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Abstract 

NOD-SCID IL2rγc
 null (NSG) mice are widely used to model human immune cell development because they 

are more permissive for human hematopoietic cell engraftment and reconstitution than NOD-SCID mice. 

While increased human reconstitution in the blood of NSG mice has been attributed to the absence of mouse 

NK cells, deletion of the common gamma chain (γc) limits development of lymphoid tissue inducer cells 

and precludes development of normal secondary lymphoid structures. The disorganized lymphoid tissue 

leads to compromised human T cell-B cell interactions and results in variable human immune cell function 

in human immune system (HIS) NSG compared to NOD-SCID mice.  We attempted to remove mouse NK 

cells from NOD-SCID mice while retaining other γc-dependent cytokine responses by targeted disruption 

of the mouse genomic IL15RA locus with CRISPR/Cas9. IL15Rα is required for the development, function 

and survival of NK cells.  NOD-SCID IL15Rα-/- mice showed reductions in NK cells and NK cell function. 

However, NOD-SCID IL15Rα-/- mice demonstrated accelerated thymic lymphomagenesis and showed 
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earlier mortality compared to NOD-SCID mice. This result suggests that mouse NK cells are important to 

delay lymphoma development in NOD-SCID mice. We transplanted thymectomized NOD-SCID IL15Rα-

/- mice with human fetal liver CD34+ cells and thymus to determine if these mice supported engraftment and 

development of a transplanted HIS. Surprisingly, we found that peripheral human engraftment was inferior 

(mean 0.05% of lymphocytes) to that in both NOD-SCID (mean, 10.5% of lymphocytes) and NSG (mean, 

54% of lymphocytes) mice. These results indicate that NOD-SCID IL15Rα-/- mice are not permissive for 

human CD34+ cell engraftment.  

Introduction 

Immunodeficient mice transplanted with functional human cells and tissues, or “human immune system 

mice,” are a powerful in vivo model for studying human cells in a controllable, experimentally tractable 

context [1],[2]. HIS mice transplanted with human fetal liver CD34+ cells and fragments of human fetal 

thymus can repopulate with human CD45+ immune populations, including B cells, T cells and antigen-

presenting cells (APCs) [1],[2]. Model development was initially hampered by rejection of transplanted 

human cells by the mouse immune system, including murine NK cells [3],[4]. Development of the NOD-

SCID mouse strain, which lacks mouse T and B cells [5],[6] and expresses a murine SIRPα that interacts 

effectively with human CD47 to prevent murine macrophages from engulfing human cells [5]–[7], provided 

a significant advance. However, NOD-SCID mice develop thymic lymphoma, which limits their life span 

to around 30 weeks and makes the model unsuitable for long-term transplantation studies [8],[9]. Moreover, 

NOD-SCID mice have suboptimal human hematopoietic cell engraftment due to murine NK cell activity. 

Removal of the IL-2 receptor common gamma chain (γc) to create the NOD-SCID IL2rγc
 null (NSG) strain, 

was a further step forward [10]–[12]. The γc chain is required for high-affinity ligand binding and signaling 

through multiple cytokine receptors, including IL-2 and interleukins 4, 7, 9, 15, and 21 [13]–[16]. 

Disrupting signaling through these cytokine receptors leads to severe defects in both adaptive and innate 

immune cell development in the mouse [16]. Immunodeficient mice bearing a targeted mutation in the 

IL2RG gene support significantly higher levels of human hematopoietic and lymphoid cell engraftment 

than all previous immunodeficient strains of mice [17].  

Despite these advances, HIS NSG mice show a limited ability to generate primary and recall humoral 

immune responses, which may be due to weak or inefficient human T cell-B cell interactions in lymphoid 

structures. This is evidenced by the observation that immunodeficient mice transplanted with human CD34+ 

cells do not mount consistent vaccination responses with class-switched antibodies [18]. This phenomenon 

may be partially explained by the lack of γc chain signaling, which leads to a decrease in production of 

mouse lymphoid tissue inducer cells and prevents robust development of secondary lymphoid structures 
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[19]. With intact γc chain signaling, NOD-SCID mice develop secondary lymphoid structures such as 

cryptopatches in the gut [20], while NSG mice lack these structures. Cryptopatches in NOD-SCID mice 

served as anlagen for the development of human gut-associated lymphoid structures (GALT) in 

reconstituted NOD-SCID mice [1],[11],[20].     

Because depletion of NK cells in NOD-SCID mice has been shown to successfully improve human 

hematopoietic cell engraftment [21], we aimed to develop a model that specifically lacks murine NK cells, 

but has otherwise intact common gamma chain cytokine receptors, by targeting the IL15RA locus with 

CRISPR/CAS9 technology. IL15Rα is an important component of the heterotrimeric plasma membrane 

receptor for the IL-15 cytokine [22]. IL-15 and IL-15Rα are required for NK cell development and function 

[23],[24]. They have also been shown to play important roles in skeletal muscle metabolic function [25] 

and bone formation [26]. We generated a knockout mouse strain that lacks IL15Rα on the NOD-SCID 

background, termed NOD-SCID IL15Rα-/- mice. We found that NOD-SCID IL15Rα-/- mice have fewer NK 

cells than their NOD-SCID littermates, but also observed more rapid development of thymic lymphoma 

and reduced lifespan compared to NOD-SCID mice. Since NK cells were reduced in these mice, we 

hypothesized that NOD-SCID IL15Rα-/- mice might be more permissive hosts for transplanted human cells 

than NOD-SCID or NSG mice. However, when we transplanted thymectomized NOD-SCID IL15Rα-/- mice 

with human fetal liver CD34+ cells and fetal thymus tissue from the same donor, we found that human 

engraftment was markedly reduced compared to that in NOD-SCID and NSG littermates. This unexpected 

observation suggests that murine IL15Rα, either directly or indirectly, plays a critical, previously 

undescribed role in supporting engraftment of transplanted human hematopoietic progenitor cells in 

immunodeficient mice. Since our studies show that murine NK cells delay lymphoma development in 

NOD-SCID mice, the NOD-SCID IL15Rα-/- mouse could be used to help understand the role of NK cells 

in anti-tumor immunity. 

 

Materials and Methods 

CRISPR/CAS9 

Guide RNAs 5’-GTCCCCAGCAGTGACCCAAC-3' and 5’-GCCATGGCCTCGCCGCAGCTC-3', 

targeting the start codon of the IL15RA locus (IL15Rα ATG), were designed using the sgRNA Designer, 

from Broad Genetic Perturbation Platform Web Portal (Cambridge, MA), available at 

https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design-help. Sequences were confirmed 

using the Wellcome Sanger NOD/ShiLtJ reference sequence (Hinxton, UK; 

https://www.sanger.ac.uk/science/data/mouse-genomes-project). gRNAs were purchased from Integrated 
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DNA Technologies (Coralville, IA) and cloned into the pX335 plasmid (Addgene, plasmid #42335) 

encoding genetically modified Cas9 endonuclease which generates nicks, rather than double-strand breaks, 

in targeted DNA [27]. Using a nickase combined with multiple targeting gRNAs reduces off-target genomic 

mutations, a major concern with standard CRISPR approaches. gRNAs were validated in EL4, a murine T 

cell lymphoma25 that expresses IL15Rα. EL4 cells were propagated in RPMI 1640 (Thermo Fisher 

Scientific) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gemini BioProducts), 10mM 

HEPES (Gibco, Gaithersberg, MD), 20mM L-glutamine (ACROS Organics, Geel, Belgium), 1mM sodium 

pyruvate (Fisher BioReagents, Fair Lawn, NJ) and 0.2% 2-Mercaptoethanol (MP Biomedicals, LLC, Santa 

Ana, CA). gRNA_pX335 plasmids were transfected into EL4 cells by nucleofection using an Amaxa 

nucleofector and the Cell Line Nucleofector Kit L (Lonza, Basel, Switzerland) according to the 

manufacturer’s instructions. We verified genomic disruption of IL15Rα locus using the IDT Surveyor 

Mutation Detection Kit (Integrated DNA Technologies) per manufacturer’s instructions. We confirmed that 

gRNA targeting led to a reduction in surface IL15Rα expression by antibody staining 120hrs after 

transfection, using an anti-IL15Rα antibody (APC-labeled DNT15Rα, eBiosciences, San Diego, CA).  

Animal use 

NOD-SCID IL15Rα ATG-/- mice were generated at The Jackson Laboratory by Cas9/sgRNA 

microinjection in NOD-SCID embryos (stock #1303). Single guides (target sites: 5’- 

GTCCCCAGCAGTGACCCAAC and 5’-GCCATGGCCTCGCCGCAGCTC) were generated using in 

vitro transcription as described previously [28]. Cas9 mRNA (Trilink, 60ng/µl), Cas9 protein (PNABio, 

30ng/µl), sgRNA (30ng/µl each), and RNAsin (Promega, 0.2U/µl), were prepared in RNAse-Free TE 

(10mM Tris/0.1mM EDTA) and delivered into fertilized NOD-SCID oocytes by pronuclear microinjection.     

Offspring were screened using PCR and Sanger sequencing.  PCR Primers (FWD: 5’-

TGCAGGGAAGACAGCATTAAG-3’, REV: 5’- AGAGGCACACTCACACATTTC), were designed to 

cover the IL15Rα Exon 1, generating a 785bp amplicon from the WT allele.  We selected a line with 38bp 

of Exon 1 deleted (GTCCCGTTGGGTCACTGCTGGGGACAATTGGCCATGGC), including the start 

codon. This line was assigned the JAX stock # 30327.  

NOD-SCID IL15Rα full-/- animals were generated at The Jackson Laboratory by Cas9/sgRNA 

microinjection in NOD-SCID embryos (stock #1303) using sgRNAs targeting Exon 1 (5’-

GCCGCAGCTCCGGGGCTA) and Exon 6 (5’-GCCTGGTACATCAAATCA), generated as described 

above.  In an effort to facilitate the deletion of the intervening sequence, a 200nt oligonucleotide designed 

to bridge the cut sites was included, shown here: 
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(5’-

AAGGGACCCCTCTATCGGGAGGGCCTCTTGGAATCGTTATGATCAAGCTTTTTTGGTAGAAA

GGAAGCACTATGCCCTGCAGTTCTTCTGCTCACCTTGACCCCGGAGCTGCGGCGAGGCCATG

GCCAATTGTCCCCAGCAGTGACCCAACGGGACGCAAGGCTGGGGTCCCTGGGAGGTGGCGA

GCTCAGCTCCAGGAC). Cas9 mRNA (Trilink, 60ng/µl), Cas9 protein (PNABio, 30ng/µl), sgRNA 

(30ng/µl each), bridging oligonucleotide (3ng/µl) and RNAsin (Promega, 0.2U/µl), were prepared in 

RNAse-Free TE (10mM Tris/0.1mM EDTA) and delivered into fertilized NOD-SCID oocytes by 

pronuclear microinjection.     Offspring were screened using PCR and Sanger sequencing.  PCR Primers 

(FWD: 5’-TGCAGGGAAGACAGCATTAAG, REV: 5’-CAGAATCAAGGCTGACATGAAC) designed 

to cover the IL15Rα Exons 1 through 6, were predicted to generate a ~700bp amplicon from the mutant 

allele, while no product was expected from the WT allele (25,473bp).  Ultimately, a line with 24,778bp 

deletion from Exon 1 through Exon 6 was established and characterized, the PCR product for this allele is 

694bp. For reference, the flanking sequence (15bp on either side of the deletion) is shown here (5’-

cgccgcagctccggg| tgagcagaagaactg), this line was assigned the JAX stock # 30326 (Supplementary Figure 

1B-C-D).  

Mice targeted at the ATG and the Exon 6 site were found to have a larger portion of the IL15RA locus 

disrupted, but NK cell phenotypes were indistinguishable.  

Genetically modified mice were propagated at Columbia University Irving Medical Center in a 

Helicobacter, Pasteurella pneumotropica and Specific Pathogen-Free animal facility. In some cases, 

heterozygous knockout animals were provided and were crossed to NOD-SCID, some of whose progeny 

served as IL15Rα WT control animals. NSG animals were obtained from The Jackson Laboratory. All 

animal procedures were approved by the Institutional Animal Care and Use Committees of the Columbia 

University Irving Medical Center and The Jackson Laboratory. 

Human tissue transplantation 

Human fetal thymus and fetal liver (FL) tissues (gestational age, 17 to 20 weeks) were obtained from 

Advanced Biosciences Resources. Fetal thymus fragments were cryopreserved in 10% dimethyl sulfoxide 

(Sigma-Aldrich) and 90% human AB serum (Gemini Bio Products). FL fragments were treated for 20 

minutes at 37°C with 100 μg/mL of Liberase (Roche) to obtain a cell suspension. Human CD34+ cells were 

isolated from FL by density gradient centrifugation (Histopaque-1077, Sigma) followed by positive 

immunomagnetic selection using anti-human CD34 microbeads (Miltenyi Biotec) according to the 

manufacturer’s instructions. Cells were then cryopreserved as described [29]. Four- to eight-week old mice 

were thymectomized [30] and allowed to recover for two weeks, then sublethally irradiated (1.0 Gy) using 
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an RS-2000 X ray irradiator (Rad Source Technologies, Inc., Suwanee, GA). Human fetal thymus fragments 

of about 1-3 mm3 were implanted beneath the kidney capsule and 2 × 10
5
 human FL CD34

+
 cells were 

injected intravenously. Recipient mice were treated IV with 400 μg of anti-human CD2 monoclonal 

antibody [29] (Bio X Cell, Inc) by intravenous injection on days 0, 7, and 14.  

Isolation of intrahepatic mononuclear cells  

Livers were procured from humanely euthanized donor mice. After removal of the gall bladder, the liver 

was minced to 1 cm3 pieces. and dissociated to a single cell in RPMI-1640 (Thermo Fisher Scientific, 

Waltham, MA) media by gently pushing through a 100 μm steel sieve (Bellco). The non-homogenized 

tissue was pelleted by centrifuging the filtered liver samples for 1 minute at 50 x g. The single cells 

suspension in the supernatant was centrifuged for 5 minutes at 400 x g and then resuspended in 10 mL of 

37.5% isotonic Percoll [29]. Density gradient centrifugation for 30 minutes at 850 x g separated a top layer 

containing cellular debris and a pellet containing mononuclear cells. The mononuclear cells were washed 

with RPMI-1640. The liver mononuclear cells were enriched with a second density gradient centrifugation 

over Histopaque-1077 according to manufacturer’s instructions (Sigma). The interface layer containing 

mononuclear cells was collected, washed and counted using Trypan Blue dye to exclude dead cells. 

Flow Cytometry (FCM) 

Human reconstitution, mouse NK cells, and presence of murine thymic lymphoma cells were assayed in 

the peripheral blood of transplanted mice every two weeks. At the time of sacrifice, single-cell suspensions 

were prepared from the bone marrow (BM), spleen, liver, lymph nodes (LN) and blood for staining. Single-

cell suspensions of BM, spleen and blood were treated with ACK lysis buffer (Life Technologies) to remove 

erythrocytes. Single cell suspensions of mouse livers were filtered through a 100μm cell strainer (BD 

Falcon, Franklin Lakes, NJ). Dead cells, hepatocytes and debris were removed from liver samples as 

described above. After ACK erythrocyte lysis, remaining cells were passed through a 40μm filter prior to 

FCM analysis. All cells were stained using the following mAbs; anti-hCD3 FITC (OKT3), anti-Ter119 PE-

Cy7 (Ter119), anti-mCD45 APC-Cy7 (30-F11), anti-hCD45 PE-CF594 (HI30), anti-hCD19 PERCP-Cy5.5 

(HIB19), anti-hCD4 V500 (RPA-T4), anti-hCD8 AF700 (RPA-T8), anti-hCD14 BV650 (M5E2), anti-

mCD3 PE (SP34-2), anti-mCD4 PB (GK1.5), anti-mCD8 APC (53-6.7), anti-mB220 FITC (RA3-6B2), 

anti-mCD335 PERCP-efluor710 (29A1.4), anti-mDX5 biotin (DX5), anti-mThy1.2 biotin (53-2.1). Data 

were collected using a BD Fortessa cytometer and analyzed using FlowJo (TreeStar, Ashland, OR). 

NK cell cytotoxicity assay 
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To determine NK cell cytotoxicity, we adapted a previously described radioisotope-free method [31]. 

Briefly, RL♂1 murine class I-deficient lymphoma cells were cultured in RPMI 1640 supplemented with 

10% fetal bovine serum (FBS, Gemini BioProducts, West Sacramento, CA) and used as target cells. 

Erythrocyte-depleted splenocytes from NSG mice were used as control cells. Control and target cell 

populations were labeled with fluorescent amine binding dyes CFSE (Molecular Probes, Eugene, OR) and 

e450 (eBiosciences) respectively, and combined in a 1 to 1 ratio. Since NK cells are the only cytotoxic 

populations present, bulk erythrocyte-depleted splenocytes from age and sex-matched NOD-SCID and 

NOD-SCID IL15Rα-/- mice were harvested as effectors and mixed with the Target/Control mixture at the 

indicated ratios. Cells were incubated together in RPMI 1640 (Thermo Fisher Scientific, Waltham, MA) 

supplemented with 10% FBS for 4 hours at 37ºC with 5% CO2. Then, cells were stained for viability with 

DAPI (Sigma Aldrich). Percentage of specific killing was calculated using the following formula: 

Cytotoxicity = 100% × (1 - (Control/Tumor targets) without effector/( Control/Tumor targets) with effector) 

Statistical analysis 

Statistical analysis was performed with Graph-Pad Prism 6.0 (GraphPad Software). All data are expressed 

as average ± standard error of mean. The nonparametric Mann-Whitney U test was used to compare groups 

at individual time points for each cell population. Two-way analysis of variance (ANOVA) with post hoc 

Bonferroni test was used to compare 2 or 3 groups. The parametric paired t-test was used in the killing 

assay. Survival curves were compared using the Log-rank (Mantel-Cox) test. P < 0.05 was considered 

statistically significant. 

Results 1.1 Generation of NOD-SCID IL15Rα-/- mouse model 

We generated NOD-SCID IL15Rα-/- mice using two sgRNAs to target the start codon (ATG) of the IL15RA 

locus (Figure 1A and Supplementary Figure 1A). Following CRISPR-mediated non-homologous end-

joining (NHEJ) in the microinjected NOD-SCID embryos, a variety of alleles were generated. Of 19 mice 

born, 9 had clearly identified mutations at the target site, as evidenced by PCR and Sanger sequencing (data 

not shown). After back-crossing selected founders to NOD-SCID, the precise alleles in the N1 

heterozygotes were characterized. Ultimately, a single line carrying a 38bp depletion was selected and bred 

to homozygosity (Supplementary Figure 1A). We validated the efficacy of these two sgRNAs by 

transfecting murine EL4 cells with plasmids containing gRNAs and performed Surveyor nuclease analysis 

on a PCR-amplified region targeted by the sgRNA to confirm that IL15RA start codon was disrupted (data 

not shown). In addition, IL15Rα surface expression was absent on the surface of EL4 cells (data not shown). 

Deletion of 38bp at the ATG site was detectable by PCR (Figure 1B). Similar to NSG mice, NOD-SCID 
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IL15Rα-/- mice demonstrated reduced numbers of NK cells in the blood, liver and spleen compared to NOD-

SCID mice (Figure 1C and 1D). 

Results 1.2 NK cells from NOD-SCID IL15Rα-/- mice have reduced tumor killing function  

We performed a cytotoxicity assay to compare murine NK function from NOD-SCID IL15Rα-/- mice (n=3) 

to NOD-SCID control mice (n=3). NK cells are the main cytotoxic population in NOD-SCID mice [32] 

and are functionally impaired in NSG mice due to γc deficiency. However, NK cells were greatly reduced 

in NOD-SCID IL15Rα-/- mice (Figure 1C and 1D) and we were unable to isolate sufficient NK cells from 

them for functional assays. Therefore, we co-cultured whole splenocyte or liver lymphocyte suspensions 

with CFSE-labelled non-target control cells from spleen or liver of NSG mice and e450-labelled target 

RL♂1 murine lymphoma cells. Cytotoxicity of splenic cells, but not mononuclear cells from liver of NOD-

SCID IL15Rα-/- mice was significantly lower in comparison to that of NOD-SCID littermates (Figure 2A 

and 2B).  

Results 1.3 Thymectomy does not prevent thymic lymphoma of NOD-SCID IL15Rα-/- mice  

NOD-SCID mice have a high incidence of thymic lymphoma that typically becomes evident around 20 

weeks of age [8],[9]. By pooling from 5 independent experiments, we observed that NOD-SCID IL15Rα-/- 

mice had shorter lifespans than did NOD-SCID mice (Figure 3A) and detected fulminant thymic lymphoma 

in peripheral blood, enlarged thymus and splenomegaly upon necropsy of both NOD-SCID and NOD-SCID 

IL15Rα-/- strains of mice (Figure 3B). Many of these thymic cells expressed mouse CD4 and/or CD8 (Figure 

3C and 3D) as well as CD3 (Supplementary Figure 2A and 2B) in NOD-SCID IL-15Rα-/- mice. In an effort 

to reduce the incidence of thymic lymphoma, we surgically removed the mouse thymus from young (4-8-

week-old) mice, but shorter survival was observed compared to thymectomized NOD-SCID littermates 

(Figure 3E).  

Results 1.4 Human HSC engraftment of NOD-SCID IL15Rα-/- mice  

We used HIS NOD-SCID IL15Rα-/-, NOD-SCID and NSG mice to investigate if human immune cell 

engraftment improved due to the reduction of NK cells in NOD-SCID IL15Rα-/- mice. We irradiated and 

transplanted 6-8-week old NSG, NOD-SCID, and NOD-SCID IL15Rα-/- mice with human FL CD34+ cells 

and autologous human fetal thymus tissue. Surprisingly, NOD-SCID IL15Rα-/- mice had the lowest level 

of human chimerism in peripheral blood, as well as in BM, LN and spleen compared to NSG and NOD-

SCID littermates (Figure 4A and 4C). BM, LN and spleen were collected 18 weeks post-transplant from 

NSG, NOD-SCID and NOD-SCID IL15Rα-/- recipients. No differences in total numbers of lymphocytes 

were found (Supplementary Figure 3A). However, human T cells and B cells were almost undetectable and 
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essentially all human cells were monocytes in NOD-SCID IL15Rα-/- mice (Figure 4D, 4E and 4F, and 

Supplementary Figure 3B, 3C and 3D), suggesting that resistance to human engraftment was somewhat 

selective for cells in the lymphoid lineages. Murine lymphoma cells were not detected in the blood of 

transplanted mice by FCM analysis (Supplementary Figure 3E).  Altogether, these data show the absence 

of murine IL15Rα, did not improve human cell engraftment in NOD-SCID mice.  

Discussion 

The initial identification of the SCID mutation in mice sparked the development of HIS mouse modeling 

[33],[34]. Decades of research have gone into developing precisely-engineered mice that are immune 

deficient while providing appropriate cytokine and physical support for engraftment of human 

hematopoietic stem cells and maintaining sufficient longevity to permit extended experimentation [35]–

[37]. The goal of our study was to develop a more permissive mouse strain that retained lymphoid 

development to model the functions of human tissues and cells. We set out to develop an optimal host 

animal that combined the advantages of the NSG mouse strain with those of the NOD-SCID, which support 

reduced human peripheral blood chimerism but which have been shown to develop more robust secondary 

lymphoid structures than NSG mice [20]. The improved lymphoid structures in NOD-SCID mice are 

thought to occur because NOD-SCID animals have an intact γc receptor, which permits signaling of 

numerous γc cytokines such as IL-7. This cytokine signaling supports the development of lymphoid tissue 

inducer cells, critical stromal cells for secondary lymphoid development. However, murine NK cells in 

NOD-SCID animals reject transplanted human hematopoietic cells, leading to poor engraftment [12]. It is 

known that IL15 and IL15Rα signaling are required for mature NK cell development in mice [24],[38]. 

Therefore, it was reasonable to hypothesize that depleting NK cells on the NOD-SCID background by 

eliminating IL15Rα would generate an immunodeficient mouse strain that lacked NK cells and had 

improved lymphoid structure compared to NSG mice. We used CRISPR-Cas9 to delete the IL15RA gene. 

As expected, this deletion efficiently depleted murine NK cells on the NOD-SCID background. 

Interestingly, loss of cytotoxic function was detected in the spleen but not in the liver of NOD-SCID 

IL15Rα-/- mice compared to NOD-SCID mice. This difference might be due to the heterogeneous nature of 

NK cells, as splenic NK cells predominantly express a mature phenotype, whereas liver NK cells express 

low levels of markers associated with maturation, including DX5, Mac-1 and Ly49 [39]. Maturation of 

immature NK cells might depend on the interaction between IL-15 and IL-15R in the spleen [40]–[42]. 

Therefore, the absence of IL-15Rα in NOD-SCID mice might have not affected the presence of immature 

NK cells in the liver. Immature liver NK cells have been shown to be quite cytotoxic [44-47] and in NOD-

SCID IL15Rα-/- mice could still mediate cytotoxicity via alternate killing mechanisms including IL-15 

primed ligation of TNF-related apoptosis-inducing ligand (TRAIL) receptors [48],[49]. Although we 
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removed IL-15Rα, IL-15 is still present in NOD-SCID IL15Rα-/- and may bind to IL-2R to allow survival 

of liver immature NK cells. IL-15 uses components of the IL-2R, namely the β and γ chains, to bind with 

intermediate affinity and activate similar JAK/STAT pathways as IL-2 [50]–[51]. We believe that loss of 

IL15Rα in NOD-SCID mice might specifically affect the maturation and function of NK cells found in the 

spleen, and that the liver remains enriched with immature NK cells [52]. 

However, deleterious health effects were seen in NOD-SCID IL15Rα-/- animals, which had significantly 

shorter lifespans than did NOD-SCID mice. NOD-SCID mice have long been known to develop a T cell 

thymic lymphoma [8],[9], and this tumor formation appears to be more rapid in the absence of murine NK 

cells, suggesting that NK cells play an important role in keeping these tumors at bay in NOD-SCID mice. 

We surgically removed the thymus from immunodeficient mice at early ages, hypothesizing that early 

surgical removal of thymus from NOD-SCID IL15Rα-/- mice would reduce tumor development. The 

removal of murine thymus from NOD-SCID IL15Rα-/- mice did appear to reduce thymic tumor burden, as 

we did not observe any local tumor formation. However, this removal did not prevent early mortality. The 

reduced lifespans of these mice may limit their utility as hosts for transplantation. Consistent with our 

observation of tumor development in NOD-SCID IL15Rα-/- mice, NK cell depletion by absence of IL-15 

cytokine or treatment with anti-asialo-GM1 mAb accelerated tumor development in B6 mice and reduced 

survival in NOD-SCID mice, respectively [53]. Since IL-15R β and γ chains and IL-15 are available in 

IL15Rα-/- KO mice, our results suggest that high affinity IL-15Rα-dependent mature NK cells may play a 

role in protecting against these tumors in NOD-SCID mice. 

We assessed whether the NOD-SCID IL15Rα-/- mice could support improved engraftment of transplanted 

human CD34+ cells compared to NOD-SCID or NSG mice. Unexpectedly, our results showed that human 

engraftment in NOD-SCID IL15Rα-/- mice was negligible, lower even than that seen in NOD-SCID mice. 

This result was not predictable based on anything that has been reported about the IL15/IL15Rα signaling 

pathway and points to novel biological functions for IL15Rα that have not been previously explored. IL15 

and IL15Rα have primarily been studied in the context of CD8 memory and NK cell development [24], 

although studies have implicated it in muscle metabolism [25] and bone formation [54],[55]. The results 

shown here, indicate that IL15Rα-deficient animals are nearly incapable of supporting human T and B cell 

engraftment. Since cytotoxic activity in the liver was similar in IL15Rα-/-, and NOD-SCID mice, we 

hypothesize that immature NK cells that can receive IL-15 signals through the intermediate affinity receptor 

may be capable of rejecting human hematopoietic cells.  

Ultimately, our results have shown that the NOD-SCID IL15Rα-/- mouse strain has poor viability and 

supports negligible human engraftment and is thus unlikely to be optimal for future human transplantation 

studies. However, our results also suggest that further studies using these animals may be of value. Our 
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results reinforce the importance of NK cells in anti-tumor immunity and provide a model system for 

investigating mechanisms of human hematopoietic cell rejection in greater detail. 
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Figure 1. CRISPR-mediated targeting of the IL15RA locus reduces NK cells on a NOD-SCID 

background. A. Diagram of the IL15RA locus indicating the CRISPR target sites near the start codon 

(ATG). B. CRISPR-mediated 38bp deletion at the ATG of the IL15RA locus is detectable by PCR 

amplification of genomic DNA from NOD-SCID (WT) and NOD-SCID IL15Rα-/- mice. C. Representative 

FCM analysis of liver mononuclear cells from NSG, NOD-SCID and NOD-SCID IL15Rα-/- mice. D. 

Frequency of DX5+CD335+ murine NK cells among of CD3-B220- cells from NSG (n = 3 blood, n =3 liver, 

n = 2 spleen) (magenta circles), NOD-SCID (n = 5 blood, n = 5 liver, n = 6 spleen) (orange squares), or 

NOD-SCID IL15Rα-/- mice (n = 5 blood, n = 6 liver, n = 7 spleen) (green triangles). *** = p < 0.0005 by 

paired t-test. Mean ± SEM are shown. Data are from five single experiment.  

 

Figure 2. NK cells in NOD-SCID IL15Rα-/- mice show reduced cytotoxic function. NK cytotoxicity was 

assessed using a flow cytometry-based killing assay. Control cells (NSG splenocytes) and RL♂1 target 

cells were labeled with amine-binding dyes CFSE and e450. Cells from age and sex-matched NOD-SCID 

(labeled orange) (n = 3) or NOD-SCID IL15Rα-/- (labeled green) mice (n = 3) were harvested and added 

with the control/target mixture at the indicated ratios. Splenocytes were incubated together for 4 hours at 

37ºC with 5% CO2, then stained with DAPI and analyzed. A. Representative FCM analysis and B. 

Percentage of specific killing calculated as Cytotoxicity = 100% × (1 - (Control/Target) 

without effector/(Control/Target) with effector). * = p < 0.05 by parametric paired t-test. Mean + SEM are shown. 

Data are from a single experiment.   

 

Figure 3. Lifespan of NOD-SCID IL15Rα-/- mice is reduced and NOD-SCID IL15Rα-/- mice develop 

fulminant thymic lymphomas. Kaplan-Meier survival curve comparing lifespan of NOD-SCID (n = 48) 

and NOD-SCID IL15Rα-/- (n = 25) littermates. Data was pooled from 5 independent experiments.  B. 
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Representative images of thymic lymphoma tumors and enlarged spleens of 8 week-old NSG, NOD-SCID 

and NOD-SCID IL15Rα-/- littermates. C. Representative FCM staining and D. Frequency of CD4+CD8+ 

thymic lymphoma cells in NOD-SCID (orange squares), or NOD-SCID IL15Rα-/- mice (green triangles). 

E. Kaplan-Meier survival curves comparing the lifespan of NOD-SCID (n = 3) and NOD-SCID IL15Rα-/- 

mice (n = 4) after surgical thymus removal at 4-6 weeks old. Data are from a single experiment. * = p < 

0.05 by the Log-rank Mantel-Cox test for survival curve analysis. * = p < 0.05, ** = p < 0.005 by Bonferroni 

multiple comparison test. Mean ± SEM are shown. The term ‘’lymp’’ stands for lymphocyte population.  

 

Figure 4. Poor engraftment of human cells in NOD-SCID IL15Rα-/- mice. 6-8-week-old NSG (n = 3) 

and thymectomized NOD-SCID (n = 5) or NOD-SCID IL15Rα-/- (n = 5) mice received 1 Gy total body 

irradiation and were transplanted intravenously with 2x105 human fetal liver CD34+ cells and a fragment 

of cryopreserved autologous human fetal thymus was grafted under the renal capsule. A. Representative 

FCM staining of human and murine CD45+ cells in the white blood cells of transplanted mice 18 weeks 

post-transplantation. B. Human chimerism kinetics showing the percent of huCD45+ cells among WBCs in 

each mouse post-transplantation. C. Frequency of human CD45+ cells, D. CD3+ T cells, E. CD19+ and F. 

CD14+ monocytes in the bone marrow (BM), spleen, lymph nodes (LN) and peripheral blood 18 weeks 

post-humanization. * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 by Bonferroni multiple comparison test. 

NSG (magenta circles), NOD-SCID (orange squares), or NOD-SCID IL15Rα-/- mice (green triangles). 

Mean ± SEM are shown. Data are from a single experiment. 

 

Supplementary Figure 1. CRISPR/CAS9 targeting of IL15RA locus by targeting ATG start codon. 

A. Diagram of the IL15RA locus and 38bp depletion in exon 1 using sgRNA #1 (20mef) and sgRNA #2 

(21mer). CRISPR target sites near the start codon (ATG) and 38bp deletion. B. Diagram of the IL15RA 

locus and 24,778bp depletion resulting from dual sgRNA. C. CRISPR target sites near IL15RA exon 6 D. 

CRISPR target sites IL15RA start codon (ATG) and exon 6 together. 

 

Supplementary Figure 2. Detection of mouse T cells in native thymus of NOD-SCID IL15Rα-/- mice. 

A. Representative FCM staining and B. Frequency of mouse CD3+ T cells. NOD-SCID (n = 3) (orange 

squares), or NOD-SCID IL15Rα-/- mice (n = 3) (green triangles). Mean is shown. Data are from a single 

experiment. 

 

Supplementary Figure 3. Human T cell, B cell and monocyte chimerism. A. Total number of B. CD3+ 

T cells, C. CD19+ B cells and D. CD14+ monocytes within human CD45+ cells in bone marrow (one leg), 

spleen, lymph nodes and peripheral blood (200uL). * = p < 0.05, ** = p < 0.005, *** = p < 0.0005 by 

Bonferroni multiple comparison test. D. Murine thymic lymphoma cells are not detected in blood of 

transplanted mice by FCM. NSG (n = 3) (magenta circles), NOD-SCID (n = 5) (orange squares), or NOD-

SCID IL15Rα-/- mice (n = 5) (green triangles). Mean ± SEM are shown. Data are from a single experiment. 
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Figure 2
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Figure 3
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Figure 4
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Supplementary Figure 1
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Supplementary Figure 3
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