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A B S T R A C T

Chimeric antigen receptor (CAR) engineering of natural killer (NK) cells has shown promising results in early-
phase clinical studies. However, advancing CAR-NK cell therapeutic efficacy is imperative. In this study, we inves-
tigated the impact of a fourth-generation CD19-targeted CAR (CAR.19) coexpressing IL-27 on NK-92 cells. We
observed a significant improvement in NK-92 cell proliferation and cytotoxicity activity against B-cell cancer cell
lines, both in vitro and in a xenograft mouse B-cell lymphoma model. Our systematic transcriptome analysis of
the activated NK-92 CAR variants further supports the potential of IL-27 in fourth-generation CARs to overcome
limitations of NK cell-based targeted tumor therapies by providing essential growth and activation signals. Inte-
grating IL-27 into CAR-NK cells emerges as a promising strategy to enhance their therapeutic potential and elicit
robust responses against cancer cells. These findings contribute substantially to the mounting evidence support-
ing the potential of fourth-generation CAR engineering in advancing NK cell-based immunotherapies.

© 2024 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Chimeric antigen receptor-natural killer (CAR-NK) cells have
been emerging as a promising cell therapy. CAR-NK cells retain
an intrinsic ability to recognize and direct their cytotoxicity to
tumor cells through their native receptors, making tumor cell
evasion less likely through down-regulation of the target antigen
of CAR [1]. Due to its repertoire of cytokines (e.g., IFN-g and GM-
CSF [2]), cytokine release syndrome is less frequent in CAR-NK-
based therapy [3], unlike T-cells, which produce large amounts of
inflammatory cytokines (e.g., TNFa, IL-6 and IL-1) [4]. In addition
to their CAR-dependent antitumor response, NK cells maintain
their CAR-independent antitumor capacity, for example, by the
balance between the expression of costimulatory (e.g., DNAM-1)
and inhibitory (e.g., NKG2A) checkpoints [5]. Also, by not express-
ing the T-cell receptor, NK cells generally do not cause graft-ver-
sus-host disease, which renders CAR-NK cells excellent
candidates for allogeneic (off-the-shelf) therapeutic use [6].

However, despite the promising therapeutic potential of NK cells,
their translation into clinical applications faces significant challenges.
These obstacles encompass their restricted capacity for expansion,
both in laboratory settings and within the body, along with the need
to sustain their cytotoxic capabilities [7]. Consequently, to broaden
the antitumor applications of CAR-NK cells, a novel strategy that
empowers these cells to surmount the hostile tumor microenviron-
ment and persist in vivowould be beneficial.

IL-27 is a heterodimeric cytokine that belongs to the IL-12 family
and is composed by a heterodimer of IL27A (p28) and IL27B (Epstein-
Barr virus-induced gene 3 or EBI3), with IL-27Ra (WSX1) and gp130
(IL6ST) as a heterodimeric receptor [8]. When combined with other
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cytokines (e.g., IL-15, IL-18), IL-27 modulates the antitumor cytotoxic
response of NK cells by inducing the expression of activating recep-
tors on NK cells, including NKp46, NKG2D, NKp44, NKp30 and CD69.
In addition, IL-27 stimulates IFN-g production, thereby enhancing
the cytotoxicity of NK cells [9,10].

IL-27 has an essential role in promoting the interaction of the
innate and adaptive immunity responses in its antitumor effects. IL-
27 can both enhance the cytotoxic activity of NK cells and increase
the susceptibility of tumor cells to NK cell-mediated cytotoxicity. IL-
27 also cooperates with antibody-dependent cell-mediated cytotox-
icity (ADCC) activity and increases the expansion of cytotoxic T-cells
by inducing the expression of transcription factors T-bet and eomeso-
dermin [11]. In several tumor studies, it has been demonstrated that
IL-27 increases the cytotoxic response of NK cells against different
tumor lineages, by a variety of mechanisms, including those depen-
dent on perforin, granzymes, TRAIL and Fc-gR-III, for example [9,10].
In human follicular lymphoma, and diffuse large B-cell lymphoma
models, it has been demonstrated that neoplasic B-cells have func-
tional IL-27 receptors and that IL-27 can potentiate antitumor toxic-
ity in vitro and in vivo [12]. In T cells, mechanisms related to IL-27
function are better detailed, being related to the activation of STAT1
and STAT3 pathways [13,14]. In a colon carcinoma model, transduc-
tion of the C26 cell line with IL-27 prior to implantation enabled
induction of strong IFN-g production and cytotoxic T-cell antitumor
responses [15]. In a nanoparticle intratumoral delivery system, IL-27
induced robust infiltration of immune effector cells when combined
with IL-12 and was able to effectively inhibit tumor growth [16].

Although many studies point to IL-27 activity within tumors, we
sought to better understand the molecular mechanisms associated
with IL-27 expression in NK cells and their role in promoting cytotox-
icity. Therefore, we postulated that CAR-NK cells, with a constitutive
expression and secretion of IL-27, could significantly improve the
survival and anti-tumor activity of CAR.19 NK-92 cells, both in vitro
and in vivo. Our results underscore the potential of IL-27 engineering
in CAR.19 NK-92 cells, marking a substantial advance for CAR-NK
cell-based immunotherapies.

Material and Methods

Cell lines

NK-92 cells (ATCC CRL-2407, Manassas, Virginia) were cultured in
X-VIVO 10 media (Lonza - Basel, Switzerland) supplemented with 5%
human AB plasma and 500 IU/mL of IL-2 (Proleukin - Clinigen, Yard-
ley, Pennsylvania) at a concentration of 1 £ 105 cells/mL, 37°C and 5%
CO2. Raji, NALM-6 and K562 cell lines were cultured in RPMI
1640 media (ThermoFisher - Waltham, Massachusetts) supple-
mented with 10% fetal bovine serum (ThermoFisher) at a concentra-
tion of 2.5 £ 105 cells/mL, 37°C and 5% CO2.

Short tandem repeat (STR) profiling

All cell lines underwent authentication through STR analysis of
eight major STR loci targeted for identification, namely D5S818,
D7S820, CSF1PO, vWA, D16S539, TPOX, THO and D13S317. Specific
primers for each locus were used in conjunction with a PCR amplifi-
cation kit (Sigma-Aldrich - San Luis, Missouri). Subsequently, electro-
phoretic analysis with polyacrylamide gel was conducted, and the
resulting bands were stained with silver nitrate. The obtained STR
profiles were then analyzed to ensure cell line integrity and validity.

CAR constructs

The second-generation anti-CD19 CAR consisted of CD8 hinge/-
transmembrane, and 4-1BB-CD3z intracellular signaling domains
(henceforth CAR.19), while the fourth-generation anti-CD19 CAR
included the same components along with the IL-27 (human hyper-
IL-27 cDNA from pORF9-mEBI3/p28—Invivogen - San Diego, Califor-
nia) gene sequence (henceforth CAR.19-IL-27). Both CAR constructs
were under the control of the SFFV promoter and were cloned into
the lentiviral vector. To generate lentiviral vectors, 293T cells (ATCC
CRL-3216) were cotransfected with the lentiviral vector (CAR.19 or
CAR.19-IL-27), along with auxiliary packaging plasmids, psPAX2 and
pMD.2G, using PEI reagent. Supernatant was collected after 48 and
72 h, centrifuged at 450 £ g for 5 min at 4°C, and concentrated with
Lenti-X (Takara - San Jose, California). Lentivirus functional titer was
assessed by transducing K562 cells and analyzed by flow cytometry.
Two CAR-NK cell variants were generated from the NK-92 cells (con-
trol): CAR.19 (NK-92 cells expressing CAR.19) and CAR.19-IL-27 (NK-
92 cells expressing CAR.19 and IL-27).

Transduction and selection of CAR-NK-92 cells

NK-92 cell transduction used polybrene (8 mg/mL) and BX795
(16mM). Spinoculation followed at 1000£ g for 60 min, with medium
replenished after 6 h. Transduction efficiency assessed via flow
cytometry after 48 h using specific and isotype control antibodies.
CAR-positive cells isolated using Biotin-SP-conjugated anti-CAR-
CD19 antibody and antibiotin Microbeads. Magnetic column separa-
tion retained CAR-positive cells from the culture.

NK-92 cells immunophenotyping

To analyze the immunophenotypic profile of NK-92, CAR.19 and
CAR.19-IL-27 cells, the following BD Biosciences (Franklin Lakes, NJ,
USA) monoclonal antibodies were used for staining: CD56, CD3,
CD45, CD28, CD16, CD11a, CD2, NKG2D, NKp30, NKp46, DNAM-1,
CD95 and 7-AAD viability dye. CAR-positive cells were further stained
with Alexa Fluor 647 AffiniPure F(ab0)₂ Fragment Goat Anti-Mouse
IgG, F(ab0)₂ fragment specific (Jackson Immunoresearch - West Grove,
Pennsylvania), and Alexa Fluor 647 ChromPure Goat IgG, F(ab0)₂ frag-
ment (Jackson Immunoresearch) as isotype control. Subsequently,
samples were analyzed using the BD LSR Fortessa Cell Analyzer
cytometer (BD Biosciences - Franklin Lakes, New Jersey).

In vitro cytotoxicity and cytokine release assay

Raji (CD19+), NALM-6 (CD19+) and K562 (CD19�) cells were
labeled with PKH67 (Merck - Rahway, New Jersey). Effector and tar-
get cells were co-cultured in 96-well plates at 2:1 effector:target (E:
T) ratio. Cytotoxicity was measured by assessing the difference in via-
ble PKH67-positive cells at time 0 and after 5 h.

IL-27, granzyme A and B, perforin and IL-8, 10 and 18 were ana-
lyzed through a multiplex assay using the MILLIPLEX Human Cyto-
kine/Chemokine/Growth factor Panel A kits (Merck—HCYTA-60K)
and the MILLIPLEX MAP Human CD8+ T-Cell Magnetic Bead Panel
(Merck—HCD8MAG-15K). The assay plate was then analyzed using
the MAGPIX system (Luminex - Austin, Texas). IFN-g and TNFa levels
were analyzed by ELISA following the manufacturer’s protocol (BD
Biosciences).

CD107 degranulation assay

NK cell degranulation was assessed by staining for CD107a
(LAMP-1) during NK cell stimulation. NK-92 cells (3 £ 105 cells/well)
were incubated in 96-well plates for 5 h as control, and for targeted
stimulation, they were co-cultured with Raji, Nalm-6 and K562 cells
at a concentration of 1.5 £ 105 (2:1 E:T ratio). To evaluate degranula-
tion, the anti-CD107a-PE antibody (BD Biosciences) or isotype control
was added to the NK-92 cells, allowing binding to the degranulation
marker as granules were exocytosed. After the first hour of culture,
2 mM of monensin (Sigma-Aldrich) was added to each well. CD56
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and 7-AAD staining was performed before flow cytometry analysis,
focusing on the live CD56+ gated population to assess NK-92 cell
degranulation by expression of CD107a.

ERK1/2 phosphorylation and apoptosis assay

To detect phosphorylated ERK1/2, effector cells were cultured
alone or at a 1:1 (E:T) cell ratio with target cell line Raji for activation
of effector cells (5 £ 105 each/well), without IL-2. Cells were incu-
bated at 37°C for 25 min, stained with Fixable Viability Stain (FVS)
575V (BD) for 5 min at 37°C, and then fixed with Phosflow Fix Buffer I
(BD) (30 min after co-culture). Cells were washed twice with Phos-
flow Perm/Wash Buffer I (BD), resuspended in 300 mL of Phosflow
Perm Buffer III (BD), and incubated on ice for 30 min. Washed twice,
and stained with CD56 (PE-CF594/BD), and antiphospho-ERK1/2
(Thr202, Tyr204) antibody (Alexa 488/BioLegend), for 30 min at 4°C,
in Perm/Wash Buffer I. Cells were washed and analyzed by FACS,
focusing on the FVS-CD56+ gated population. For apoptosis assay,
cells were cultured in the same conditions as the RNAseq, 10:1 (E:T)
ratio for 24 h, washed and stained with anti-Annexin-V (FITC) and 7-
AAD and incubated for 15 min at RT in the dark. Then, cells were
resuspended in 300 mL of 1X Binding Buffer (BD) and analyzed by
FACS.

RNAseq

RNA from CAR.19 and CAR.19-IL-27 cells were extracted using the
RNeasy Plus Micro kit (Qiagen—Hilden, Germany) and measured on a
Nanovue (GE Healthcare - Chicago, Illinois) spectrophotometer. For
each sample, RNA was extracted before and after the cytotoxicity
assay, in which cells were cultured at a 10:1 (E:T) ratio for 24 h, to
ensure complete lysis of target cells (Figure S1). Poly(A) RNA
sequencing library was prepared following Illumina’s TruSeq-
stranded-mRNA protocol and conducted by LC Sciences (Houston,
TX, USA). Poly(A) tail-containing mRNAs were purified using oligo-
dT. Briefly, mRNA was extracted using magnetic beads with two
rounds of purification and then fragmented using a divalent cation
buffer at an elevated temperature. Quality control analysis and quan-
tification of the sequencing library were performed using an Agilent
Technologies 2100 Bioanalyzer High Sensitivity DNA Chip. Paired-
end sequencing was performed on Illumina’s NovaSeq 6000. For tran-
script assembly and estimating transcript expression levels, the soft-
ware is described by Figueiredo et al. [17]. For differential expression
analysis of mRNAs, StringTie was used by calculating fragments per
kilobase million (FPKM). The differentially expressed mRNAs in
CAR.19-IL-27 and CAR.19 were selected with log2 (fold change) > 1.5
or log2 (fold change) < �1.5 and with statistical significance (P <

0.05) by edgeR. The datasets generated in this study will be submit-
ted to the Gene Expression Omnibus repository upon acceptance
with the assistance of the Purdue Bioinformatics Core.

B-cell lymphoma xenograft model

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) male mice, aged 10�14
weeks, were divided into groups: NK-92, CAR.19 and CAR.19-IL-27.
Tumor induction was performed by injecting 2 £ 104 Raji-Luc+ cells,
which were previously transduced for D-luciferase expression,
through the lateral tail vein. Effector cells (7 £ 106) were injected via
the same route on days 4, 7, 10, 12, 15 and 19. Tumor development
was monitored by bioluminescence using the IVIS Lumina System
(Perkin Elmer - Waltham, Massachusetts). Bioluminescence images
were captured 5�10 min after intraperitoneal injection of 150 mg/kg
of D-luciferin (Perkin Elmer). For peripheral blood distribution of
CAR-NK cells, NSG mice were injected via lateral tail vein with
2 £ 104 Raji-Luc cells and in the next day with a single dose of
7 £ 106 CAR.19 or CAR.19-IL-27 cells. On days 1, 7 and 21 post-CAR-
NK injections, 100mL of blood was collected through the submandib-
ular vein.

Analysis of CAR-NK in vivo persistence by digital droplet PCR (ddPCR)

For CAR transgene detection, primers and probe targeted 4-1BB
and CD3z junction. Mouse blood gDNA was extracted using QIAmp
DNA Mini Kit, digested with HindIII-HF and used for ddPCR. An
amount of 22 mL ddPCR reaction included ddPCR Supermix, FAM-
labeled CAR19 primer-probe assay. Droplets were generated using
QX200 AutoDG Droplet Generator. DNA amplification was performed
in C1000 Touch Thermal Cycler: initial denaturation at 95°C for
10 min, 40 cycles at 94°C for 30 s, 57°C for 1 min, final step at 98°C
for 10 min. Droplets were analyzed in QX200 Droplet Reader, data
processed with QXManager Regulatory Edition, reported as amplicon
copies per microliter.

Statistics

Comparisons between two groups with a normal distribution
were conducted using the t-student test, and for more than two
groups, one-way ANOVA followed by Tukey’s post-hoc test was
employed. In cases of non-normal distribution, the Mann-Whitney
test was used for comparing two groups, and the Kruskal-Wallis test
with Dunn’s post-hoc test was utilized for comparing more than two
groups. *P � 0.05, **P � 0.01, ***P � 0.001 and ****P � 0.0001. Statis-
tics and graphs were made with GraphPad Prism software version 9.

Results

Generation of NK-92 cells expressing CAR.19 and CAR.19-IL-27

We constructed a lentiviral vector carrying a fourth-generation
CAR with specificity for the CD19 molecule and coexpressing human
IL-27. To allow for coexpression of CAR and IL-27, a self-cleaving pep-
tide sequence (2A) was inserted between the CAR and IL-27 genes.
We also generated a second-generation CAR.19 construct without IL-
27 (Figure 1A) as control. Both CAR constructs were inserted into len-
tiviral vectors and used to transduce human NK-92 cells. This
resulted in two cell populations: NK-92-CAR.19 cells and NK-92-
CAR.19-IL-27 cells. To ensure a consistent and stable expression of
CAR on the surface of NK-92 cells, we performed two rounds of
immunomagnetic positive selection. This process resulted in a homo-
geneous population of CAR-expressing NK-92 cells, which main-
tained CAR expression even after 30 days in culture (Figure 1B,C).

After expanding NK-92 cells and variants, we characterized them
for the expression of NK cell-specific markers. Our findings revealed
that the expression levels of CD56, CD45, CD28, CD16, CD11a (LFA-1),
CD2, NKG2D, NKp30, NKp46 and CD95 were highly comparable
between the engineered CAR cells and the parental NK-92 cells
(Figure S2). This observation implies that the introduction of CAR.19
or CAR.19-IL-27 had no significant impact on the expression of these
markers. Although the percentage of CD56 marker was similar across
NK-92 and the CAR-modified cells (Figure 2A), notably, the CD56
mean fluorescence intensity (MFI) was significantly reduced in both
CAR.19 cells, with the CAR.19-IL-27 showing the most significant
CD56 reduction relative to both NK-92 and CAR.19 (P < 0.0003)
(Figure 2).

IL-27 boosts CAR.19 cell proliferation

We next performed a growth assay to determine whether produc-
tion of IL-27 by the transgenic cells could impact the intrinsic viability
of NK-92 cells. CAR.19-IL-27 cells exhibited a significant increase of
viable cells over time, relative to CAR.19 and NK-92 cells in the pres-
ence of IL-2 (Figure 3A). However, none of the NK-92 cells sustained



Fig. 1. Generation of CAR.19 and CAR.19-IL-27 cells. (A) CAR construct’s scheme specifically targets CD19 under the regulation of the spleen focus-forming virus (SFFV) promoter.
The CAR construct consists of a single-chain variable fragment (scFv), CD8 hinge and transmembrane region, 41BB costimulatory molecule, and CD3z signaling molecule. CAR
sequence is followed by a self-cleaving peptide (T2A) and IL-27. (B) Enrichment of CAR-positive NK cells after transduction performed in two steps, cells were stably expressing CAR
for over 30 days. (C) Flow cytometry analysis of CAR constructs before and after positive selection of CAR-NK cells with magnetic beads. (Color version of figure is available online.)
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cell growth in the absence of IL-2 (Figure 3C). Cell viability was main-
tained between 80% and 95% during the 21 days of culture with IL-2
(Figure 3B) and viability drops drastically after 15 days of culture
without IL-2 (Figure 3D). CAR.19-IL-27 cells were confirmed to
Fig. 2. Expression of CD56 on CAR.19 and CAR.19-IL-27 cells. (A) The percentage of
cells positive for CD56 did not change among parental cells and constructs. (B) The MFI
of CD56 decreased among the constructs, compared to parental cells, with CAR.19-IL-
27 expressing the lowest amount of fluorescence. n = 3, means + SEM are shown. Data
was evaluated by flow cytometry. One-way ANOVA statistical test was used, with mul-
tiple comparison post-test of Tukey. P < 0.01 (**) and P < 0.0003 (***). (Color version of
figure is available online.)
secrete high levels of IL-27 (Figure 3E), whereas only low levels of IL-
27 were detected in the supernatant of CAR.19 cells.

CAR.19-IL-27 cells exhibit potent cytotoxic activity against CD19+ cell
lines

We further studied how IL-27 might affect the specific cytotoxic-
ity of CAR-NK cells against CD19+ B-cell malignancies. To model this
effect, we used two CD19-positive cell lines, Raji and NALM-6.
Through co-culture assays, we observed that all CD19-specific CAR
NK-92 cells showed a significant increase in cytotoxicity against both
NALM-6 and Raji cells, in comparison to unmodified NK-92 cells
(Figure 4A). Moreover, CAR.19-IL-27 cells had even greater cytotoxic-
ity relative to CAR.19 against target cells (Figure 4A). These results
indicate the potential of IL-27 to further enhance the antitumor func-
tion of CAR.19 cells, particularly when targeting CD19+ B-cell malig-
nancies. The observed higher cytotoxicity seems to correlate with an
increase in CD107a expression (both in percentage of positive cells,
Figure 4B; and intensity of expression, Figure 4C). Also, results indi-
cated an increase in the levels of IFN-g (Figure 4D) and a reduction in
TNF-ɑ relative to CAR.19 (Figure 4E). Conversely, no discernible dis-
tinctions were observed in the expression of granzymes A and B, per-
forin, IL-8, IL-10 and IL-18, suggesting the changes might not be CAR-
dependent (Figure S3).

Differential gene expression analyses unveiled distinct pathways that are
upregulated in IL-27-expressing cells

Next, we performed RNA sequencing (RNA-seq) analysis to char-
acterize gene transcription changes associated with IL-27 expression
in CAR.19-IL-27 cells relative to CAR.19, in co-culture/stimulated
with Raji cells. The volcano plot shows the differentially expressed
genes (DEGs) from each sample, with CAR.19-IL-27 cells having 693
upregulated genes and 674 downregulated genes (Figure 5A). A gene
heatmap shows distinct clusters of up and downregulated genes
among the samples (Figure 5B). Of all the DEGs, GO enrichment anal-
ysis revealed that for biological processes, most genes related to signal



Fig. 3. Enhanced Proliferation of CAR.19-IL-27 cells with exogenous IL-2 supplementation. Cells were cultured either in presence (A and B), or absence (C and D) of IL-2 (500 UI/
mL). Cell culture was followed over 21 days. n = 4, means + SEM are shown. (E) Quantification of soluble IL-27 in supernatant of NK-92 cell culture by Luminex (n = 2). Two-way
ANOVA statistical test, Tukey’s postmultiple comparison posttest. ****P< 0.0001. (Color version of figure is available online.)
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transduction; for cellular components, most genes related to the
membrane, and for molecular function, to protein binding
(Figure 5C). Some of the genes common to these processes that
were upregulated in CAR.19-IL-27 cells included NCR2, MRAS and
TRAF4 (log2(fc) = 3.43, 3,51, 1,78, respectively), suggesting
increased activation and proliferation of these cells. These results
demonstrate the role of IL-27 in modifying the transcriptome pro-
file of CAR.19 cells.

We then performed enrichment analysis using the DEGs that were
upregulated in CAR.19-IL-27 cells relative to CAR.19. Metascape [18]
analysis revealed that cytokine-related pathways were the most
upregulated, and that genes related to the MAPK cascade were also



Fig. 4. Cytotoxic profile of NK-92, CAR.19 and CAR.19-IL-27 cells. (A) Cytotoxicity of NK-92, CAR.19 and CAR.19-IL-27 cells co-cultured in 2:1 (E:T) ratio for 5 h with CD19+ tumor
cell lines Raji, NALM-6; and CD19-K562. (B) Percentage of CD107a+ cells and (C) MFI of the positive CD107a cells assessed by flow cytometry. (D) INF-g and (E) TNF-ɑ secreted by
NK-92, CAR.19 and CAR.19-IL-27 cells, assessed by ELISA. n = 3, means + SEM are shown. One-way ANOVA statistical test was used, with multiple comparison post-test of Tukey.
The following P values were considered significant: P < 0.05 (*), P < 0.01 (**); P < 0.0003 (***) and P < 0.0001 (****). (Color version of figure is available online.)
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upregulated (Figure 5D). The same set of genes was then analyzed
using gProfiler [19], and congruent with theMetascape analysis, genes
related to MAPK, ERK1/2 and the JNK cascades, were significantly
upregulated (Table 1). Gene set enrichment analysis showed that sig-
nificantly upregulated enriched pathways/processes included positive
regulation of the JNK cascade (Figure 5E), and positive regulation of the
p38 MAPK cascade (not shown) (NES = 1.72, P value = 0.002,
FDR = 0.047). With the same dataset, we evaluated the transcripts
detected for several genes that are of biological relevance for NK cells,
and that were upregulated in CAR.19-IL-27, which included IL-27, IL-
2Ra, IL-15Ra, IRF5, FAS, NCR2 (NKp44), NCR3 (NKp30), GZMB, GZMM,
CXCL8 and CXCR4 (Figure 5F), noting several fold-change upregula-
tions >2.0 for IL-27, IL2RA, IRF5, FAS, NCR2, CXCL8 and CXCR4.

Validation of data from RNAseq

To validate the RNAseq findings, we conducted FACS analysis to
assess the phosphorylation of the ERK pathway, belonging to the
MAPK signaling pathway family, identified in the RNAseq enrichment
analysis. NK-92 and NK-92-CAR cells were stimulated with Raji cells
for 30 min at 37°C, in a 1:1 ratio. The results revealed that in
CAR.19-IL-27, there was a significantly more pronounced phos-
phorylation of ERK1/2 compared to CAR.19 and NK-92 cells, indi-
cating a faster and more robust activation of this pathway
(Figure 6A). Example FACS dot plots of nonstimulated vs stimu-
lated cells are shown in Figure S4. Furthermore, the gene coding
for NKp44, NCR2, showed upregulation in the RNAseq analysis. To
corroborate this, we examined NKp44 protein expression via
FACS under the same conditions as the RNAseq experiment. Nota-
bly, we observed increased expression in stimulated CAR-19.IL-27
cells compared to CAR.19 and NK-92 cells (Figure 6B).

Given the apoptotic processes highlighted in the GO enrichment
analysis (Figure 5C,D), we investigated whether NK-92 cells under-
went apoptosis upon activation. The analysis showed a difference in
apoptotic cells only between CAR.19 and NK-92 cells (Figure 6C).
However, no significant differences were observed between CAR.19
and CAR.19.IL-27, indicating changes related to apoptotic processes
happened only at transcriptional levels. Nevertheless, we confirmed



Fig. 5. Systemic transcriptomic analysis of activated CAR.19 and CAR.19-IL-27 cells. (A) Volcano plot of differentially expressed genes in CAR.19-IL-27 compared to CAR.19. (B)
Heatmap of differentially expressed genes, showing distinct clusters among CAR.19 (top) and CAR.19-IL-27 (bottom) replicates. (C) GO enrichment analysis (biological process,
molecular function and cellular component) of codifferential expression genes in CAR.19-IL-27. Highly significant enriched gene sets are shown in (D) Bar graph of enriched terms
across differentially upregulated genes in CAR.19-IL-27 cells, obtained using Metascape. (E) GSEA of upregulated positive regulation of JNK cascade pathway. (F) Genes of biological
relevance for NK cells that were upregulated in stimulated CAR.19-IL-27 cells. log2(fc) of the mean of the replicates in each group (left). Heatmap of FPKM of each replicate in
CAR.19-IL-27 and in CAR.19 cells (right). (Color version of figure is available online.)
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Table 1
gProfiler GO enrichment analysis of upregulated DEGs in CAR.19-IL-27 compared to CAR.19, showing the main pathways and genes.

Term Description Genes Adj. P value

GO:0000165 MAPK cascade NTRK3,IGFBP3,PTPN3,AC134669,IGF2,FAS,NTRK2,TIMP3,CCR7,ACTA2,IL1A,GADD45A,CCL18,AC093512,
CSF1R,SLAMF1,CD36,FN1,DAB2,ICAM1,MAGED1,PRDX2,TRAF4,CEACAM1,SFRP1,SPRED2,CX3CL1,
PIK3R6,JUN,CDH2,SLC30A10,GADD45B,TNFRSF19,MDFIC,BMP4,PRKCD,MYC,PRKCE,ROBO1,TGFBR1,
MFHAS1,VRK2,TPD52L1,RIPK2,PTPRR,AL365181,GLIPR2,RGS2

0.00001

GO:0043410 positive regulation of MAPK cascade NTRK3,IGFBP3,IGF2,NTRK2,CCR7,ACTA2,IL1A,GADD45A,CCL18,AC093512,CSF1R,SLAMF1,CD36,ICAM1,
MAGED1,PRDX2,TRAF4,CX3CL1,PIK3R6,JUN,CDH2,SLC30A10,GADD45B,TNFRSF19,BMP4,PRKCE,
ROBO1,TGFBR1,MFHAS1,TPD52L1,RIPK2,AL365181,GLIPR2

0.00009

GO:0070371 ERK1 and ERK2 cascade TIMP3,CCR7,ACTA2,IL1A,CCL18,CSF1R,SLAMF1,CD36,FN1,DAB2,ICAM1,CEACAM1,SPRED2,CX3CL1,JUN,
SLC30A10,BMP4,MYC,MFHAS1,RIPK2,PTPRR,AL365181,GLIPR2

0.001

GO:0007254 JNK cascade CCR7,IL1A,GADD45A,AC093512,SLAMF1,TRAF4,SFRP1,GADD45B,TNFRSF19,MDFIC,MFHAS1,TPD52L1,
RIPK2

0.01

GO:0046330 positive regulation of JNK cascade CCR7,IL1A,GADD45A,AC093512,SLAMF1,TRAF4,GADD45B,TNFRSF19,MFHAS1,TPD52L1,RIPK2 0.001
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the heightened signaling of the ERK1/2 pathway and NKp44 expres-
sion in CAR.19-IL-27, at both RNA and protein levels.

Incorporating IL-27 into CAR.19 NK-92 cells enhance in vivo cytotoxic
function against murine B-cell lymphoma xenograft model

We conducted an assessment of the antilymphoma activity of
CAR.19-IL-27 cells in a Raji xenograft immunodeficient mouse model.
Initially, mice were intravenously infused with Raji-Luc+ cell line
(D0) followed by six infusions of either CAR.19-IL-27, CAR.19 or
parental NK-92 cells on days 4, 7, 10, 12, 15 and 19, at specific cell
concentrations (2 £ 104/mouse for Raji-Luc+ and 7 £ 106/mouse for
NK cells) (Figure 7A). The tumor growth was monitored over time by
measuring bioluminescence.

As expected, mice treated with control NK-92 cells exhibited a
rapid increase in bioluminescence, indicative of tumor progression.
In contrast, the mice receiving CAR.19-IL-27 cells demonstrated
reduced rate of tumor growth in most animals from day 8 to day 21
measurements (Figure 7B�D). This suggests that adding IL-27 in
CAR.19 cells resulted in a superior antitumor activity against lym-
phoma cells in the in vivo setting relative to NK-92 cells.

As demonstrated earlier, the secretion of IL-27 by CAR.19-IL-27
enhanced the proliferative capacity of these cells in vitro. To assess
the impact of IL-27 on the survival of CAR-NK-92 cells in vivo, we
evaluated the presence of CAR sequence persistence in the peripheral
blood of Raji-Luc+ xenografted mice over 21 days. On day �1, mice
were intravenously injected with tumor cells followed by, on day 0, a
Fig. 6. Validation of frequent data on RNAseq. (A) NK-92 and NK-92-CAR cells were stim
ERK1/2, of the MAPK signaling pathway. (B) NKp44 expression after target cell stimulation
results were analyzed by FACS from live CD56+ gated cells. For B and C cells were stimulated
One-way ANOVA statistical test was used, with multiple comparison post-test of Tukey. The
0.0001 (****). (Color version of figure is available online.)
single dose of CAR.19 or CAR.19-IL-27 cells. As presumed, one day fol-
lowing CAR-NK injection, CAR sequence was detectable in the blood-
stream of mice, however, by the 7th- and 20th-day following CAR-
NK injection, the levels of CAR.19 or CAR.19-IL-27 copies detected did
not differ from the untreated mice control group (Figure 7E). Overall,
these results indicate that CAR-NK-92 cells have limited persistence
in vivo and that incorporating IL-27 does not affect this characteristic.

These findings demonstrate the potential of IL-27 as a valuable
addition for enhancing the therapeutic efficacy of NK cell-based
immunotherapies for lymphoma treatment.

Discussion

The remarkable success of CAR-T cell therapy trials has resulted in
FDA approval of six CAR-T cell products for the treatment of hemato-
logic cancers [20]. However, the personalized nature of CAR-T cell
therapy and the potential for severe toxicities remain significant
challenges, acting as barriers to treating a broader spectrum of
patients. Consequently, CAR-NK cells have emerged as a promising
alternative allogeneic strategy, presenting a more favorable safety
profile and inherent antitumor potential. Early studies have shown
encouraging efficacy of CAR-NK cells in clinical applications [3,21,22].
However, CAR-NK cells have not exhibited an impressive clinical ben-
efit when compared to CAR-T cells. This might be partly attributed to
the challenges of NK cells’ limited ability to expand and maintain
cytotoxicity in vivo. Nevertheless, combining cytokines to CAR-NK
cells has shown promise in enhancing their response against
ulated with Raji cells, for 30 min at 37°C, at a 1:1 ratio. Results show phosphorylated
and (C) apoptotic cells considering annexin V+/7-AAD-cells (live, apoptotic cells). All
in the same conditions as the RNAseq (10:1 E:T, 24 h). n = 3, means + SEM are shown.
following P values were considered significant: P < 0.01 (**); P < 0.0003 (***) and P <



Fig. 7. CAR.19-IL-27 cells exhibit potent in vivo antitumor potential. (A) Scheme of an in vivo study demonstrating the antitumor activity of transduced CAR NK cells in a xenoge-
neic NSG mouse model of disseminated human B-cell malignancy. NSG mice were intravenously injected with 2 £ 104 Raji-Luc lymphoma cells. On days 4, 7, 10, 12, 15 and 19, ani-
mals were treated by intravenous injection of 7 £ 106 effector cells. (B) Lymphoma development was monitored by in vivo bioluminescence imaging. Images were taken on days 8,
14 and 21. (C) Bioluminescence intensity was quantified, and data are shown as mean § SEM, n = 5. Kruskal-Wallis test on day 21, P < 0.01 (**). (D) Bioluminescence of individual
mice shown on day 21. (E) Persistence of CAR-NK cells in peripheral blood evaluated by ddPCR. NSG mice were intravenously injected with Raji-Luc cells on day �1 and received on
day 0 CAR.19 or CAR.19-IL-27 cells. On days 1, 7 and 21, blood samples were collected, and the extracted DNA was analyzed for CAR sequence copies. n = 2 for “untreated mice” and
“CAR.19,” and n = 3 for “CAR.19-IL-27,” means + SEM are shown. P < 0.01 (**); P < 0.01 (**); P < 0.0003 (***) and P < 0.0001 (****). ns, nonsignificative. (Color version of figure is
available online.)
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cancer cells, offering a potential avenue for improving their thera-
peutic efficacy.

Studies have reported that IL-27 possesses potent anti-tumor
activity against various tumor models, through multiple mechanisms
which include the activation of NK cells [9,15]. There is also evidence
demonstrating IL-27’s direct anti-tumor effects in hematologic malig-
nancies by inducing apoptosis in leukemic cells and inhibiting prolif-
eration, particularly in pediatric B acute lymphoblastic leukemia
[23,24]. Emerging immunotherapeutic strategies encompass
strengthening the function of endogenous NK cells through cytokine
stimulation, including IL-2, IL-15, IL-18, and the adoptive transfer of
CAR-NK cells engineered to express these cytokines [25]. Notably,
there is currently no existing study that describes the effects of
fourth-generation CAR-expressing IL-27 on NK cells. Therefore, our
research investigates, both in vitro and in vivo, the potential impact of
IL-27 on NK cell activity against B malignancies.

In this study, we demonstrated that IL-27 could stimulate NK
cell proliferation in the presence of IL-2. However, IL-27 alone
did not induce cell proliferation, suggesting that by itself, it is not
sufficient to trigger this process, but rather plays a role in
enhancing it. This result is not surprising, given that the NK-92
cell line is typically dependent on IL-2 for proliferating [26]. Nev-
ertheless, IL-27 facilitated remarkable cell growth, achieving an
increase in viable NK cells of over 30-fold in just 21 days of cul-
ture. Recently, we demonstrated that CAR-expressing IL15/IL-15R
can effectively replace IL-2 in the NK-92 expansion process [25],
an effect not observed with the present design of the CAR-
expressing IL-27.
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In addition to the notable increment in cell growth, incorporating
IL-27 into CAR-NK cells was shown to augment their cytotoxicity
against CD19+ cell lines. This enhancement led to increased secretion
of IFN-g and elevated expression of CD107a on the surface of
CAR.19-IL-27 cells. Interestingly, no increase in TNF-a was observed,
consistent with a previous related study [9]. The increased expression
of CD107a on the NK cell surface is typically a sign of degranulation
[27], which supports the idea that perforins and granzymes play a
role in the improved cytotoxicity of CAR.19-IL-27 against CD19+ cells.
This finding highlights a high potential for CAR-NK cells with added
IL-27 to enhance anti-tumor responses through granule-mediated
mechanisms. Prior research has demonstrated that both endogenous
IL-27 [28�30], and exogenous IL-27 have a positive influence on the
antitumor activity of T cells [31,32] and NK cells [9,33].

To have a better understanding of molecular pathways modulated
by IL-27 expression, we conducted RNA sequencing in activated
NK-92-CAR.19 cells. Our bioinformatics analyses revealed clear dis-
tinctions in gene expression profiles between CAR.19-IL-27 and
CAR.19 cells. Notably, our data demonstrated that IL-27 initiated a
sequence of intracellular processes that culminated in the upregula-
tion of genes related to the MAPK signaling pathway, encompassing
ERK1/2, p38 and JNK. Our results are supported by previous studies
which showed that IL-27 activates MAPK-related pathways [34,35].
As aforementioned, our results showed increased proliferation and
IFN-g secretion of CAR.19-IL-27 cells. Previous studies have shown
that IL-27 is able to increase proliferation of leukemic cell lines
through ERK1/2 signaling [35]; and that IL-27 stimulates IFN-g secre-
tion through, among others, MEK1/2 and JNK signaling in primary NK
cells [9]. Our RNAseq showed upregulation of target genes down-
stream of MAPK-cascade that increase cell proliferation and survival,
such as c-JUN, c-MYC (Table 1) [36] and FAS (Figure 5) [37]; and type
I and II interferons, such as IRF5 (Figure 5), and ICAM-1 (Table 1)
[38,39]. In combination, these results suggest incorporating IL-27
into CAR.19 NK cells can increase cell proliferation and promote IFN-
g production, potentially through MAPK-related pathways.

Our RNAseq results also demonstrated that IL-27 upregulated
genes of biological relevance to NK cells. As is the case with the acti-
vating receptors NKp30 and NKp44, belonging to the family of natu-
ral cytotoxicity receptors, which initiate tumor target recognition
and increase activation of NK cells [40]. Granzymes that are abun-
dantly expressed on NK cells were also upregulated by IL-27, such as
Granzyme B and M. Granzyme B-dependent killing occurs by activat-
ing the target cell’s intrinsic cell death proteases and caspases, trig-
gering caspase-mediated degradation of numerous cellular protein
substrates, leading to cell apoptosis [41]. Granzyme-M on the other
hand, promotes tumor cell death by inducing cytoskeleton disorgani-
zation, leading to cell death [42]. Signaling through the IL-2 and IL-15
receptors plays a vital role in various aspects of NK cell activation by
these cytokines, notably proliferation, cytolytic activity and cytokine
production [43]. Here we show that CAR.19-IL-27 cells have
increased expression of IL-2Ra and IL-15Ra, indicating a potential
mechanistic role of these cytokines.

Trafficking of NK cells to the bone marrow and lymphoid tissues,
where hematological cancers usually develop and reside, depends on
chemotaxis. CCR7 directs NK cells to lymphoid tissues and is respon-
sible for homing of these cells in the lymph nodes [44]. Recent studies
have shown that increased expression of CXCR4 in CAR-NK cells leads
to a strong response against target cells, and increases homing of NK
cells to the bone marrow [45,46]. Homing of NK cells to the bone
marrow has also been associated with better leukemia control and
remission in patients who received NK-cell therapy [47]. Our RNA-
seq results showed that CCR7 (Table 1) and CXCR4 (Figure 5) genes
were upregulated in CAR.19-IL-27 cells, suggesting a potential role
for IL-27 in enhancing homing of NK to tumors. There is also evidence
that IL-27 acts as an agonist of 41BB signaling, which is present in our
CAR construct, and could indicate its ability to enhance signaling
through this pathway [48,49].

To verify whether the positive in vitro outcomes observed with
CARs expressing IL-27 hold preclinical therapeutic efficacy, NK-92,
CAR.19 and CAR.19-IL-27 were injected in a xenograft NSG mouse
model using CD19+ Raji cells. Previously, neither parental NK-92 cells
nor NK-92-CAR cells have shown significant proliferation in vivo or
sustained engraftment in NSG mice [50�52]. Therefore, we employed
a systemic injection approach for delivery of NK-92 cells, administer-
ing repeated intravenous injections. Notably, treatment with parental
NK-92 had minimal effects, leading to an inability to control the
growth of disseminated lymphoma in various organs. In contrast,
mice treated with CAR.19 and CAR.19-IL-27 exhibited delayed
growth of Raji cells, indicating some degree of control over tumor
progression. CAR.19-IL-27 cells demonstrated enhanced capability in
controlling tumor growth in most animals.

In summary, our findings suggest that integrating IL-27 into
CAR.19 NK-92 cells enhance their inherent proliferative ability. Fur-
thermore, IL-27 improves in vitro antitumor activity, characterized by
heightened cytotoxicity of NK-92-CAR.19 against target cell lines.
This effect is mediated by increased expression of degranulation
markers and IFN-g , potentially facilitated through MAPK-related
pathways. Moreover, our in vivo experiments illustrate the efficacy of
IL-27 in enhancing the control of tumor cells through NK-92-CAR.19
expression. This study underscores the potential of IL-27 as a viable
strategy to augment the antitumor capacity of CAR-NK cells, present-
ing a promising therapeutic avenue for cancer treatment through
adoptive cell transfer.
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