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ARTICLE INFO ABSTRACT

Keywords: Background: Existing cell immortalization methods made the cells obtain oncogenesis phenotype and/or caused
Human CD8" T cells the cells gain and/or lose chromosomes. Immortalized normal human T cells lines provide critical in vitro models
Immortalization ) for basic research and therapeutic products development.

Z;llosr;;r;g:s;everse transcriptase (TERT) Methods: We developed a novel method utilizing a CRISPR/Cas9 system to replace the exon 2 of the cell cycle
CDKN2A inhibitor gene CDKN2A (encoding p16 and pl4 proteins) with a single copy of human telomerase reverse

pl6 transcriptase (hTERT) to immortalize human primary CD8" T cells (hCD8T-TERT).

Results: By using Cas9 protein and low donor DNA copies/cell, we successfully immortalized hCD8 T cells with a
single copy of hTERT transgene, which also avoided uncontrolled insertion of Cas9 gene and guide RNA vector.
Human primary CD8" cells from independent donors were immortalized and expanded more than 2.6 x 107
times. Characterization of one of the immortalized CD8" T-TERT cell lines revealed that the cells retained most of
the cell surface markers and normal karyotype. The CD8" T-TERT cells also retained the dependence of IL-2 and
CD3/CD28 activator for survival and expansion.

Conclusion: We established a stable immortalized cell lines using the novel immortalization method, and the

Large DNA fragment insertion
Homologous recombination

immortalized CD8" T cells had a phenotype consistent with T cells.

1. Introduction

The Jurkat cell line has been used as a “normal” T cell line and has
generated extremely valuable knowledge, such as T cell signaling
pathways. However, the use of Jurkat cells as a T cell model has
decreased in recent years (Gioia et al., 2018), because it has been real-
ized that Jurkat cells are quite abnormal compared to the normal T cells
in many ways (Gioia et al., 2018). Nevertheless, T cell lines are still
playing key roles in research fields such as cell therapy and immune
checkpoints for developing therapeutic products for a variety of disease.
Such applications include drug testing and disease modeling and so on.

Immortalized normal human T cell lines are critical for basic
research and clinical product development. However, many immortal-
ization methods, including SV40 large T antigen, oncogene transfection,
and viral method, all generate abnormalities in karyotype and pheno-
type. Telomerase reverse transcriptase (TERT) gene overexpression is

considered the immortalization method that changes the karyotype and
phenotype the least (Chalak et al., 2024). However, the uncontrolled
insertion of the TERT transgene can cause chromosome instability in the
immortalized cell lines. Several methods have been used to immortalize
cell lines in general. One of the widely used methods is transfection of
SV40 large T-antigen, which has immortalized many different types of
cell lines, such as kidney cell line HEK293T and chondrocyte cell line
(Robbins et al., 2000). Due to its capability of binding to transcription
co-factor p300 and CBP, and perturbation of retinoblastoma and p53
tumor suppressor proteins, SV40 large T-antigen immortalized cells
often have cancer transformation property (DeCaprio et al., 1988; Ahuja
et al., 2005). Oncogene transfection was also proved to be efficient for
immortalizing human T cell lines from cancer patients or healthy donors
(Alam et al., 2000). However, whether the immortalized cell lines had
any chromosome abnormalities or mutations were not known. Epstein
Bar Virus (EBV) can infect the T cells in vivo and immortalize T cells in
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vivo (Fahad et al., 2022). Therefore, some immortalized T cells lines
were isolated and established from the EBV-infected patients (Groux
et al.,, 1997). Human TERT over expression became a widely used
method currently (de Bardet et al., 2023). First, hTERT immortalized
cell lines did not lead to tumor formation in immune deficient nude
mice, in contrast, SV40 immortalized cell lines showed tumorigenicity
(Toouli et al., 2002). Second, TERT immortalized cell lines showed
relative chromosome stability and retained the expression of phenotypic
markers (Toouli et al., 2002; Harada et al., 2003; Urban-Maldonado
et al., 2010). Human T cells were also reported to be immortalized by
TERT over expression (Hooijberg et al., 2000).

Despite the advantages of TERT over expression immortalization
method, most of the delivery method for the TERT transgene utilize
retrovirus (Hooijberg et al., 2000), lentivirus (Zhao et al., 2021) or
plasmids (Toouli et al., 2002; Chang et al., 2005). These methods all
have one major disadvantage resulting in uncontrolled insertion of the
transgenes. Uncontrolled insertions may cause insertional mutations or
chromosome instability. Recently, Zhao and colleagues used a new
strategy of replacing CDKN2A (p16) exon 2 with TERT transgene by
CRISPR/Cas9 technology, which can over express human TERT and
inactivate the tumor suppressor gene CDKN2A (p16) at the same time
(Zhao et al., 2021). Zhao and colleagues successfully immortalized
human prostate epithelial cell line. However, the immortalized cell lines
had chromosome loss and gain. The authors used a lentiviral vector for
CRISPR/Cas9 and guide RNA delivery, which may cause the consistent
expression of CRISPR/Cas9 and guide RNA in the cell progenies and
eventually lead to the chromosome abnormality. Also they used lenti-
viral vector to integrate the TERT transgene into the cell genome
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randomly, which could cause insertional mutations or alterations.

In this study, we used a similar concept of over expressing TERT and
CDKN2A inactivation to immortalize human primary T cells. However,
we utilized CRISPR/Cas9 to ideally insert single copy of the transgene at
a specific gene locus, minimizing the incidence of off target DNA
changes. The immortalized human primary T cell line exhibited a
phenotype consistent with of primary human T cells.

2. Materials and methods
2.1. CD4" and CD8" T cells isolation and culture

Human primary peripheral blood mononuclear cells (PBMC) from 3
independent donors were purchased from ATCC (Cat# PCS-800-011).
The cryopreserved PBMC were thawed in 37°C water bath. CD8™ T cells
were isolated immediately from the PBMC by using EasySep Human
CD8" T Cell Isolation kit (StemCell Technologies, Cat# 17953) and
following manufacture’s protocol. The purified CD8" cells were then
cultured in ImmunoCult-XF T cell Expansion Medium (StemCell Tech-
nologies, Cat# 10981) supplied with ImmunoCult Human CD3/CD28 T
Cell Activator (StemCell Technologies, Cat# 10991) and 100 ng/mL of
human recombinant IL-2 (R&D Systems, Cat# BT-002-100) at 37°C, 5 %
CO,. CD4" T cells were isolated from PBMC by using EasySep Direct
Human CD4" T Cell Isolation Kit (StemCell Technologies, Cat# 19662)
and cultured with the same protocol of CD8™ T cells culture. To calculate
the cell number expansion, Cell numbers were counted for each passage,
the live cell number at each passage was calculated by counted cell
number multiple by the passaging dilution factor and the volume of each
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Fig. 1. Immortalization of human primary CD8" T cells. A, schematic view of donor DNA design and knockout p16 exon 2 after recombination, and design of
genotyping primers. B, growth of immortalized CD8"T-TERT1 cells in presence of Zeocin. C, growth of immortalized CD8*T-TERT cells from independent donor in
presence of Zeocin. D, Cell growth comparison of parent hCD8"-WT T cells and immortalized hCD8*T-Tert cells. E, copy numbers of p16 exon2, exon 1, TERT
transgene and IRES in the immortalized CD8 " T-TERT cells. F, recombinant p16 allele was detected in CD8 " T-TERT cells (lanes labeled Tert) by 2 sets of PCR primers,
but not in the WT CD8™ cells (lanes labeled WT). G, PCR detected p16 WT and KO alleles in CD8*T-TERT cells but only detected p16 WT allele in WT CD8™ cells.
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passage.
2.2. Immortalization donor DNA design and single guide RNA

Our initial experiments utilized the strategy of immortalizing human
primary T cells, as previously reported by replace CDKN2A gene with
human TERT transgene. To ensure the precise recombination occur at
the designed locus, we also adapted the traditional knockout strategy of
using 5’ and 3’ recombinant arms. As shown in Fig. 1A, the donor DNA
contained 4.8 Kb 5’ recombinant arm from upstream of CDKN2A gene
exon 2 (ends at Chr9:21974421). The donor DNA also contained EFla
promoter driven TERT gene followed by internal ribosomal entry site
(IRES) and Zeocin resistant gene. We designed the 2.1 Kb 3’ recombi-
nant arm starts from Chr9:21969794 (intron 2) to make the replaced
sequence (4.5Kb) similar size to the transgene (4.6Kb). At the end of the
3’ recombinant arm, we added a CMV promoter driven Herpes simplex
virus thymidine kinase (HSV-Tk) gene for negative selection of random
inserted cells. The tradition knockout homologous recombination effi-
ciency was very low for the initial experiments. The second set of ex-
periments used CRISPR/Cas9 to make double strand DNA break to
increase the recombinant efficiency. We also want to avoid the uncon-
trolled insertion of Cas9 expressing sequence, we used Cas9 protein
(Integrated DNA Technologies, Cat# 1081058) instead of Cas9
expressing vectors (to reduce off target cleavage effects). Single guide
RNA (sgRNA) sequence was designed on Integrated DNA Technologies
website and ordered from Integrated DNA Technologies. The sequence
of sgRNA was mC*mA*mG*rArUrGrArUrGrCrCrArCrGrCrArCrArArUr-
GrUrUrUrUrArGrArGrCrUrArGrArArArUrArGrCrArArGrUrUrArArAr-
ArUrArArGrGrCrUrArGrUrCrCrGrUrUrArUrCrArArCrUrUrGrArArArAr-
ArGrUrGrGrCrArCrCrGrArGrUrCrGrGrUrGrCmU*mU*mU*rU  (Phos-
phorothioated 2’-O-methyl RNA bases are entered as ‘m_*’).

2.3. CD8™ T cell immortalization

The CD8™ T cells were electroporated with Neon Transfection System
(Life Technologies) by following manufacture’s protocol. Briefly, after
the purified CD8" T cells were cultured in expansion medium for 2-3
days, the cells were spin down at 250 x g for 5 min at room temperature
and washed once with PBS without Ca?* and Mg?". The cells were then
resuspended in Buffer R at the concentration of 3 x 10%/mL. In a
microcentrifuge tube, 100 pL of cells were mixed with 0.7 pL of pre-
pared RNP (mixture of Cas9 protein and guide RNA) and 500 copies/cell
donor DNA. The mixture of cells and RNP was loaded into the electro-
poration tip and electroporated at 1600 v 10 ms for 3 pulses. The cells
were then cultured in 0.5 mL T cell expansion medium in 24-well plate
at 37 °C, 5% CO- for 2 days. The cells were passaged and further
cultured in T cell expansion medium supplied with 5 pg/mL Zeocin for
selection of resistant cells. Genomic DNA was extracted from the cells at
the indicated passage for charactering the copy number of transgene and
CDKN2A (p16) gene.

2.4. Genomic DNA extraction and PCR

Genomic DNA was extracted from the immortalized cells by using
Zymo Quick-DNA kit (Zymo Research, Cat# D3025) and following
manufacture’s protocol. Around 1 ng of genomic DNA was used as
template for amplifying recombinant CDKN2A (p16) allele in a poly-
merase chain reaction (PCR) by using PCR kit (Takara Bio, Cat# R0O50A).
The sequence of the primers was listed in Table 1. The primers design
was illustrated in Fig. 1A. For primers can only detect WT allele, For-
ward primer (P1) was designed in the region of replaced p16 gene, and
reverse primer (common primer) (P2) was designed in the 3’ recombi-
nant arm, and the forward primer can only detect KO allele was designed
in the transgene region (P3). These 3 primers were used in one PCR
reaction for detecting whether the cells had WT (only WT band, 312 bp),
heterozygous (one WT band and one KO band), or homozygous KO (only
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Table 1
Primer and probe sequence.
Primer Sequence Target Amplicon
name size
P1 GTCTGCTGAAACTGCCAACA WT pl6 312 bp (with
P2)
P2 GAGGGGCCGAGTAAAGAAGA
P3 GACTTCGTGGAGGACGACTT KO p16 501 bp (with
P2)
P4 CCATGACCGAGATCGGCGAG Recombinant/KO 2.46Kb
allele
P6 TCGGTTGGTTGGGAGGTTTC
P5 CGAGGAGCAGGACTGAATCG Recombinant/KO 4.81Kb
allele
P7 GAGGGGCCGAGTAAAGAAGA
TERTF AGCCACGTCTCTACCTTGAC TERT
TERTR CTCATTCAGGGAGGAGCTCT
TERT GCCGTACATGCGACAGTTC
Probe
P16 Ex2F GCCGTACATGCGACAGTTC P16 exon 2
P16 Ex2R CAGGTACCGTGCGACATC
P16 Ex2 CTGAGGAGCTGGGCCATC
Probe
P16 Ex1F GGGGAGTTTTCAGAAGGGGT P16 exon 1
P16 Ex1R TGGCTCCTCATTCCTCTTCC
P16 Ex1 AATCACAGACCTCCTCCTGG
Probe
IRES-F CTTGGAATAAGGCCGGTGTG IRES
IRES-R AAGAAGACAGGGCCAGGTTT
IRES TCTTTTGGCAATGTGAGGGC
Probe

KO band, 501 bp). Additionally, two pairs of primers can only detect
recombinant allele were designed. Both forward primers were designed
in the transgene region (P4 and P5, Fig. 1A) and the reverse primers
were designed downstream of 3’ recombinant arm (P6 and P7, Fig. 1A).
These 2 pairs of primers will only amplify from correctly inserted re-
combinant allele, thus, to confirm that the transgene was inserted in the
right locus. The amplification of PCR products was visualized in a
FlashGel (Lonza, Cat# 57023).

2.5. Total RNA isolation

One million of log growth phase immortalized CD8" T cells and WT
CD8™ T cells were aliquoted into a microcentrifuge tube and spun down
at 300 x g for 5min at room temperature. The supernatant was
removed from the cells. RNA samples were isolated from the cells by
using Qiagen RNeasy kit (Qiagen, Cat# 74104) and following the kit
protocol.

2.6. Droplet digital PCR

Copy numbers of the CDKN2A (p16) gene and hTERT transgene were
analyzed by droplet digital PCR. Ten to forty nanograms of genomic
DNA was used in each reaction. Bio-Rad ddPCR Supermix for Probes (no
dUTP) was purchased from Bio-Rad (Cat# 186-3024). Primers and
probes were designed at NIST and purchased from ThermoFisher Sci-
entific, and the sequences were listed in Table 1. Droplets were gener-
ated by using Bio-Rad droplet generator (Bio-Rad). After PCR
amplification, droplets were analyzed on Bio-Rad QX200 droplet reader.
The copy number of each target gene was calculated by the ratio of
target to single copy reference gene (RPL32) multiply by 2. For relative
mRNA expression, ddPCR was performed using 1-Step RT-ddPCR
Advanced Kit for Probes (Bio-Rad, Cat# 1864022) and total RNA as
template. GAPDH (ThermoFisher, Cat# 402869) was used as internal
control.
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2.7. Flow cytometry

T cell surface markers were analyzed by fluorescent activated cell
sorting (FACS) analysis. Immortalized CD8" T cells after 45 passages
and WT CD8™ T cells within 6 passages were spined down at 300 x g for
5 min at room temperature and washed once with FACS buffer (PBS
supplied with 10 % FBS). The cells were resuspended in antibodies
cocktails mixed in FACS buffer. The conjugated antibodies were all
purchased from BioLegend, CD3-pacific blue (cat# 300329), CD4-
AlexaFluo-488 (Cat# 300519), CD8-PE (Cat# 344705), CD25-
AlexaFluo-647 (Cat# 302617), CD45RA-Pacificblue (Cat# 304117),
CCR7-AlexaFluo-488  (Cat#353205), CD95-PerCP-Cy5.5 (Cat#
305629), PD-1-AlexaFluo-647 (Cat# 143721), TIM-3-PerCP-Cy5.5
(Cat# 345015), and LAG-3-PE (Cat# 369305). The cells were incu-
bated with antibodies cocktail on ice for 1 hr, and then washed with
1 mL FACS buffer. The cells were subjected to Cytoflex flow cytometer
after resuspending the cells in 300 pL FACS buffer. For dead cell anal-
ysis, the cells were spun down and washed with FACS buffer and
resuspended in 300 pL FACS buffer contained 1 pg/mL of 4°,6’-dia-
midino-2-phenylindole (DAPI) and propidine iodide (PI). The staining of
DAPI and PI was analyzed on Cytoflex. The FACS data was analyzed on
FlowJo software (FlowJo, LLC). Each cell sample cultured in different
medium condition without DAPI or PI staining was used for DAPI and PI
negative gating.

2.8. Telomerase activity assay

Telomerase activity of WT parental CD8" T cells and immortalized
CD8" T-TERT cells was analyzed using the TRAPeze Telomerase
Detection Kit (Millipore, Cat# S7700). Briefly, cell lysate was prepared
by resuspending 1 x 10° cells in 200 L. CHAPS lysis buffer and incu-
bating on ice for 30 min, followed by centrifugation at 12,000 x g for
20 min at 4 °C. The cell lysate was transferred to a new tube, aliquoted
and stored at —80 °C till use. The cell lysate was diluted to 5000 cells,
500 cells, and 50 cells equivalent per microliter in 1 x CHAPS lysis
buffer before telomeric repeats extension and PCR amplification. Two
microliters of cell lysate or diluted lysate were used in each TRAP assay
reaction. After a 30-minute telomeric repeats extension at 30 °C, the
extended product was amplified by PCR using TRAP primer mix. The
PCR product was visualized by running it on a 10 % TBE polyacrylamide
gel (Thermo Fisher, Cat# EC62752BOX) and stained with Ethidium
Bromide.

3. Results
3.1. Immortalization of normal CD4" and CD8" T cell lines

Our initial design of the immortalization method was using the donor
DNA to replace the pl6 exon 2 by spontaneous homologous recombi-
nation (Fig. 1A). We first tested on human primary CD4*" T cells and
CD8™ T cells from independent donors. Two million CD4" T cells were
electroporated with 0 ng (mock control), 0.6 pg, 0.8 pg, 1.0 ug, 1.2 pg,
and 1.5 pg donor DNA. After the electroporated cells were cultured for
3-4 days in the T cell growth medium (ImmunoCult-XF T cell Expansion
Medium supplied with ImmunoCult Human CD3/CD28 T Cell Acti-
vator), the cells were then passaged and selected with 10 pg/mL of
Zeocin. The 1.5 pg DNA electroporated CD4*1 T cells exhibited Zeocin
resistance. The cells were kept growing for at least 67 passages in the
presence of Zeocin (data not shown), which indicated the cells were
immortalized. We also tested the method on CD8™ T cells from different
donor. Half million primary CD8" T cells isolated from PBMCs were
electroporated with 2 pg of donor DNA. The electroporated CD8 + T
cells were selected with 10-15 pg/mL of Zeocin. On the first experiment,
the CD8™ T cells showed Zeocin resistance and expanded more than 1010
times (Fig. 1 B), which indicated that the CD8™ T cells were immortal-
ized. However, when we subsequently to optimize the donor DNA

Tissue and Cell 95 (2025) 102908

amount for immortalization using P2-P4 cells, the following 6 experi-
ments were not succeeded. We reasoned that spontaneous homologous
recombination frequency was low, and the experiments needed large
number of cells and donor DNA. High concentration of donor DNA
caused cytotoxicity. If the double stranded DNA break is created in the
region of homologous recombination, the frequency of recombination
will be increased. Therefore, we utilized CRSPR/Cas9 system to create
double stranded DNA break in the pl6 exon2 region to increase the
frequency of homologous recombination.

With the modified method, we tested on CD8" T cells derived from
independent donor. Three hundred thousand CD8" T cells were elec-
troporated with CRISPR Cas9/sgRNA complex (RNP) and 500, 1000,
2000, and 5000 copies of donor DNA/cell. The electroporated CD8" T
cells were cultured in T cell growth medium for all the passages and
were selected with 5 pg/mL of Zeocin started from 2nd passage and
10 pg/mL of Zeocin for over next 10 passages. Mock electroporated
CD8™ T cells were most killed after 3 passages with Zeocin (data not
shown). The live cell number from electroporated cells was declined
initially and recovered in the next passages. All 4 attempts generated
Zeocin resistant cells for over 20 passages. We kept the cells electro-
porated with 500 copies of donor DNA/cell for further characterization.
After 52 passages, the live cells expanded around 3 x 107 times
(Fig. 1C). This data indicated that the CD8" T cells were immortalized.
The immortalized hCD8" T-Tert cells grew significantly faster than WT
CD8™ T cells from the same donor (Fig. 1D). To confirm whether hTERT
transgene was incorporated into CDKN2A (p16) gene exon 2, we first
used ddPCR to detect the copy number of hTERT transgene per cell. The
copy number of the transgene was calculated by the ratio of target gene
and reference gene multiply by 2. We found that there were 1 copy of
CDKN2A (p16) gene exon2 and 2 copies exon 1 (exon 1 was a part of 5’
recombinant arm of the targeting donor DNA) in the immortalized CD8*
T cells, and there were 2 copies of both p16 gene exon 1 and exon 2 in
the WT CD8™ T cells (Fig. 1E). One copy of hTERT transgene and IRES
were also found in the immortalized CD8" T cells. This data indicated
that the targeting donor DNA contained hTERT and Zeocin resistant
genes was successfully replaced one copy of p16 gene exon 2. To further
confirm the donor DNA was incorporated in the CDKN2A (p16) gene
exon 2 as expected, we used 2 pairs of primers to detect the recombinant
CDKN2A (pl6 allele. Both pairs of primers had the forward primers
located in the transgene, and reverse primers located downstream of the
3’ recombinant arm of targeting donor DNA (Fig. 1A). Both pairs of
primers were able to detect the recombinant allele (Fig. 1F), indicating
there was at least 1 allele was correctly insterted. Since we only detected
1 copy of hTERT transgene and still had 1 copy of CDKN2A (p16) gene
exon 2, we would expect that the CDKN2A (p16) exon 2 knockout was
heterozygous, i.e. one recombinant allele and one WT allele. To test this
hypothesis, we designed primers that can only detect WT CDKN2A (p16)
allele and only detect p16 exon 2 knockout allele, namely forward
primers only located in the replaced CDKN2A (p16) gene fragment or
only located in the hTERT transgene cassette (Fig. 1A). The PCR data
showed that both WT allele and knockout allele were detected (Fig. 1G),
which confirmed that only 1 copy of hTERT transgene replaced the
CDKNZ2A (p16) gene exon 2, and the other allele remained WT. We call
this cell line hCD8" T-TERT hereafter.

3.2. TERT gene expression was elevated in hCD8" T-TERT cells

HCD8" T-TERT cells were cultured with Zeocin for all the passages
and were resistant to Zeocin, which indicated that the Zeocin resistant
gene was expressed in the cells. The hTERT gene was designed at the
upstream of Zeocin resistant gene. To test whether hTERT transgene was
expressed in hCD8" T-TERT cells, we isolated total RNA from 2 different
passages of the cells (passage 40 and passage 53) and control WT CD8* T
cells. Direct RT-ddPCR data revealed that hTERT gene expression was
over 350 folds elevated in the immortalized cells, but it was minimally
detected in WT CD8™ T cells (Fig. 2). This data indicated that hCD8" T-
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level of p16 mRNA compared to parental WT T cells. B. Telomerase activity analysis using telomeric repeat amplification protocol (TRAP). WT 10,000, TRAP result
from 10,000 WT CD8" T cells; WT 1000, TRAP result from 1000 WT CD8" T cells; WT 100, TRAP result from 100 WT CD8™ T cells; WT Heat, TRAP result from heat
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TERT cells had the hTERT transgene replaced CDKN2A (p16) exon 2
locus, and the TERT transgene was highly expressed. Since there was one
copy of CDKN2A (p16) gene exon 2 was replaced with hTERT transgene,
we asked whether p16 mRNA expression in the hCD8" T-TERT cells was
reduced compared to WT cells. DAPCR data revealed that the p16 mRNA
expression remained almost same as compared with WT CD8" T cells
(Fig. 2A). We further analyzed telomerase activity of the WT parental
cells and hCD8" T-TERT cells using the TRAPeze Telomerase Detection
Kit. Telomerase activity was minimally detected in the 1000 WT CD8™ T
cell extract (Fig. 2B, Lane WT 1000) and nearly undetectable in 100 WT
CD8" T cell extract (Fig. 2B, Lane WT 100); however, telomerase ac-
tivity from 100 hCD8" T-TERT cells was comparable to the telomerase
activity of 10,000 WT CD8" T cell (Fig. 2B, TERT 100). This data indi-
cated that not only was TERT mRNA expression elevated in hCD8" T-
TERT cells, but also telomerase activity was elevated compared with WT
CD8" T cells.

3.3. HCD8" T-TERT cells exhibited partial normal karyotype at high
passages

One of the goals of this immortalization method was to have very
little alteration of the genome of T cells. With this minimal alteration, we
expected that the hCD8" T-TERT cell line retained normal karyotype at
high passages. The hCD8" T-TERT cells were analyzed by 2 different
methods at passage 47. First, Karyostat™ Karyotyping (microarray
analysis, ThermoFisher Scientific) data showed that there were 23 pairs
of chromosomes, and no obvious chromosome loss and gain was
observed (Fig. 3A). Cytogenic karyotyping results also showed that at
least 46 % (23 out of 50) of the cells had normal 23 pairs of chromo-
somes and no obvious chromosome loss and gain (Fig. 3B) (Karyologic,
NC). There were some small alterations observed such as deletion of
chromosome 16 ql1.1 (8 out of 50), translocation of small part of
chromosome 10 and 13 (4 out of 50) (data not shown). Early passage
(P22) immortalized cells karyotype analysis revealed that 76 % of the
metaphase spreads (38 out of 50) were normal. Some small alterations
were also observed such as translocation of chromosome 4 p14 and
chromosome 11 pl5 (7 out of 50). Interestingly, the early passage
abnormal karyotype alterations (such as translocation of chromosome 4
pl4 and chromosome 11 p1l5) were not observed in the late passage
(P47) abnormal karyotype (Supplemental figure 1). One of the possible
explanations was that the abnormal cells were being outcompeted and
replaced by normal cells over time (Liu et al., 2020). This data indicated
that our immortalization method largely retained normal karyotype as
WT CD8" T cells.

3.4. HCD8" T-TERT cells retained the dependence of IL-2 and CD3/
CD28 activator for survival and expansion

To determine whether the immortalized hCD8" T-TERT cell line
retained the dependence of IL-2 and CD3/CD28 activator for survival
and expansion as the parental cells, we cultured the immortalized T cells
in medium with or without IL-2 and/or CD3/CD28 activator. As shown
in Fig. 4A, the cells started to grow after thawed out from the cryo-
preserved vial in a week in the medium contained both IL-2 and CD3/
CD28 activator. However, the cells only survived and expanded in the
first few passages in expansion medium contains IL-2 but no CD3/CD28
activator (Fig. 4A). But in the medium without IL-2 (activator alone or
no addition), the cells died in a week (Fig. 4A). We further confirmed
that large proportion of the cells were dead detected as DAPI positive
(73.6 %, Fig. 4B) and PI positive (61.8 %, Fig. 4C). The cells cultured
with IL-2 and CD3/CD28 activator had much fewer dead cells (32.6 %
DAPI positive and 45.7 % PI positive), which indicated that the
immortalized cells retained the dependence of IL-2 and CD3/CD28
activator for in vitro survival and expansion.
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Fig. 4. Immortalized T cells retained dependence of IL-2 and CD3/CD28 acti-
vator. A, hCD8" T-TERT cells growth in the media contained IL-2 © CD3/CD28
activator, IL-2, activator, or no addition. B, FACS plot showed the percentage of
DAPI positive cells cultured in medium contained IL-2. C, FACS plot showed the
percentage of PI positive cells cultured in medium contained IL-2. D, FACS plot
showed the percentage of DAPI positive cells cultured in medium contained IL-2
and CD3/CD28 activator. E, FACS plot showed the percentage of PI positive
cells cultured in medium contained IL-2 and CD3/CD28 activator.

3.5. HCD8" T-TERT cells retained normal CD8" T cell phenotypic
surface markers

With normal karyotype revealed by 2 different karyotyping methods,
we further investigated whether the hCD8" T-TERT cells had retained
phenotypic surface markers expression as WT CD8" T cells. We first
analyzed the T cell lineage surface markers, CD3, CD4, and CD8. Fig. 5
showed that the hCD8" T-TERT cells retained CD3 and CD4 surface
marker expression at P50 as WT CD8" T cells, but lost CD8 surface
marker expression. Differentiation markers such as CD45RA and CD95
were also expressed on the hCD8" T-TERT cell surface as WT T cells
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Fig. 5. T cell surface markers expression. A-B, CD3 and CD4 were expressed on portion of WT CD8™ T cells. C, CD8 was highly expressed on WT CD8™ T cells. D, CD3
was expressed on portion of hCD8 " T-TERT cells. E, CD4 was highly expressed on all hCD8 " T-TERT cells. F. CD8 was down regulated on hCD8" T-TERT cells surface.

Blue indicated isotype control and red indicated antibody staining.

(Fig. 6A, B, D, E), but CCR7 expression level was lower on the hCD8™ T-
TERT cells than that of WT T cells (Fig. 6C, F). Equivalent expression of T
cell activation surface marker CD25 was observed on hCD8" T-TERT
and WT CD8" T cell surface (Fig. 7D, H). Both hCD8" T-TERT and WT T
cells had positive expression of exhaustion marker TIM3, LAG3 on the
surface (Fig. 7B, C, F, G), but hCD8" T-TERT cells exhibited less PD1
expression than WT T cells (Fig. 7A, E). The presence of the cell surface
markers detected by FACS was summarized in Table 2.

4. Discussion

Immortalized T cells have broad applications in both basic research
and industry. Jurkat cells has been working as T cell model for decades
and generating extensive amount of useful knowledge. However, the
limitation of Jurkat cells is now realized simply because they are cancer
cells not normal T cells (Gioia et al., 2018). There had been several T cell
lines immortalized by using virus, such as leukemia virus or Herpesvirus
(Grassmann et al., 1992; Meinl et al., 1995; Troidl et al., 1994; Robek
and Ratner, 1999). But the virus immortalized, or SV40 large T antigen
immortalized cells usually have oncogenic phenotype. Normal T cell
lines can fill in the gap that Jurkat cell line was not able to, such as gene
and cell therapies. To keep immortalized cell as normal as possible is
very challenging, gain and/or deletion of chromosomes were often
observed even in the TERT immortalized cell lines (Zhao et al., 2021;
Farwell et al., 2000; Varella-Garcia et al., 2006; Li et al., 2006; Ouellette
et al., 2000). Recently, Zhao and colleagues introduced a method of
immortalization human primary epithelial cells with uncontrolled TERT
transgene insertion by lentivirus vector (Zhao et al., 2021). The authors
used CRISPR/Cas9 to make p16 gene KO, and lentivirus vector to insert
TERT transgene in the cell genome, which resulted in over expression of
TERT and knockout CDKN2A (p16) at the same time. However, they

used Lentivirus vector to deliver the Cas9/sgRNA, and hTERT transgene,
which will integrate into the genome of the immortalized cells. The
uncontrolled insertion of the lentiviral vectors could be one of the fac-
tors contribute to the gain and/or loss of chromosomes (Zhao et al.,
2021).To avoid CRISPR/Cas9 off target, and continuously making
double stranded DNA breaks on and off targets, we used CRISPR/Cas9
protein and synthetic sgRNA in this study. To make more precise donor
DNA recombination, we used traditional gene knockout strategy of have
long 5’ and 3’ recombinant arms. We were able to immortalize human
primary CD8" T cells with 500 copies of donor DNA/cell. The single
copy of TERT transgene and knockout an allele of CDKN2A (p16) was
sufficient to immortalize human CD8" T cells. Moreover, the immor-
talized T cells largely kept phenotypic surface markers. Although we did
see some chromosome small alterations in cytogenic karyotyping, but
the Karyostat® analysis did not detect these changes. The abnormal
karyotypes observed in early passage of immortalized cells (P22 cells)
were not observed in late passage cells (P47). One of the possible ex-
plains was that the abnormal cells were being outcompeted and replaced
by normal cells over time (Liu et al., 2020). However, the new abnormal
karyotypes emerged during the culture. Zeocin binds to DNA and gen-
erates DNA double strand DNA breaks. Even the cells are resistant to
Zeocin, mutations and chromosome rearrangements could occur due to
the double strand DNA breaks Zeocin generated (Oliva-Trastoy et al.,
2005). Since the immortalized cells were cultured in the presence of
Zeocin, which could explain why the new abnormal karyotypes
emerging after 25 passages. In addition, the finding of the immortalized
hCD8" T-TERT cells are still dependent on cytokines and antigen stim-
ulation for proliferation, suggesting that these T cells were not trans-
formed. We plan to obtain clonal cell line from this immortalized human
CD8™ T cell line for the further modified cell lines development, such as
CAR-T model cell lines.
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Table 2

Summary of cell surface markers by FACS.
Antigen WT T-TERT
cD3 T N
CD4 + .
CD8 e :
CD45RA + +
CD95 ++ ++
CCR7 +/- +/-
PD1 + +/-
LAG3 ++ ++
TIM3 + +/-
CD25 +++ ++/+

Although the immortalized hCD8" T-TERT cell line exhibited largely
normal karyotype and surface phenotype, we did observe that after
continuous passages of culturing in the presence of IL-2 and CD3/CD28
activator, the cells lost CD8 surface expression (Fig. 5C). Loss of CD8
surface expression after prolonged in vitro culture was observed before
(Kienzle et al., 2005), however the exact underline mechanisms are not
clear. One of the possible explanations was that the immortalized CD8™"
T-TERT cell line was continuously stimulated with CD3/CD28 activator,
which led to certain exhaustion state of the CD8™ T cells (indicated by
positive LAG3 and TIM3 surface markers) (Fig. 7F,G) (Datar et al.,
2019). Exhausted CD8 + T cells had shown to be low and strongly
inhibited TCR signaling (Sandu et al., 2020). Whether the immortalized
CD8* T-TERT cell line can be reversed from exhaustion state summons
further investigation (Zhu et al., 2023). The immortalized CD8" T-TERT
cell line needs to be further characterized in order to be used for
different purpose in the future, such as whether the immortalized T cells
are MHC-restricted, and other functional properties of the T cells,
including cytokine releasing.

There were several limitations of this study. First, there was possible
off-target effect. Using CRISPR/Cas9 to increase the efficiency of
immortalization relied on the target sequence of sgRNA. If there is any
mutation in the target sequence, the efficiency would be reduced. Using
CRISPR/Cas9 can possibly lead to unintended off-target mutations in the
immortalized T cells. However, the purpose of using CRIPR/Cas9 in this
manuscript was to create a double-stranded DNA break for increasing
the recombination frequency, therefore the Cas9 cleave site mutations
are irrelevant to this study. Second, this study used limited donor sam-
ples, which could possibly affect the generalizability of the results. The
main goal of this study is to prove the concept that the newly developed
human cell immortalization method can establish normal human cell
lines. The primary cells from independent donors served the purpose of
this study. However, to generalize the results, more primary cell types
and more independent donors are needed. Another limitation of this
study is that this study used Zeocin resistance as a transgene insertion
selection marker. Zeocin is a member of the bleomycin family of anti-
biotics, and it works by binding to DNA and causing double-strand
breaks. Even the immortalized T cells express Zeocin resistant gene,
Zeocin can still induce DNA cleavage and potentially lead to mutations
or chromosome rearrangements (Liu et al., 2020; Oliva-Trastoy et al.,
2005). This could partly explain why the abnormal karyotyping
observed from immortalized P47 cells were different from P22 cells.

Taken together, we have developed a novel method that can
immortalize human primary cells and largely keep the immortalized cell
line normal. To our knowledge, this is the first method to establish
human normal T cell lines with single TERT transgene insertion, which
will be highly useful for T cell studies.

CRediT authorship contribution statement
Cole Kenneth: Writing — review & editing, Writing — original draft,

Methodology, Formal analysis, Conceptualization. He Zhiyong: Writing
—review & editing, Writing — original draft, Visualization, Methodology,

Tissue and Cell 95 (2025) 102908

Investigation, Formal analysis, Data curation, Conceptualization. He
Hua-Jun: Writing — review & editing, Writing — original draft, Meth-
odology, Formal analysis, Conceptualization.

Disclaimers

Certain commercial equipment, instruments, and materials are
identified to specify the experimental procedure. In no case does such
identification imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the ma-
terials or equipment are necessarily the best available for the purpose.

Consent for publication

The National Institute of Standards and Technology Research Pro-
tections Office reviewed the protocol for this project and determined it is
“not human subjects research” as defined in 15CFR27, the Common Rule
for the Protection of Human Subjects.

Funding

This work was supported by NIST intramural fund.

Institutional Review Board Statement and Informed Consent State-
ment are not required for this study, because there is no animal used and
no human subjects involved.

Declaration of Competing Interest

The novel immortalization method in the process of patent applica-
tion, there will be possibility of commercial licensing.

Acknowledgement

We thank Jerilyn R. Izac and Megan Cleveland for the critical reading
and suggestions for the manuscript.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.tice.2025.102908.

Data availability
Data will be made available on request.

References

Ahuja, D., Saenz-Robles, M.T., Pipas, J.M., 2005. SV40 large T antigen targets multiple
cellular pathways to elicit cellular transformation. Oncogene 24, 7729-7745.
https://doi.org/10.1038/sj.0nc.1209046.

Alam, S., Katakura, Y., Yoshida, H., Kim, E.H., Shirahata, S., 2000. Improvement of a
method to reproducibly immortalize human T cells by oncogene transfection.
Cytotechnology 33, 71-81. https://doi.org/10.1023/A:1008171109981.

de Bardet, J.C., et al., 2023. Cell immortalization: in vivo molecular bases and in vitro
techniques for obtention. BioTechnology 12. https://doi.org/10.3390/
biotech12010014.

Chalak, M., et al., 2024. Cell immortality: in vitro effective techniques to achieve and
investigate its applications and challenges. Life 14. https://doi.org/10.3390/
life14030417.

Chang, M.W,, et al., 2005. Comparison of early passage, senescent and hTERT
immortalized endothelial cells. Exp. Cell Res. 309, 121-136. https://doi.org/
10.1016/j.yexcr.2005.05.002.

Datar, L., et al., 2019. Expression analysis and significance of PD-1, LAG-3, and TIM-3 in
human non-small cell lung cancer using spatially resolved and multiparametric
single-cell analysis. Clin. Cancer Res. 25, 4663-4673. https://doi.org/10.1158/
1078-0432.CCR-18-4142.

DeCaprio, J.A., et al., 1988. SV40 large tumor antigen forms a specific complex with the
product of the retinoblastoma susceptibility gene. Cell 54, 275-283. https://doi.org/
10.1016/0092-8674(88)90559-4.

Fahad, A.S., et al., 2022. Immortalization and functional screening of natively paired
human T cell receptor repertoires. Protein Eng. Des. Sel. 35. https://doi.org/
10.1093/protein/gzab034.


https://doi.org/10.1016/j.tice.2025.102908
https://doi.org/10.1038/sj.onc.1209046
https://doi.org/10.1023/A:1008171109981
https://doi.org/10.3390/biotech12010014
https://doi.org/10.3390/biotech12010014
https://doi.org/10.3390/life14030417
https://doi.org/10.3390/life14030417
https://doi.org/10.1016/j.yexcr.2005.05.002
https://doi.org/10.1016/j.yexcr.2005.05.002
https://doi.org/10.1158/1078-0432.CCR-18-4142
https://doi.org/10.1158/1078-0432.CCR-18-4142
https://doi.org/10.1016/0092-8674(88)90559-4
https://doi.org/10.1016/0092-8674(88)90559-4
https://doi.org/10.1093/protein/gzab034
https://doi.org/10.1093/protein/gzab034

Z. He et al.

Farwell, D.G., et al., 2000. Genetic and epigenetic changes in human epithelial cells
immortalized by telomerase. Am. J. Pathol. 156, 1537-1547. https://doi.org/
10.1016/50002-9440(10)65025-0.

Gioia, L., Siddique, A., Head, S.R., Salomon, D.R., Su, A.L, 2018. A genome-wide survey
of mutations in the Jurkat cell line. BMC Genom. 19, 334. https://doi.org/10.1186/
512864-018-4718-6.

Grassmann, R., et al., 1992. Role of human T-cell leukemia virus type 1 X region proteins
in immortalization of primary human lymphocytes in culture. J. Virol. 66,
4570-4575. https://doi.org/10.1128/JVI1.66.7.4570-4575.1992.

Groux, H., et al., 1997. Isolation and characterization of transformed human T-cell lines
infected by Epstein-Barr virus. Blood 89, 4521-4530.

Harada, H., et al., 2003. Telomerase induces immortalization of human esophageal
keratinocytes without p16INK4a inactivation. Mol. Cancer Res. 1, 729-738.

Hooijberg, E., et al., 2000. Immortalization of human CD8+ T cell clones by ectopic
expression of telomerase reverse transcriptase. J. Immunol. 165, 4239-4245.
https://doi.org/10.4049/jimmunol.165.8.4239.

Kienzle, N., et al., 2005. Progressive differentiation and commitment of CD8+ T cells to a
poorly cytolytic CD8low phenotype in the presence of IL-4. J. Immunol. 174,
2021-2029. https://doi.org/10.4049/jimmunol.174.4.2021.

Li, H.M,, et al., 2006. Molecular and cytogenetic changes involved in the immortalization
of nasopharyngeal epithelial cells by telomerase. Int. J. Cancer 119, 1567-1576.
https://doi.org/10.1002/ijc.22032.

Liu, X., et al., 2020. Chromosomal aberration arises during somatic reprogramming to
pluripotent stem cells. Cell Div. 15, 12. https://doi.org/10.1186/513008-020-00068-
z.

Meinl, E., Hohlfeld, R., Wekerle, H., Fleckenstein, B., 1995. Immortalization of human T
cells by Herpesvirus saimiri. Immunol. Today 16, 55-58. https://doi.org/10.1016/
0167-5699(95)80087-5.

Oliva-Trastoy, M., Defais, M., Larminat, F., 2005. Resistance to the antibiotic Zeocin by
stable expression of the Sh ble gene does not fully suppress Zeocin-induced DNA
cleavage in human cells. Mutagenesis 20, 111-114. https://doi.org/10.1093/
mutage/gei016.

Ouellette, M.M., McDaniel, L.D., Wright, W.E., Shay, J.W., Schultz, R.A., 2000. The
establishment of telomerase-immortalized cell lines representing human

10

Tissue and Cell 95 (2025) 102908

chromosome instability syndromes. Hum. Mol. Genet. 9, 403-411. https://doi.org/
10.1093/hmg/9.3.403.

Robbins, J.R., et al., 2000. Immortalized human adult articular chondrocytes maintain
cartilage-specific phenotype and responses to interleukin-1beta. Arthritis Rheum. 43,
2189-2201. https://doi.org/10.1002/1529-0131(200010)43:10< 2189::AID-
ANR6> 3.0.CO;2-S.

Robek, M.D., Ratner, L., 1999. Immortalization of CD4(+) and CD8(+) T lymphocytes by
human T-cell leukemia virus type 1 Tax mutants expressed in a functional molecular
clone. J. Virol. 73, 4856-4865. https://doi.org/10.1128/JVI1.73.6.4856-4865.1999.

Sandu, 1., Cerletti, D., Claassen, M., Oxenius, A., 2020. Exhausted CD8(+) T cells exhibit
low and strongly inhibited TCR signaling during chronic LCMV infection. Nat.
Commun. 11, 4454. https://doi.org/10.1038/541467-020-18256-4.

Thi, M.M., Urban-Maldonado, M., Spray, D.C., Suadicani, S.0., 2010. Characterization of
hTERT-immortalized osteoblast cell lines generated from wild-type and connexin43-
null mouse calvaria. Am. J. Physiol. Cell Physiol. 299, C994-C1006. https://doi.org/
10.1152/ajpcell.00544.2009.

Toouli, C.D., et al., 2002. Comparison of human mammary epithelial cells immortalized
by simian virus 40 T-Antigen or by the telomerase catalytic subunit. Oncogene 21,
128-139. https://doi.org/10.1038/sj.0nc.1205014.

Troidl, B., et al., 1994. Karyotypic characterization of human T-cell lines immortalized
by Herpesvirus saimiri. Int. J. Cancer 56, 433-438. https://doi.org/10.1002/
ijc.2910560325.

Varella-Garcia, M., Chen, L., Zheng, X., Yu, L., Dixon, D., 2006. Karyotypic
characteristics of human uterine leiomyoma and myometrial cell lines following
telomerase induction. Cancer Genet. Cytogenet 170, 71-75. https://doi.org/
10.1016/j.cancergencyto.2006.05.003.

Zhao, Z., et al., 2021. Immortalization of human primary prostate epithelial cells via
CRISPR inactivation of the CDKN2A locus and expression of telomerase. Prostate
Cancer Prostatic Dis. 24, 233-243. https://doi.org/10.1038/541391-020-00274-4.

Zhu, W., Li, Y., Han, M., Jiang, J., 2023. Regulatory mechanisms and reversal of CD8(+)
T cell exhaustion: a literature review. Biology 12. https://doi.org/10.3390/
biology12040541.


https://doi.org/10.1016/S0002-9440(10)65025-0
https://doi.org/10.1016/S0002-9440(10)65025-0
https://doi.org/10.1186/s12864-018-4718-6
https://doi.org/10.1186/s12864-018-4718-6
https://doi.org/10.1128/JVI.66.7.4570-4575.1992
http://refhub.elsevier.com/S0040-8166(25)00188-0/sbref12
http://refhub.elsevier.com/S0040-8166(25)00188-0/sbref12
http://refhub.elsevier.com/S0040-8166(25)00188-0/sbref13
http://refhub.elsevier.com/S0040-8166(25)00188-0/sbref13
https://doi.org/10.4049/jimmunol.165.8.4239
https://doi.org/10.4049/jimmunol.174.4.2021
https://doi.org/10.1002/ijc.22032
https://doi.org/10.1186/s13008-020-00068-z
https://doi.org/10.1186/s13008-020-00068-z
https://doi.org/10.1016/0167-5699(95)80087-5
https://doi.org/10.1016/0167-5699(95)80087-5
https://doi.org/10.1093/mutage/gei016
https://doi.org/10.1093/mutage/gei016
https://doi.org/10.1093/hmg/9.3.403
https://doi.org/10.1093/hmg/9.3.403
https://doi.org/10.1002/1529-0131(200010)43:10<&thinsp;2189::AID-ANR6>&thinsp;3.0.CO;2-S
https://doi.org/10.1002/1529-0131(200010)43:10<&thinsp;2189::AID-ANR6>&thinsp;3.0.CO;2-S
https://doi.org/10.1128/JVI.73.6.4856-4865.1999
https://doi.org/10.1038/s41467-020-18256-4
https://doi.org/10.1152/ajpcell.00544.2009
https://doi.org/10.1152/ajpcell.00544.2009
https://doi.org/10.1038/sj.onc.1205014
https://doi.org/10.1002/ijc.2910560325
https://doi.org/10.1002/ijc.2910560325
https://doi.org/10.1016/j.cancergencyto.2006.05.003
https://doi.org/10.1016/j.cancergencyto.2006.05.003
https://doi.org/10.1038/s41391-020-00274-4
https://doi.org/10.3390/biology12040541
https://doi.org/10.3390/biology12040541

	A novel immortalization method for immortalizing human primary CD8+ T cells by inserting a single copy of human telomerase  ...
	1 Introduction
	2 Materials and methods
	2.1 CD4+ and CD8+ T cells isolation and culture
	2.2 Immortalization donor DNA design and single guide RNA
	2.3 CD8+ T cell immortalization
	2.4 Genomic DNA extraction and PCR
	2.5 Total RNA isolation
	2.6 Droplet digital PCR
	2.7 Flow cytometry
	2.8 Telomerase activity assay

	3 Results
	3.1 Immortalization of normal CD4+ and CD8+ T cell lines
	3.2 TERT gene expression was elevated in hCD8+ T-TERT cells
	3.3 HCD8+ T-TERT cells exhibited partial normal karyotype at high passages
	3.4 HCD8+ T-TERT cells retained the dependence of IL-2 and CD3/CD28 activator for survival and expansion
	3.5 HCD8+ T-TERT cells retained normal CD8+ T cell phenotypic surface markers

	4 Discussion
	CRediT authorship contribution statement
	Disclaimers
	Consent for publication
	Funding
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supporting information
	Data availability
	References


