Bergisch Gladbach, Germany, Clone REA378
in the control. Unless otherwise speci ed, the percentage allKG2c viobright FITC (Miltenyi Biotech, Clone REAZ205)
GFP-positive cells reported in the gures was calculated as thcD57 vioblue (Miltenyi Biotech, Clone TB03) CD34-APC

percentage of surviving cells expressing GFP. APC (R&D Systems, clone QBend10). For detection of surface
. ) markers, NK cells were incubated for 20min atC4 For
Migration Assay detection of intracellular markers, NK cells were treatedhwit

Chemotaxis of NK cells was measured by migration through ghe BD Cyto x/cytoperm kit (BD Biosciences, Erembodegem,
polycarbonate Iter with a 3.0vm pore size in 24-well trans- Belgium) according to manufacturer's protocols. NK cell sample
well chambers (Corning Costar). The assay medium consisteglere acquired using the Beckman Coulter Cytoex S ow
of RPMI 10% FCS. Five hundred microliter of assay medium(;ytometer and analyzed with the CytExpert 2.3 or Kaluza
containing 250ng/mL of CCL19 and CCL21 (PeproTechsoftware 2.1 (Beckman Coulter, Brea, CA, USA). For cell sprtin
London, United Kingdom), were added to the lower chamberelectroporated CCR7-GIERNK cells were sorted to a purity of
Five hundred microliter of assay medium with no addictionsva 98% with the MoFlo Astrios sorter (Beckman Coulter) using the
used as a control for spontaneous migration. Then, 3® NK  symmit software (Beckman Coulter).
cells, electroporated with pEGFP-N1-CCR7 or with the empty
vector (b EGFP-N1), were added to the upper chamber in a total
volume of 350mL of RPMI 10% FCS. After 3-h incubation at Intracellular Analysis of IFN- g Production
37 C, NK cells migrated to the bottom chamber were counted byFN-g expression was analyzed by incubating of the indicated
optical microscopy (Leica Microscopy, Wetzlar, Germany) withNK-cell transfectant with the K562 cell line in 1:1 ratio foh4
a 25 objective. The number of spontaneously migrated cellsntracellular eFluor 450 anti-human IFN-(Invitrogen, Thermo
was subtracted from the total number of migrated cells. ¥alu Fisher Scienti c Clone 4S.B3.) staining was then performeaigsi
are given as the chemotactic index compared to the migratioa Fix & Perm Cell Permeabilization Kit (Invitrogen) follovgrihe
of unstimulated NK cells. As further con rmation, migrateetlls manufacturer's instructions.
were also counted by ow cytometry (absolute count) (Cyto e
S, Beckman Coulter, Brea, CA, USA).

Statistical Analysis

Analysis of Cytotoxic Activity Statistical analyses were performed using the GraphPad Prism
In all experiments NK-cell cytotoxicity was analyzed by6.0 (La Jolla, CA, USA) software. Values were expressed as mean
incubating of the indicated NK-cell transfectant with therget SD.P-values were calculated with Wilcoxon test. For multiple

cell lines at an e ector-to-target (E:T) ratio ranging frond:1L to  comparison analysis Bonferroni correction was applied. 0.05
0,25:1. Cytotoxicity was assessed using a ow cytometsayas were considered statistically signi canf? < 0.05, P < 0.01,
for NK-cell killing developed by McGinnes2®) modi ed as P< 0.001.
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RESULTS In-vitro expanded NK cells are widely used in clinical trials

Optimization of the.EIectroporatiqn (rj:scstiaogtk’llirsetlrgger anti-tumor cytolytic activity as compd to
Protocol for an Ef cient Transfection of NK Thus, we attempted to apply the same optimization steps to
Cells improve the transfection of IL-2-expanded NK cells. However,
A rst set of experiments was aimed at increasingas reported inFigure 1B (lower panel), neither cell viability
the eciency of NK cell transfection using a plasmid nor transfection e ciency resulted satisfactory (14 and%20
encoding the GFP reporter gene (pmaxGFP). In order tgespectively, protocol #5). Previous reports have shown that
optimize an electroporation protocol for freshly isolatedthe addition of dierent compounds in the electroporation
(referred to as “resting”) NK cells, we started by modifyingbu er a ected both cell viability and electroporation e cienc
classical parameters Figure 1A) including numbers of (25-27). Therefore, to improve the transfection e ciency of
cells per reaction, voltage, number of pulses applied and-2-expanded NK cells, dierent buers were analyzed for
concentration of plasmid DNA taking advantage of theelectroporation. DMSO (from 0.01 to 10%), sucrose (from 10 to
Neon™ Transfection System (Thermo Fisher Scientic).200nM), magnesium (From 0.1 to 20 mM) and dextran (From
Supplementary Figure 1Ashows the optimal protocols after 2.5 to 1Qng/ml) were diluted, at dierent concentration, in
each optimization step. Optimem medium (henceforth mentioned as buer O). The
Although the quantity of DNA has a small impact on components were added individually, or in a combination obtw
the overall eciency and no signicant eects on cells or three, to buer O. The buer O on its own demonstrated
viability (Figure 1B upper panel protocol #2), testing a rangeto be bene cial for both transfection e ciency and cell vidity
of concentrations spanning from 50 to 26@/ml, the best (Figure 1B lower panel protocol #6), but not in any other
results were achieved with 18@/ml of DNA. Subsequently, combination (data not shown).
we decided to investigate the e ect of cell numbers on NK |n addition, we assessed the e ects of these buers in
cells transfection e ciency. Notably, the number of cellsed the washing step that is a critical point for transfection
in each reaction was extremely importarigure 1B upper e ciency, as highlighted by the manufacturer. Although Bu e
panel, protocol#3) with the optimal condition (OC) being OD (0.01% DMSO in buer O) improved the e ciency, on
4 10° cells/ml (in a range from 210’ to 6 10’ cells /ml). the other hand it determined a decrease in cell viability
Indeed, a lower cell number resulted in a reduced viability(Figure 1B lower panel protocol #7). With Buer OD we
whereas a higher cell number was associated with a decreaggo observed a higher variability in NK cell transfection
in transfection e ciency, even with scaled amount of DNA e ciency among the dierent donors analyzed. A basis to
(data not shown). Notably, the optimization of cell number understanding the high variability among donors is the ngj
led to a 10-fold increase of cell viability and to a 3-foldthat DMSO stabilizes the pores induced by an electric eld
increase of transfection e ciency Figure 1B upper panel, preferentially in the presence of a xed amount of cholesterol
protocol #3). in the lipid bilayer ¢8). In light of this notion, the washing
Pulse voltage and width were the other parameters considerestep with 0.1% of saturated cholesterol-DMSO in buer O
One of the best approach for di cult-to-electroporate cells (bu er CD) determined an increase in both viability and
is the application of two pulses2{). The rst one at high transfection e ciency Eigure 1B lower panel protocol #8
voltage and short width, that induces the openings of the cethind Supplementary Figure 1B As shown inFigure 1C (right
membrane pores, and the second one, at low voltage but withanel), the use of these bu ers, combined with a rst pulse
long width, that drives the DNA into the cells trough the poresof 1820V for 20ms, resulted in a sharp increase in cell
on the cell membrane. For both pulses, we rst analyzed &iability (up to 58%). Moreover, using these conditions the
range of voltage (from 1400 to 2300V for the rst one ande ciency of transfection raised up to 51% 24 h after transfewt
from 500 to 1000V for the second one) and then the 3 bestlotably, the latter protocol proved to be suitable also for
voltages were further tested with a range of width (from 1Qelectroporation of NK-92, a human NK cell line widely used
to 30ms for the rst pulse and from 50 to 300ms for thein clinical trials (L6), reaching up to 60% of transfection
second pulse). Our data show that OC for the rst pulsee ciency (Figure 1D). Importantly, this new procedure did
was 2050V for 20ms followed by a second pulse of 500¥Wot alter the expression of both surface NK receptors and
for 100 ms Bupplementary Figure 1A cytoplasmic perforin igure 2A) in IL-2 activated NK cells.
As summarized inTable 1, we were able to de ne optimal In addition, NK cells maintained the capability of producing
conditions for e cient transfection of resting NK cells (4 1 interferon-g (Figure 2B).
cells/ml and 12@ng/ml DNA, applying a rst pulse of 2050V
for 20 ms immediately followed by a second pulse of 500V for ) ) )
100 ms). This procedure allows reaching0% of cell viability Plasmids of Different Size Can Be
and 50% of transfection e ciencyRigure 1Cleft panel). These Ef ciently Transfected in NK Cells
results represent a major improvement in NK cell transfectionin the development of our transfection procedure, we used
Indeed, using this protocol we were able to obtain a 5-folca plasmid DNA of small size (3.5Kb). Since the size of
higher e ciency, as compared to the other procedures desctibethe DNA vectors may inuence the transfection e ciency
so far (L7). (29, we tested whether the new method was suitable for
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FIGURE 1 | Development of a new transfection method for human NK cell§A) Schematic steps of NK cell electroporation-based transfetton methods. The
asterisks (*) indicate the step in which we obtained the higir ef ciency and viability (Optimal Condition O.C.) of restg or activated NK cells.(B) Percentages of cell
viability and transfection ef ciency obtained for the diffeent protocols (from #1 to #8) applied to improve NK cell elecoporation. Error bars indicate Standard Deviation
(SD).P-values were calculated comparing each protocol with the pvious one. p < 0.05, **p < 0.01, and ***p < 0.001. (C,D) GFP expression in electroporated
resting NK cells C, left panel), 1I-2 activated NK cellsG, right panel) and in NK92 cell lin€D). One representative experiment out of 4 performed is shown.
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TABLE 1 | Table showing the starting electroporation condition (maufacture protocol) compared with the optimal condition de¢rmined for resting and IL-2 activated
NK cells.

No. of cells First pulse Second pulse Wash buffer Electropora tion buffer
Manufacture suggested 2%10 /ml 2100V / 20ms _ PBS 1X Buffer R
Resting NK cells O.C. 4%1G /ml 2050V / 20ms 500Vv/100ms PBS 1X Buffer R
Expanded NK cells O.C. 4+1G /ml 1820V / 20ms 500V/100ms Buffer CD Buffer O
A @FrMO Untransfected O Electroporated
B
30+
@ Unstimulated
i 2 O stimulated
KIR mix 3 20-
+
-3
€
E w
3 ‘S 10
xR
0-
~@t> @b
& &
S
& K
& &
0&‘ Q}z
NKG2D DNAM-1 Perforin
C D
601 (%) -
= o - = 60 1001 2
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R 404 'g 40+ =
8.4 [o% _g 60
g 3 =
o= ko S -
8 204 é_ 20- 5 40
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~3.5kb ~4.4kb ~7.5kb ~12kb 1 2 3 4 5 10 15 .2 3 4 5 10 15
Days after Days after
@ Manufactured ONew method electroporation electroporation
FIGURE 2 | Characterization of NK cells after electroporatioid) Cyto uorimetric analysis of NK cell receptors and perforin epression on IL-2-activated NK cells at 5
days after electroporation in FMO control (black lled pro Is), untrasfected (gray lled pro les) or with pmaxGFP plasmigblack empty pro les). A representative
experiment out of 3 is shown.(B) Percentages of interferon-gamma (IFly) positive untransfected- and pmaxGFP electroporated-NK ells. Unstimulated (black bars)
are compared with K562 stimulated (white bars) NK cell§(C) Transfection with different plasmid sizes in NK cells. Peentage of viability and ef ciency after
electroporation of activated NK cells with plasmids of diéfrent size. **p < 0.001, **p < 0.01 and *p < 0.05. (D) Persistence of transfected genes andE) viability of
NK cells at different culture intervals after electroporain. Six experiments performed.

the transfection of plasmids of larger size. To this end, ILPositive Transfected Cells Can Be

2 expanded NK cells were electroporated with four plasmidpetected Up to 15 Days After

of dierent size, ranging from 3.5 to 12kb. With all the gjectroporation

analyzeq plasm|d§ we obtained a substantial increase of ¢ e next analyzed the persistence of the transfected genebato
transfection, ranging from 2.5- to 5-fold com“pared to theglectroporated NK cells. Notably, even after 5 days the peagen
standard electroporation protocol (indicated as “manufaety  f yransfected cells did not changEigure 2D) and the overall
even though the overall e ciency varied with the dierent yjapility of the culture increased up to 85 %-igure 2E).
plasmids Figure 20Q. Remarkably, even after 10 days of culture only a 10% loss of
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FIGURE 3 | Electroporation of a functional CAR-antiCD19 transgene iNK cells increases their cytolytic activityA) Schematic representation of the different domains
of the two CAR constructs. (B) Representative gating strategy used to test the electropation ef ciency of | and Il generation CAR constructs in the diérent NK cell
populations. (C) Electroporation ef ciency of CD1F CAR plasmid in untransfected, mock-transfected and CAR-tinsfected activated NK cells. CAR expression was
evaluated on DAPI-negative live cells using the delta § CD34 marker. Cytometric pro les of unstained (empty pro le)isotype stained (gray pro le) and antit CD34
mADb stained (black pro le) NK cells are shown(D) Percentage of cytotoxicity was evaluated by ow cytometry onpropidium iodide (PI) positive target cells. CD19
cell lines (upper panel) and CD19 (lower panel) were used as target cells. Effector: Target (B ratios are indicated. A representative experiment outf@ performed

is shown.
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cells positive for the transfected gene was detected. Aamriev
reduction of the percentage of positive cells occurred afietdys
of culture.

The Expression of Anti-CD19 CAR in IL-2
Expanded NK Cells Strongly Increases
Their Cytolytic Activity Against CD19 ¢
Tumor Targets
We analyzed plasmids encoding for transgenes specic fd
a rst (I) and a second (Il) generation CAR recognizing
the B cell antigen CD19Hgure 3A). As reported, mRNA
electroporation of CARs did not preferentially target di erent
NK cell populations 80). Thus, we tested if with our
protocol we could obtain dierent transfection e ciency for
the various NK subpopulations. As illustrated Figure 3B
CAR expression was analyzed in resting NK cells 24h after
electroporation. The e ciency of the two constructs was dimi
(Figure 3Bupper right panel). No di erences of CAR expression
were observed among the NK cells populations analyzed
(Supplementary Figure 2 Considering thatin vitro expanded
NK cells are those used for cell immunotherapy, we focuse
our experiment on these cells. IL-2-expanded NK cells were
e ciently transfected with the second generation CAR pladmi
(9.5Kb plasmid length). The percentage of transfected cells
was 40% Eigure 30). Cell viability, measured 24 hours after
electroporation, was similar to that obtained in experimenith ) ! o

. FIGURE 4 | NK cells transfected with CCR7 plasmid acquire migratory
pmaXGFP (I'e" 60%; data not ShOWI’]). We then assessed the(:ap.:—ibili'[y. (A) Comparative expression of CCR7-GFP on DAPI-negative live
cytolytic activity of CAR-NK cells 5 days after electropayat IL-2-activated NK cells using the new protocol and the manufetured protocol
since, at this time point, the viability of the cell culturesieased, | (right panel). A representative experiment (left panel) bof 4 is shown (B)
while the percentage of cells expressing the transgene reohair Migration index of CCR¥ and mock—electroporated NK ceI_Is derived from 5
Isr:?ﬁlslggglgzag?’gAV‘;/leatﬁzt?\ldAT,\jrigt tzggztli'z]ﬁ\sg”gg‘rifol ggf:srterztcgonors_ **p < 0.001. (C) Schematic reppresentation of the CCR7

we used dierent CD19 cell lines, such as K562, Jurkat andi, yesponse to CCL19 and CCL21, we investigated whether an
Karpas. On one hand, as shown kigure 3D upper panel, N0 eypression vector encoding CCR7 fused with GFP (pCCR7-
major changes in the cytolytic activity between Mock- and ARG FP;Figure 40) could be e ciently transfected in NK cells
electroporated NK cells against all the CD18ell lines could  y applying our new protocol. Although cell viability resulted
be observed. However, NK cells displayed di erent abilityitd k gjmilar to that of our previous experiments, the transfection
these 3 cell lines, thus K562 showed the maximal susceptibilig ciency with pPCCR7-eGFP was lower compared to pmaxGFP
to lysis, while Karpas, which were virtually resistant tofbot ,, caR ( 20%;Figure 4A left panel). Notably, even a lower
mock and CAR-electroporated NK cells. On the other handyansfection e ciency was obtained for the same plasmid by
CAR-NK cells displayed a higher cytolytic activity againbtt®  sing a standard (“manufactured”) electroporation protocol
CD1% tumor qell lines testedﬁ_lgure 3D lower panel)_. These ( 4%; Figure 4A right panel). Thus, also in this case, the
data clearly indicate that the anti-CD19 CAR transfectionfers  {5nsfection e ciency using our protocol resulted5-fold higher

to NK cells a speci ¢ cytolytic activity against CO19arget  han that obtained with the manufacture procedufdgure 4A
cells. Accordingly, these CAR-NK cells may represent sl@itabiight panel). It is conceivable that the lower transfection

candidates for adoptive cell immunotherapy against CH19 e ciency of pCCR7-eGFP may re ect intrinsic properties of

=

14

o

hematologic malignancies. the pCCR7 vector. We next assessed the migration capability of
. CCR7-transfected NK cells in response to CCL19 and CCL21
NK Cells Transfected With the. CCR7 chemokines. As shown iffigure 4B, puri ed CCR7 NK cell
Transgene Show Increased Migratory transfectants migrate more e ciently than mock-transfedtNK
Properties cells (CCR7), displaying a 6 fold increase in migration capacity.

The surface expression of chemokine receptors is requirexkfor

migration. In this context, NK (or T) cells expressing traesgs DISCUSSION

encoding for appropriate chemokine receptors may be addressed

to tumor sites 81), for example, lymph nodes in Itrated with Our present study provides a novel important tool for
tumor metastases. Since CCR@ells migrate to lymph nodes a successful adoptive immunotherapy of cancer using NK
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cells transfected with CAR or chemokine receptors, using dedicated structures necessary for viral transduction avwids
non-viral method. possible risks associated with the use of viral vectors. Imptyta
The development of this new methodology allowed a great may be applied to NK cells or NK-92 cell line, greatly
improvement of the e ciency of NK cell electroporation with improving their anti-tumor activity and providing a new NK cell
plasmids of dierent size. Importantly, anti-CD19-CAR and based platform for new protocols of adoptive immuno-therapy
CCRY7 conferred to NK cells an up to 5 fold increase in killing ofof cancer.
CD19 tumor cells and a 6 fold increase of migratory capability
in response to CCL19 or CCL21, respectively. ETHICS STATEMENT
Although the e ciency of DNA electroporation and viability
of transfected cells are lower than those obtained with mMRNAThe Ethical Committee of IRCCS Bambino Gesu Pediatric
electroporation, our method opens new perspectives. Indee#{ospital approved the study (825/2014).
we show that the transient DNA electroporation leads to a
more durable persistence of the transfected genes (up to IRUTHOR CONTRIBUTIONS
days). Moreover, while mRNA electroporation could be only
transient, the DNA electroporation may allow a stable intggd Tl designed and performed research, interpreted data, andenro
gene transfer. More generally, our protocol could be appliethe article. FM, FB, and NT performed experiments. AP, CC,
to improve the e ciency of any electroporation-based transfe and FL reviewed the manuscript. CQ and BD developed CAR
of di erent molecules (DNA, siRNA, mRNA, or proteins) into constructs and revised the manuscript. PV and LM designed
NK cells. This method was developed using plasmids encodinmgsearch and wrote the paper.
for reporter genes (i.e., pmaxGFP), and successfully applied to
the transfection and functional expression of plasmids eimtpd FUNDING
transgenes of major relevance for NK cell-mediated tumdir ce
kiling and for NK cell migration. Regarding the migratory The present study has been supported by the following grants:
capability, the expression of CCR7 is known to promote NK celAssociazione lItaliana per la Ricerca sul Cancro (AIRC) IG
migration primarily toward lymph nodes3?) (where CCL19and 2014 Id. 15283 (LM), IG 2017 Id. 19920 (LM), Special
CCL21 are primarily produced). However, transfection of othe Project 5X1000 no. 21147 (LM), and Ministero della Salute
chemokine (or homing) receptors may induce NK cell migrationGR-2013-02356568 (PV). NT is recipient of a fellowship aedrd
to dierent tissues and tumor sites3@, 34). An attractive by AIRC.
possibility is the development of double transfectants walig
to address CAR-NK cells where needed. Attempts toward thIACKNOWLEDGMENTS
goal are in progress in our lab. Importantly, the extensionaf o
approach to CAR targeting antigens expressed by solid tumol&/e thank Ezio Giorda and the Flow Cytometry core facility of
may provide a valid tool for immuno-therapy of establishedIRCCS Bambino Gesu Children's Hospital.
tumors and prevention of their spreading and metastasi. (
Such acquired functional capabilities are of particularvatee SUPPLEMENTARY MATERIAL
because CAR-NK cells represent suitable candidates for cell
based adoptive therapies to target di erent solid tumors. The Supplementary Material for this article can be found
In conclusion, the method of NK cell transfection descrilbed online at: https://www.frontiersin.org/articles/10.388nmu.
our present study is highly e cient, does not require expemsiv 2019.00957/full#supplementary-material
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