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IL-15 receptor alpha reduces the toxicity of IL-15
during CAR-T immunotherapy
YING ZHANG  (  xiaomimiaz@163.com )

Capital Medical University A�liated Beijing Shijitan Hospital
QINGHUI ZHUANG 

Capital Medical University A�liated Beijing Shijitan Hospital
FANG WANG 

Capital Medical University A�liated Beijing Shijitan Hospital
CAN ZHANG 

Capital Medical University A�liated Beijing Shijitan Hospital
CHANG XU 

Capital Medical University A�liated Beijing Shijitan Hospital
SHUAI TONG 

Capital Medical University A�liated Beijing Shijitan Hospital
ZHIJING AN 

Capital Medical University A�liated Beijing Shijitan Hospital
ZHEN YU 

Capital Medical University A�liated Beijing Shijitan Hospital
AIQIN GU 

Capital Medical University A�liated Beijing Shijitan Hospital
YI HU 

Capital Medical University A�liated Beijing Shijitan Hospital
XIAOSONG ZHONG 

Capital Medical University A�liated Beijing Shijitan Hospital

Research Article

Keywords: Armored CAR-T, IL-15, IL-15Ra, Persistence, Toxicity

Posted Date: June 6th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1600377/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1600377/v1
mailto:xiaomimiaz@163.com
https://doi.org/10.21203/rs.3.rs-1600377/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/16

Abstract
Background:

Chimeric antigen receptor (CAR)-T cell therapy is a powerful adoptive immunotherapy against both B cell
malignancies and some types of solid tumors. Interleukin (IL) -15 is an important immune stimulator that
may offer ideal long-term persistent CAR-T cells. However, higher base line or peak serum IL-15 levels also
relate to severe toxicity, such as cytokine release syndrome (CRS), graft-versus-host disease (GVHD) and
neurotoxicity.

Methods:

We successfully constructed CD19 speci�c armored CAR-T cells overexpressing IL-I5 and IL-15 receptor
alpha (IL-15Ra). In vitro cell differentiation and viability were monitored by �ow cytometry, and an in vivo
xenograft mouse models was used to evaluate the anti-tumor e�ciency and toxicity of CAR-T cells.

Results:

CAR-T cells overexpressing just IL-15 demonstrated enhanced viability, retarded exhaustion in vitro and
superior tumor inhibitory effects in vivo. However, these tumor-cured mice had lower survival rate,
because of, to some extent, toxicity. Nevertheless, CAR-IL-15 T cells transduced with IL-15Ra had reduced
CD132 expression and released less cytokines (IFNγ, IL-2 and IL-15) in vitro, and improved mouse survival
compared to CAR-IL-15 T cells.

Conclusion:

These results indicated that the importance of IL-15 in enhancing T cells persistence and IL-15Ra in
reducing the adverse events of IL-15, with superior tumor retardation during CAR-T therapy, which paves
the way for the rapid exploitation of IL-15 in adoptive cell therapy.

Introduction
Due to the great ability to expand and stimulate T cells, IL-2 functions as the �rst cytokine to be used in
clinical cancer trials. However, the administration of IL-2 leads to the exhaustion of T cells limiting its
application, especially in adoptive T cell therapy. Recently, IL-15 drew much attention because of its
similarity to IL-2 in cytokine receptor biology. Studies have reported that the administration of
recombinant IL-15 or over-expression of IL-15 protects mice from various infections 1,2, and because of
the ability to prolong T cells’ longevity, the use of IL-15 clinically was further strengthened.

Belonged to the common γ-chain family cytokines, both IL-15 and IL-2 are involved in regulation of T cell
homeostasis and differentiation. They share many biological activities, presumably because they share
components of the IL-2 receptor complex 3. The shared activities include growth and migration of
activated T and NK cells, and induction of B cell differentiation and proliferation 4. IL-15 and IL-2 each



Page 3/16

utilize a heterotrimeric receptor complex, which consists of the IL-2Rβ and γc subunits and a speci�c,
unique α subunits 3. IL-15 receptor alpha (IL-15Ra) is an IL-15 speci�c receptor with high a�nity.
Following secretion by immune cells, IL-15 binds to IL-15Ra expressed on effector cells and this IL-15-IL-
15Ra fusion protein is then bound to the IL-2Rβγ (IL-15Rβγ) complex expressed on nearby effector cells,
such as NK, B and T cells, which leads to the recruitment and activation of JAK1 and JAK3 5. Activated
JAK1 and JAK3 further prompt the transcription of IL-15-regulated genes in effector cells 6 via STAT3 and
STAT5. Beyond that, IL-15 alone can also bind to the IL-15Rβγ complex in the absence of IL-15Ra,
resulting in the activation of PI3K and MAPK pathways 7. Thus, IL-15 and IL-15-IL-15Ra complex exhibit
different contributions to T cell-mediated immune responses.

Chimeric antigen receptor (CAR) is synthetic molecules that was constructed by an extracellular tumor
antigen-binding domain, hinge, transmembrane, and intracellular signaling domains 8. T cells expressing
CAR (CAR-T cells) can directly recognize tumor-associated antigens through single-chain variable
fragment (scfv) of the extracellular domain. After recognition, CAR-T cells are activated to release
multiple cytokines, such as granzyme, perforin, interferon-γ (IFN-γ), and then induce the apoptosis of
tumor cell 9,10. The development of CAR-T cells includes four stages. The �rst-generation CAR, which did
not contain a co-stimulatory signal domain, was developed to treat cancers but with poorly persistent in
vivo. The second generation CAR was incorporated with co-stimulatory signal domains from CD28 or 4-
1BB into the CAR intracellular structure to solve the problem. Since the two domains determine different
functional properties of CAR-T cells, the third generation of CARs containing CD28 and 4-1BB were
established 11. However, despite the signi�cant breakthrough of CAR-T therapy in terms of its clinical
curative effects, there are still several factors limit the anti-tumor e�cient of CAR-T cells. For example, the
exhaustion of CAR-T cells was universal 12, which leads to poor anti-tumor activity and relapse. Thus, the
fourth generation CAR, which is also called armored CAR and based on the third-generation CAR
combined with CRISPR/Cas9 technology, cytokine, antibody and so on 13,14 was constructed to overcome
these de�ciencies of CAR-T cells.

There is ample pre-clinical and clinical evidence demonstrating CAR-T cells are predisposed to exhaustion
and poor persistence that limits e�cacy of the immunotherapy 11. The application of IL-15, to some
extent, has been reported to solve this problem. Even so, other adverse events are occurred such as
toxicity. CAR-T cells can cause toxicity by several mechanisms. If the tumor-associated antigen to which
the CAR is targeted is expressed on normal tissues, those tissues may be damaged, as is the case that
normal B cells were damaged and depleted by CD19 CAR-T cells 15. In addition, the most prominent and
well-described toxicity of CAR-T cells is CRS, which is caused by the cytokines released by infused T cells
with symptoms including hypotension and fever. Neurologic toxicities may also occur caused by CAR T-
cell therapy 16,17. It is worth noting that the application of IL-15, which has been reported to induce better
anti-tumor response, was always accompanied with more serious toxicity 18,19.

In this study, to reduce the adverse effect and amplify the advantage of IL-15 during CAR-T therapy, we
generated CD19 speci�c armored CARs connecting IL-15 and IL-15Ra. We found IL-15Ra together with IL-
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15 could block the toxicity but had no effect on the persistence and anti-tumor activity of CAR-T cells
induced by IL-15. This provides clue for the rapid application of IL-15 to treat cancer patients during
adoptive cell therapy.

Materials And Methods

Cell lines
The human NALM-6, and the retrovirus packaging cell line PG13 were purchased from the American Type
Culture Collection (ATCC). The NALM-6 cell expressing GFP was generated by retroviral infection. NALM-6
cell was maintained in RPMI-1640 (Lonza) and containing 10% fetal bovine serum (Biosera) and 10,000
IU/mL penicillin/10,000 µg/mL streptomycin (EallBio Life Sciences). All cells were cultured in 5% CO2,
95% air at 37°C in a humidifed incubator.

Generation of CD19 speci�c CAR-T cells
CD19 Speci�c CAR coding sequence was synthesized by GeneArt (Invitrogen) and then subcloned into
the SFG retroviral vector. The cDNAs of IL-15 (HG10360-M) and IL-15Ra (HG18366-G) were purchased
from Sino Biological. All cloning of the CARs were veri�ed by sequencing. PG13 cells were used to
produce retroviral particles after plasmid transient transfection. Human peripheral blood mononuclear
cells (PBMCs) from healthy donors were isolated by Lymphoprep (MP Biomedicals) gradient
centrifugation. After stimulated with anti-CD3/CD28 beads, T cells from PBMCs were then infected with
retrovirus. After 7 days, the CAR-T cells were subjected to CAR expression detection and then expanded in
X-VIVOTM15 serum-free medium containing 5% GemCellTM Human Serum AB with IL-2 (138 U/ml). This
research was approved by the Beijing Shijitan Hospital Institutional Review Board and informed consent
was obtained from all the healthy donors.

Flow cytometry
Flow cytometry was performed on a FACSCanto Plus instrument (BD Biosciences) and FlowJo v.10
(FlowJo, LLC) was used for data analysis. All antibodies were purchased from BD Biosciences. CAR-T
cells were detected after staining with APC-cy7-labeled mouse anti-human CD3 antibody, FITC-labeled
mouse anti-human CD8 antibody, Alexa Fluor 700-labeled mouse anti-human CD8 antibody, BV421
labeled mouse anti-human CD4 antibody, V450-labeled mouse anti-human CD107a, BV605-labeled
mouse anti-human CD45RO, PE-cy7-labeled mouse anti-human CCR7, Alexa Fluor 700-labeled mouse
anti-human CD27, PE-cy5-labeled mouse anti-human CD95, and Alexa Fluor 647-labeled goat anti-mouse
IgG (Fab speci�c) F(ab′)2 antibody (Jackson ImmunoResearch).

Cytotoxicity assay
CAR-T cells were co-cultured with or without NALM6-GL at different effector to target (E:T) ratios in a 24-
well plate. After 24 h, cells were collected and tumor cells were detected by the surface marker using �ow
cytometry (BD FacsCanto II Plus).
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Proliferation assay
CD19-CAR-T cells, CD19-CAR-IL-15 T cells and CD19-CAR-IL-15-IL-15Ra T cells were cultured with IL-2.
The cell number at the day 0, day 7, day 14 and day 21 were counted by Viable through Trypan blue
exclusion using the Vi-CELL Cell Viability Analyzer.

Analysis of cytokine production
The CAR-T cells were co-cultured with NALM-6 at an E:T ratio of 2:1 for 24 h. The supernatants were
collected and subjected to IFN-γ, IL-15 and IL-2 detection via ELISA kits (DY285B, D1500, DY202, R&D
systems) according to the manufacturer’s instructions.

PCR
IL-15 and IL-15Ra expression in antigen-stimulated CAR-T cells was con�rmed by PCR. Total RNAs were
extracted from CAR-T cells using TRIzol Reagent (Invitrogen) following the manufacturer’s instructions.
cDNA was synthesized using the High Capacity cDNA Reverse Transcription kit (Thermo Fisher
Scienti�c). The expression of IL-15 gene was ampli�ed using primers 5’- ATGGATGCAATGAAGAGAGGG-3’
(sense) and 5’- CGACGTGTTCATGAACATCTGGA-3’ (antisense); IL-15Ra was ampli�ed using primers 5’-
ATGGCCCCGAGGCGGGCGCGAGG-3’ (sense) and 5’- TAGGTGGTGCGAGCAGT-3’ (antisense); GAPDH was
ampli�ed using primers 5’- tgaccacagtccatgccatc-3’ (sense) and 5’-gtgagcttcccgttcagctc-3’ (antisense)
functions as the control.

Xenograft mouse model with NALM-6 cells injection
Six to eight week-old NOD-SCID mice were purchased from Charles River Laboratories. 1 × 106 NALM-6-
GFP cells were injected into NOD-SCID mice intravenously to construct the xenograft mouse model. One
days after tumor cell injection, 1 × 107 CAR-T cells were injected into tail vein once a day for three days.
Tumor development was monitored using IVIS (IVIS, Xenogen, Alameda, CA, USA). All experiments
including mice were approved by the Beijing Shijitan Hospital Institutional Review Board.

Statistical analyses
Graphs and statistical analyses were performed using Graphpad Prism 8.0.2. The data were analyzed
using a student t test with p values < 0.05 considered as signi�cant; *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001; n.s., not signi�cant. Overall survival of mice with NALM-6 xenografts was measured using
the Kaplan-Meier method, with Cox proportional hazard regression analysis for group comparison. All
experiment was repeated at least three times.

Results
1. Armored CD19 speci�c CAR-T cells are developed.
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The IL-15 gene and IL-15Ra gene connected to the CD19-CAR gene was constructed (Fig. 1A) and these
co-expressing retroviral vector were transduced into T cells. Fig. 1B shows the transfection e�ciency, and
the CD4/CD8 ratios were similar between the three groups (Fig. S1A). Next, the successful expression of
IL-15 and IL-15Ra were con�rmed using PCR. Total RNAs of CAR-T cells were extracted. It was showed
that CD19-CAR-IL-15 T cells overexpress IL-15 and CD19-CAR-IL-15-IL-15Ra T cells overexpress IL-15 as
well as IL-15Ra (Fig. 1C).  

2. IL-15 armored CAR-T cells exhibit higher proliferative and less-differentiated phenotype in vitro.  

Direct cell counting showed that IL-15 and IL-15Ra overexpressed CAR-T cells exhibited higher
proliferation capacity (Fig. 2A). In addition, as IL-2 is the growth factor for T cells, the concentrations of
IL-2 in the supernatant were measured and it was showed that CD19-CAR-IL-15 and CD19-CAR-IL-15-
IL15Ra T cells released more IL-2 compared with CD19-CAR T cells (Fig. 2B). The differentiated
phenotype of CAR-T cells was determined. After stimulated with NALM-6 cells for 7 days, result showed
that only 1.67% of CD8+ CD19-CAR T cells were Tscm, whereas CD19-CAR-IL-15 and CD19-CAR-IL-15-IL-
15Ra T cells had more Tscm cells (9.23% and 4.84% respectively) (Fig. 2C). In addition, it is reported that
less-differentiated T cells produce less IFNγ upon antigen stimulation. Thus, CD19-CAR, CD19-CAR-IL-15
and CD19-CAR-IL-15-IL-15Ra T cells were stimulated with NALM-6 cells for 24 h and the concentration of
IFNγ was measured via ELISA. As showed in Fig. 2D, IL-15 and IL-15Ra exhibited T cells less IFNγ
production, implying the less-differentiated phenotype for CD19-CAR-IL-15 and CD19-CAR-IL-15-IL-15Ra T
cells. Subsequently, as IL-15 ampli�es T cell proliferation, the percentages of apoptotic cell and cell
viability were analyzed. We found that IL-15 and IL-15Ra depressed CAR-T cells apoptosis and enhanced
cell viability (Fig. 2E).

3. IL-15Ra reduces the IL-15-induced toxicity in vitro.

To study the in�uence of IL-15Ra on IL-15 in cell culture condition, the supernatant of armored CAR-T
cells were collected to detect the concentration of IL-15 using ELISA. It was showed that CD19-CAR-IL-15
T cells had the highest IL-15 release, whereas CD19-CAR-IL-15-IL-15Ra T cells performed the same as
CD19-CAR-T cells. As Fig. 1C has already con�rmed that CAR-IL-15-IL-15Ra T cells can express IL-15 and
IL-15Ra successfully, this result demonstrates IL-15Ra combine with IL-15 to reduce the concentration of
IL-15 in the medium, which had the potential to reduce toxicity. In addition, another IL-15 receptor, CD132,
whose high expression is related with GVHD 20, was detected. Fig. 3B shows CAR-IL-15-IL-15Ra T cells
have the lowest CD132 expression (60.8% compared with 93.2% and 65.5%). The anti-tumor activity of
armored CAR-T cells were investigated. CD19-CAR T cells and CAR-IL-15-IL-15Ra T cells had the same
anti-tumor capacity and CD19-CAR-IL-15 T cells had the lowest. 

4. IL-15 armored CAR-T cells co-expressed with IL-15Ra exhibit enhanced anti-tumor activity and reduced
toxicity in vivo.

To further examine the anti-tumor activity of armored T cells in vivo, NALM-6-GFP cells were injected
intravenously into NOD-SCID mice to generate a xenograft mouse model. After one day, T cells were
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injected intravenously with non-transduced T cells (NT) as the negative control, and the mice were
monitored for more than three months (Fig. 4A). As shown in Figs. 4B and 4C, compared with control
mice with a rapid progression of tumor development, mice treated with CD19-CAR-IL-15 T cells and CD19-
CAR-IL-15-IL-15Ra T cells had no tumor relapse, implying the enhanced anti-tumor activity induced by IL-
15. However, despite no tumor relapse, the survival rate of CD19-CAR-IL-15 T cells treated group was
lowest compared with CD19-CAR and CD19-CAR-IL-15-IL-15Ra T cells treated groups that all mice were
died within 70 days (Figs. 4B and 4D), implying the serious toxicity of IL-15. Compared with CD19-CAR
group that only 20% mice lived for more than 90 days, the survival rate of CD19-CAR-IL-15-IL-15Ra was
40% (Figs. 4B and 4D). On day 50, bloods from every mouse were collected and the sera were used to
detect the concentration of human IL-15. Fig. 4E demonstrates CD19-CAR-IL-15 T treated mice had the
most human IL-15 in the blood, which indicates the co-expression of IL-15Ra blocked the toxicity of IL-15
in the serum and prolonged the survival of tumor-treated mice. 

Discussion
In the present study, we evaluated the effects of IL-15 and IL-15-IL-15Ra complex on CAR-T therapy. Our
results demonstrated that IL-15 armored CAR-T cells resulted in the highest percentage of Tscm cells and
cell viability in cell culture condition. On the aspect of IL-15 combined with IL-15Ra, it had higher
percentage of Tscm despite lower than IL-15. IL-15-IL-15Ra armored CAR-T cells performed lowest toxicity
with less cytokine release (IFNγ) and CD132 expression. In the xenograft mouse model, IL-15 armored
CAR-T cells inhibit tumor relapse totally but with severe toxicity that all mice died within 70 days, whereas
IL-15-IL-15Ra armored CAR-T cells inhibit tumor relapse totally with lower toxicity that 40% mice lived for
more than 90 days, demonstrating the inhibiting effect of IL-15Ra on toxicity induced by IL-15.

CD19 speci�c CAR-T therapy has demonstrated signi�cant anti-tumor effects for B cell malignancies and
some types of solid tumors 21. However, various studies showed that CAR-T products generated by
different methods or from different laboratories exhibit inconsistent anti-tumor e�ciency. Several factors
limit the anti-tumor e�cient of CAR-T cells, such as antibody a�nity, off-target toxicity, impressive tumor
microenvironment as well as terminal differentiation 22. CAR-T cell persistence is the crucial problem and
considerable progression has been made to obtain cell products that result in enhanced expansion or
persistence and anti-tumor response. Studies have shown that anti-tumor bene�ts for using IL-15 as well
as IL-7 in culture 23 or IL-15 genetically engineered into T cells with CAR synchronously 24,25. Furthermore,
high serum IL-15 in patients with DLBCL and B-ALL were associated with the better outcome after CD19
CAR-T therapy 26,27, demonstrating the combined adjuvant IL-15 improved the anti-tumor e�cacy of CAR-
T therapy. Indeed, in this study we developed the armored CAR for leukemia treatment. Our in vitro cell
cultivation result indicated that this armored CAR-targeting CD19 increased the cell viability, inhibited
apoptosis and maintained CAR-T cells with a less-differentiated phenotype, demonstrating the enhanced
longevity of T cells 28,29.
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Despite several clinical studies reported that elevated IL-15 expression correlates with improved patient
survival, the administration of IL-15 has caused considerable toxicity including hypotension, fever,
thrombocytopenia, and so on in cancer patients, which may prevent further the safety approval of IL-15
18,30. In line with these studies, using the NALM-6 tumor bearing mouse, we found IL-15 armored CD19-
CAR-T cells inhibit tumor relapse totally but the toxicity was serious and all mice were die within 70 days,
implying the severe adverse effect of IL-15. IL-15-IL-15Ra complex has been shown to signi�cantly
stimulate CD8+ T cells, especially memory CD8+ T cells, to enhance cytotoxicity against multiple tumors,
such as myeloma 31, breast cancer 32, colorectal carcinoma 33, etc., and prolonged survival of tumor-
bearing mice, established a long-term immune memory against tumor re-challenge 34,35. A fusion protein
of IL-15-IL-15Ra and anti-FAP caused superior targeted anti-tumor killing ability, which provided rationale
for the development of antibody-IL-15-IL-15Ra fusion proteins for cancer immunotherapy in the future 36.
Thus, in the present study, after using IL-15Ra as a part of CAR cassette, we found overexpression of IL-
15Ra together with IL-15 enhanced cell viability, reduced apoptotic cell and retain T cell differentiation
with more Tscm compared with conventional CAR-T cells, and most importantly inhibit tumor relapse
totally for tumor-bearing mice with lower toxicity compared with CD19-CAR-IL-15 T cells, providing a new
choice for improving CAR construct.

It is demonstrated IL-15 cis presentation by IL-15Ra expressed on the CD8+ T cells was also able to
enhance the proliferation and viability of these CD8+ T lymphocytes in vivo 37 and IL-15Ra signi�cantly
increased the stability of IL-15 in serum 38. In one study, peripheral T cells stably expressing second
generation CD19-CAR and IL-15-IL-15 Ra retarded leukemia development and sustained resistance after
tumor clearance with long-lived T-memory stem cells 24. Even so, it did not indicate the toxicity effect of
IL-15. In our study, we discovered IL-15 combined with IL-15Ra reduced the adverse events signi�cantly
during CAR-T therapy and prolonged survival rate of tumor-bearing mice, which indicates a novel function
of IL-15Ra. There are two reasons that may explain. Firstly, the CD19 speci�c CAR we used was the third
generation of CARs having CD28 and 4-1BB into the CAR intracellular structure, which may in�uence the
intracellular signal transduction 39. Secondly, unlike previous studies, we constructed CD19-speci�c
armored CARs connecting CAR, IL-15 and IL-15Ra together. Therefore, the co-expression of CD19-CAR and
IL-15-IL-15Ra fusion protein within one cells may in�uence the function of IL-15Ra. Anyway, the
mechanism of reduced toxicity induced by IL-15Ra need to do further research.

CD132, as a common γ chain, is the subunit for the IL receptors including IL-2, IL-4, IL-7, IL-9 and IL-15.
Because levels of these cytokines were shown to be increased in the serum of patients developing acute
and chronic GVHD and inhibition of CD132 could have a profound effect on GVHD 20, the CD132
expression on the armored CAR-T cells was examined and the expression level of CD132 was lowest for
CAR-T cells together with IL-15 and IL-15Ra compared with CD19-CAR-T and CD19-CAR-IL-15 T. In
addition, studies showed that in�ammatory bowel disease was associated with increased soluble CD132
40, and increased expression of IL-7Rα together with CD132 was positively related with psoriasis-like skin
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in�ammation 41. Therefore, for the IL-15-IL-15Ra complex armored CAR-T cells, it can be predicted the
low-toxicity towards patients after application.

Toxicities caused by CAR-T cells are varied and not fully understood, and the administration of
immunosuppressive agents to decrease toxicity is an evolving practice 42,43. IL-15 stimulates the
proliferation and activation of various immune cells, especially CD8+ T cells, leading to increased
cytotoxicity and production of cytokines, but also amply the adverse effects of CAR-T cells 44. Herein, we
found IL-15 combined IL-15Ra reduced the expression of CD132 compared with conventional CAR-T and
IL-15 armored CAR-T cells, leading to the highest survival rate of tumor-bearing mouse, providing a novel
application of IL-15Ra. Despite the observation, the precise relationship between IL-15Ra and CD132 is
unclear.

In summary, sustaining the Tscm population during ex vivo expansion prior to adoptive T-cell therapy is
challenging. Here, we demonstrate that the combination of IL-15 for CAR-T cell generation preserves
Tscm phenotype and results in enhanced self-renewing capacity but with higher toxicity in vivo. We next
successfully constructed the CD19 speci�c CAR combined with IL-15-IL-15Ra fusion protein and then
examined its cell viability in vitro and immunotoxicity in xenograft mouse models, which provide a
candidate tool for clinical leukemia treatment.
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Figures

Figure 1

CD19 speci�c armored CAR-T cells are developed. (A) Schematic diagram of third different CD19 speci�c
CARs. It consists of the third-generation CD19-CAR, P2A, IL-15 and IL-15Ra. (B) Flow cytometry was used
to detect the expression of CD19 speci�c CARs by using goat anti-mouse IgG (Fab speci�c). (C) Total
RNA was extracted from different CD19-CAR-T cells to detect the relative expression of IL-15, IL-15Ra via
PCR. SD, splice donor; SA, splice acceptor.
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Figure 2

IL-15 armored CAR-T cells exhibit higher proliferative and less-differentiated phenotype in vitro. (A) The
extent of T cell proliferation was re�ected through direct cell counting with time. CAR-T cells were
stimulated every 7 days with fresh NALM-6 cells, and T cells were counted before the addition of NALM-6
cells. (B) CAR-T cells were co-cultured with NALM-6 (2:1) without IL-2 in the culture medium for 24 h. The
concentration of IL-2 in the supernatant was measured via ELISA. (C) CAR-T cells were co-cultured with
NALM-6 (10:1) for 7 days, the T subsets were detected using �ow cytometry. (D) CAR-T cells were co-
cultured with NALM-6 (2:1) for 24 h. The supernatant was collected to detect the concentration of IFN-γ
via ELISA. (E) CAR-T cells were co-cultured with NALM-6 (10:1) for 7 days, the percentages of apoptotic
cells and cell viability were detected through Annexin V and 7-ADD staining. Results were analyzed by
student’s t-test. * p < 0.05; ** P < 0.01; *** p < 0.001.

Figure 3

IL-15Ra reduces the IL-15-induced toxicity in vitro. (A) CAR-T cells were co-cultured with NALM-6 (2:1) for
24 h. The supernatant was collected to detect the concentration of IL-15 via ELISA.  (B) CAR-T cells were
co-cultured with NALM-6 (10:1) for 7 days, the expression of CD132 on the cell surface was detected
using �ow cytometry. (C) CAR-T cells were co-cultured with NALM-6 cells at indicated ratios for 24 h.
Luciferase activity was used to determine the cell lysis rates. (C) The supernatants of different CD19-CAR-
T cells were collect to measure the concentration of IL-15.
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Figure 4

IL-15 armored CAR-T cells expressed with IL-15Ra exhibit enhanced anti-tumor activity and reduced
toxicity in vivo. (A) Schematic diagram of mouse experimental processes. 1 × 106 NALM-6-GFP cells were
injected into NOD-SCID mice intravenously to construct the xenograft mouse model. One days after tumor
cell injection, 1 × 107 CAR-T cells were injected into tail vein once a day for three days. Tumor
development was monitored using IVIS. (B, C and D) Quantitative bioluminescence
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(radiance=photons/cm2/sr) imaging data for all mice are shown. Overall survival of mice with NALM-6
xenografts are shown. (E) Sera from tumor-bearing mice were extracted and the concentrations of human
IL-15 were measured using ELISA kit. 
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