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Abstract

Natural killer (NK) cells are critical in the immune response to infection and malignancy. Prior 

studies have demonstrated that Crk family proteins can influence cell apoptosis, proliferation, and 

cell transformation. Here, we investigated the role of Crk family proteins in mouse NK cell 

differentiation and host defense using a mouse cytomegalovirus (MCMV) infection model. The 

number of NK cells, maturational state, and NK receptor repertoire were similar in Crk × CrkL-

double-deficient and wildtype NK cells. However, Crk family proteins were required for optimal 

activation, IFN-γ production, expansion, and differentiation of Ly49H+ NK cells, as well as host 

defense during MCMV infection. The diminished function of Crk × CrkL-double-deficient NK 

cells correlated with decreased phosphorylation of STAT4 and STAT1 in response to IL-12 and 

IFN-α stimulation, respectively. Together, our findings analyzing NK cell-specific Crk-deficient 

mice provide insights into the role of Crk family proteins in NK cell function and host defense.
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INTRODUCTION

Natural killer (NK) cells play a critical role in host defense against microbial pathogens and 

cancer (1, 2). NK cells kill target cells by the polarized release of lytic granules through a 

specialized region of cell-cell contact known as the immunological synapse (IS)(3, 4). 

Through previous studies of the cytotoxic (5) and inhibitory (6) IS in human NK cells, we 

discovered that Crk plays an essential upstream role at the IS, influencing signaling events 

required for both activation and inhibition (7). The molecular mechanisms underlying this 

dual role, however, remain undefined.

The Crk family of proteins comprises ubiquitously expressed adaptor molecules that are 

critical to many cellular processes (8, 9). To date, most work has focused on Crk’s role in 

cell apoptosis (10), proliferation (8, 11), and transformation (8); little is known about Crk’s 

role in NK cell function (7). The Crk family of proteins includes CrkI, CrkII (hereafter 

referred to as ‘Crk’), and Crk-like (CrkL), the predominant form of Crk family proteins in 

NK cells (our unpublished observation). Crk and CrkL proteins (encoded by two different 

genes) contain one SH2 domain and two SH3 domains: SH3N (N-terminal SH3 domain) and 

SH3C (C-terminal SH3 domain). CrkI is an alternately spliced form of Crk, which contains 

one Src homology-2 (SH2) and one Src homology-3 (SH3) domain, but lacks the regulatory 

phosphorylation site and C-terminal SH3 domain of Crk. During human NK cell activation, 

the majority of Crk is non-phosphorylated (7, 12). In this non-phosphorylated state, Crk 

family proteins contribute to cytotoxicity signaling for adhesion, granule polarization, and 

degranulation (13, 14).

DiGeorge Syndrome (DGS) is a primary immunodeficiency originally characterized by 

abnormal T cell production, severely diminished thymic size (15), and impaired immune cell 

functions caused by deletions on chromosome 22q11 (16–18), which contains three genes 

(TBX1, CRKL, and ERK2) that have been investigated to explain the phenotypic features of 

the human DGS immunodeficiency (19–23).

Crkl−/− mice show phenotype characteristics similar to human DGS (21, 22, 24), 

highlighting the importance of CRKL (19–23). Previous studies reported decreased 

expression of CRKL in NK cells and T cells from partial DGS (pDGS) patients (14, 25). 

However, Tbx1 and Erk2 protein expression levels were comparable to those of NK cells in 

healthy individuals, indicating the importance of CrkL protein in human NK cells (14). 

Interestingly, pDGS patients also have significantly fewer CD27+IgM+IgD+ memory B 

lymphocytes, suggesting a role for Crk in B cell memory (26–28), which indicates a 

potential role of Crk family proteins in immune cell memory.

Here in a mouse model, we investigated whether Crk family proteins play a similar role in 

the development of NK cell activation and differentiation, as well as in NK cell defense 

against viral infection. Specifically, leveraging novel NK cell-specific Crk knockout mice, 

we investigated Crk’s role in NK cell-mediated immune responses to mouse 

cytomegalovirus (MCMV) infection.
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METHODS AND MATERIALS

Mice

Congenic CD45.1+ WT C57BL/6 (B6) mice were purchased from the National Cancer 

Institute. Ly49H-deficient (Klra8−/−) B6 mice (kindly provided by Dr. S. Vidal) (29) and 

DAP12-deficient (Tyrobp−/−) mice were maintained at the University of California, San 

Francisco (UCSF) in accordance with IACUC guidelines. NK cell-specific Crk-and CrkL-

double-deficient (dKO) B6 mice were generated by crossing Ncr1iCre mice (30) with Crk-

floxed mice and Crkl-floxed mice (31, 32) and were maintained at the Houston Methodist 

Research Institute in accordance with IACUC guidelines. Briefly, we generated the Crk and 

CrkL dKO mice as follows: 129/SvEv ES cells with floxed Crk and Crkl genes were injected 

into B6 mouse blastocysts to generate the Crk-and CrkL-floxed mice. The chimeric 

offspring mice were bred with C57BL/6 mice for at least 10 generations. Then, the offspring 

mice were bred to each other for at least 2 generations. Ncr1iCre C57BL/6 mice, re-

derivation in B6 mice, were crossed with the Crk-and CrkL-floxed mice to generate the 

NKp46-specific Crk-and CrkL-dKO mice. Once dKO offspring mice with the desired 

genotype were identified and validated, they were bred with each other for at least 20 

generations. Mixed bone marrow (BM) chimeric mice were generated as described (33). 

Briefly, bone marrow from CD45.1+CD45.2+ WT B6 mice were mixed 1:1 with bone 

marrow from CD45.1−CD45.2+ Crk-and CrkL-dKO B6 mice and then injected into lethally 

irradiated recipient CD45.1+CD45.2− B6 mice. Hematopoietic cells were allowed to 

reconstitute for 4–5 wks. BM chimeric mice allow direct comparison of WT and Crk dKO 

NK cell development and participation in long-term immune responses in a physiological 

setting (34). Our design uses congenic mouse strains that differ at the CD45 locus. CD45 is 

expressed by all nucleated leukocytes, allowing donor cells to be easily distinguished, 

isolated, and assayed (35). In this design, WT (CD45.1+) and Crk−/− dKO (CD45.1−) NK 

cells developed in the same environment, dramatically minimizing environmental variants.

NK cell enrichment, adoptive transfer, and MCMV infection

NK cells were enriched from splenocytes from mixed BM chimeric mice 4 wks or later after 

BM transplantation using Qiagen BioMag goat anti-rat IgG magnetic beads (Catalog 

Number: 310107) (36). Briefly, splenocytes were incubated with 5 µg purified rat 

monoclonal antibodies (mAbs) obtained from the UCSF Monoclonal Antibody Core against 

mouse CD4 (GK1.5), CD5 (53-7.3), CD8 (2.43), CD19 (1D3), Gr-1 (RB6-8C5), and 

Ter119, followed by anti-rat IgG beads (Qiagen BioMag). In some assays, mouse NK cells 

were purified by using Miltenyi Mouse NK Cell Isolation Kit II (Miltenyi Biotec, Catalog 

Number: 130-096-892).

For adoptive transfer, 3 × 105 Ly49H+ NK cells were injected intravenously (i.v.) into 

Ly49H-deficient B6 mice 24 h prior to infection by intraperitoneal (i.p.) injection with 1–10 

× 105 PFU Smith strain MCMV prepared in B6 3T3 cells (37). In certain experiments, 1.5 × 

107 splenocytes were labeled with 10 µM CellTrace Violet (Invitrogen) before i.v. injection 

of adoptively transferred NK cells.
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MCMV Load

WT and dKO NK cells were sorted (FACS Aria III, BD Biosciences) from the spleens of 

mixed BM chimeric mice, and 3.5 × 104 Ly49H+ NK cells were transferred separately into 

Ly49H-deficient or DAP12-deficient mice and infected with 1 × 105 PFU MCMV. The copy 

number of MCMV IE1 gene in DNA prepared from peripheral blood on d 3 post-infection 

(pi) was determined by quantitative PCR (36, 38).

Flow cytometry

Fc receptors were blocked with 2.4G2 mAb (UCSF Monoclonal Antibody Core) before 

staining with the indicated mAbs or isotype-matched control antibodies (BD Biosciences, 

eBioscience, BioLegend, or Tonbo Biosciences). Antibodies used were; FITC-conjugated 

anti-mouse 2B4 (clone m2B4 (B6)458.1), FITC-conjugated anti-mouse CD25 (clone PC61), 

FITC-conjugated anti-mouse CD45.1 (clone A20), FITC-conjugated anti-mouse CD69 

(clone H1.2F3), FITC-conjugated anti-mouse CD122 (clone TM-β1), FITC-conjugated anti-

mouse Ly49D (clone 4E5), FITC-conjugated anti-mouse Ly49H (clone 3D10), PE-

conjugated anti-mouse CD27 (clone LG.3A10), PE-conjugated anti-mouse CD45.2 (clone 

104), PE-conjugated anti-mouse CD48 (clone HM48-1), PE-conjugated anti-mouse CD132 

(clone TUGm2), PE-conjugated anti-mouse KLRG1 (clone 2F1), PE-conjugated anti-mouse 

Ly49H (clone 3D10), PE-conjugated anti-mouse NKG2D (clone CX5), PE-conjugated anti-

mouse PD-1 (clone J43), PE-conjugated anti-mouse TCRβ (clone H57-597), PerCPCy5.5-

conjugated anti-mouse CD27 (clone LG.3A10), PerCPCy5.5-conjugated anti-mouse NK1.1 

(PK136), APC-conjugated anti-mouse CD127 (clone A7R34), APC-conjugated anti-mouse 

IFN-αR1 (clone 1G10), APC-conjugated anti-mouse IFN-γ (clone XMG1.2), APC-

conjugated anti-mouse KLRG1 (clone 2F1), APC-conjugated anti-mouse NK1.1 (clone 

PK136), AlexaFlour647-conjugated anti-mouse IL-18Rα (clone BG/IL18RA), APC-

conjugated anti-mouse TIGIT (clone 1G9), AlexaFlour700-conjugated anti-mouse CD45.1 

(clone A20), AlexaFlour700-conjugated anti-mouse granzyme B (clone GB11), 

AlexaFlour700-conjugated anti-mouse Ly6C (clone HK1.4), PECy7-conjugated anti-mouse 

Ly6C (clone AL-21), PECy7-conjugated anti-mouse B220 (clone RA3-6B2), PECy7-

conjugated anti-mouse CD49b (clone DX5), PECy7-conjugated anti-mouse TCRβ (clone 

H57-597), Pacific Blue (PB)-conjugated anti-mouse B220 (clone RA3-6B2), PB-conjugated 

anti-mouse CD11b (clone M1/70), PB-conjugated anti-mouse CD69 (clone H1.2F3), PB-

conjugated anti-mouse Ly49A (clone YE1/48.10.6), PB-conjugated anti-mouse Sca-1 (clone 

D7), Brilliant Violet (BV) 605-conjugated anti-mouse CD45.1 (clone A20), BV711-

conjugated anti-mouse NK1.1 (clone PK136), PECy5-conjugated anti-mouse CD3 (clone 

145-2C11), biotinylated anti-mouse CD2 (clone RM2-5), biotinylated anti-mouse CD45.1 

(clone A20), biotinylated anti-mouse IFN-γR (clone 2E2), biotinylated anti-mouse 

KLRG1(clone 2F1), biotinylated anti-mouse Ly49C and or Ly49I (clone 5E6), biotinylated 

anti-mouse DNAM-1(clone TX42.1), and BV605-conjugated streptavidin. The antibodies 

used for Crk (clone B-4, SC-390132) and CrkL (clone B-1, SC-365092) detection were 

purchased from Santa Cruz Biotechnology, Inc.

For measuring apoptosis, cells were stained with AlexaFluor 647-conjugated annexin V 

(BioLegend). We assessed cell division by staining with AlexaFluor 647-conjugated anti-
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Ki67 (clone B56, BD Biosciences). Samples were acquired on either a LSR II or 

FACSCalibur (BD Biosciences) and data were analyzed with FlowJo software (FlowJo).

Ex vivo stimulation of NK cells

Splenocytes (1 × 106) from mixed WT and dKO BM chimeric mice were incubated in 96-

well tissue culture plates coated with anti-NK1.1 (PK136) or control mouse IgG2a (39). For 

cytokine response testing, 1 × 106 splenocytes from mixed WT and dKO BM chimeric mice 

were incubated with 2.5 ng/ml mouse IL-12 and 2.5 ng/ml mouse IL-18 (R&D Systems). To 

test degranulation, 1 × 106 splenocytes from mixed WT and dKO BM chimeric mice were 

co-cultured with either 1 × 105 untransfected or m157-transfected B6 3T3 cells for 5 h at 37° 

C with PE-conjugated anti-CD107a (clone 1D4B) and GolgiStop (BD Biosciences), 

followed by staining for surface molecules and intracellular IFN-γ. For assessment of 

phosphorylated STAT4 and STAT1, 1–3 × 106 splenocytes were cultured with 20 ng/ml 

mouse IL-12 for 30 min or 1000 U/ml mouse IFN-α (PBL Assay Science) for 10 min, fixed, 

and stained with AlexaFluor 647-conjugated phosphorylated STAT4 (pY693, clone 38/p-

Stat4) or PE-conjugated phosphorylated STAT1 (pY701, clone 4a) (BD Biosciences) (40).

Statistical methods

Student’s t-test (for functional assays) and Mann-Whitney U test (for viral titers) were used. 

p <0.05 was considered statistically significant. Error bars show standard deviation (s.d.).

RESULTS

Crk-and CrkL-deficient NK cells

To avoid the embryonic lethal phenotype of Crk null mice (22, 31) and potential redundancy 

between Crk and CrkL, we generated NK cell-specific Crk−/− × Crkl−/− dKO mice by 

crossing NKp46-Cre knock-in mice (30) with Crk-floxed × Crkl-floxed mice (32). Genotype 

and flow cytometric analysis confirmed successful generation of three classes of NK cell-

specific Crk KO, CrkL KO, and Crk × CrkL dKO mice (Fig. 1). The percentages of splenic 

NK cells (CD3− NK1.1+) among wildtype (WT), NKp46-Crk single-deficient, NKp46-

CrkL-single deficient, and NKp46-Crk-CrkL dKO mice were comparable (Fig. 2A). To 

directly compare the role of Crk in NK cells, WT and dKO BM chimeric mice were 

generated by transferring a 1:1 mixture of CD45.1+CD45.2+ WT and CD45.1−CD45.2+ 

dKO B6 BM cells into lethally irradiated CD45.1+ CD45.2− B6 recipients. Analysis of WT 

and dKO NK cells in the BM chimeric mice revealed no substantial differences in the 

expression of CD2, CD48, Ly49A, Ly6C, CD49b, NK1.1, NKG2D, CD25, CD122, CD127, 

CD132, IFNγR, IFNαR1, B220, PD-1, CD69, DNAM-1, TIGIT, IL-18Rα, or Sca-1 (not 

shown) or in Ly49H and Ly49C/I (Fig. 2B, left). The frequency of mature (CD27− CD11b+) 

dKO NK cells (65%) was slightly higher than WT (50%) (Fig. 2B, right). A similar trend 

was observed in blood, spleen, liver, and BM (not shown), indicating that dKO NK cells 

have slightly more mature NK cells. A lower frequency of recently divided Ki67+ cells was 

observed in dKO NK cells when compared to WT NK cells in the BM chimeric mice (Fig. 

3). Overall, the number, maturational state, and NK receptor repertoire of dKO and WT NK 

cells were similar.
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dKO NK cells show defects in degranulation and IFN-γ production

To investigate the functional response to activating receptor or cytokine-induced activation, 

WT and dKO NK cells from BM chimeric mice were stimulated with m157-transduced 3T3 

cells (41), anti-NK1.1, or IL-12 and IL-18 (Fig. 4). dKO NK cells exhibited lower levels of 

m157-induced and anti-NK1.1-induced degranulation (CD107a) and IFN-γ production 

compared to WT NK cells (Fig. 4A). Similar results were obtained from licensed (Ly49C/I+) 

and unlicensed (Ly49C/I−) NK cells (Fig. 4B).

To further evaluate responsiveness of the dKO NK cells to cytokine-induced activation, we 

investigated the levels of phosphorylated STAT4 (pSTAT4) and STAT1 (pSTAT1) in WT and 

dKO NK cells from BM chimeric mice cultured with IL-12 or IFN-α, respectively. 

Compared with WT NK cells, pSTAT1 and pSTAT4 in dKO NK cells were reduced (Fig. 

4C, D, E, F). Thus, dKO NK cells had diminished degranulation, IFN-γ production, and 

response to IL-12 and IFN-α compared with WT NK cells that developed in the same host.

Crk is required for optimal expansion of Ly49H+ NK cells during MCMV infection

In response to MCMV, Ly49H+ NK cells undergo robust expansion to generate long-lived 

memory NK cells (33, 40). To examine dKO NK cells, we transplanted lethally irradiated 

recipient mice with CD45.1+ WT and CD45.2+ dKO BM cells and allowed NK cells to 

reconstitute for 5 wks. NK cells were isolated from BM chimeras and WT and dKO Ly49H+ 

NK cells were adoptively transferred into Ly49H-deficient mice. After 24 h, the mice were 

infected with MCMV (Fig. 5A). dKO Ly49H+ NK cells showed severe defects in expansion 

on d 7 pi, and the generation of memory NK cells at 1-month was significantly decreased 

(Fig. 5B, C). To rule out effects of NK cell trafficking on the generation of memory NK cells 

after infection, we compared the adhesion and migration molecules (e.g., LFA-1, CCR5, and 

CXCR3) known to be important between WT and dKO NK cells. The expression of LFA-1, 

CCR5, and CXCR3 between WT and Crk-deficient, CrkL-deficient, and Crk-and CrkL-

double deficient mice was comparable (Supplemental Figure S1). Furthermore, dKO Ly49H
+ NK cells showed an impaired ability to protect against MCMV (Fig. 5D). Thus, the 

differences in the number of WT and Crk-and CrkL-double deficient Ly49H+ NK cells on 

day 7 pi do not appear to be due to different trafficking of the NK cells.

During MCMV infection, we compared IFN-γ production and granzyme B expression on d 

1.5 pi, and upregulation of the activation markers CD69 on d 1.5 and KLRG1 on d 7 pi. In 

the early course of infection, dKO Ly49H+ NK cells produced less IFN-γ and granzyme B 

and were less activated than WT Ly49H+ NK cells (Fig. 6A). To test whether the lower 

number of dKO Ly49H+ NK cells generated after infection was due to a higher frequency of 

cell death and/or lower proliferation, CellTrace Violet-labeled splenocytes from BM 

chimeric mice were transferred into Ly49H-deficient mice and infected with MCMV. No 

significant difference in the percentages of annexin V+ cells was observed between WT and 

dKO NK cells on d 4 pi (Fig. 6B, C). We observed a significantly smaller percentage of 

dividing dKO Ly49H+ NK cells compared to Ly49H+ WT NK cells on d 4 post MCMV 

infection (Fig. 6D, E). Thus, Crk proteins are required for the optimal effector functions, 

including IFN-γ production, activation, and proliferation, of Ly49H+ NK cells during 

MCMV infection.
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DISCUSSION

Here, we have demonstrated that Crk family proteins, including Crk and CrkL, are necessary 

for the optimal activation of Ly49H+ NK cells during MCMV infection and for optimal 

phosphorylation of STAT4 and STAT1 during cytokine stimulation ex vivo. Naïve Crk−/− 

and CrkL−/− dKO NK cells show defects in degranulation and IFN-γ production when 

assayed in vitro. Moreover, during MCMV infection Crk−/− and CrkL−/− dKO Ly49H+ NK 

cells showed an impaired ability to protect against primary MCMV infection. The 

diminished expansion of Ly49H+ Crk−/− and CrkL−/− dKO NK cells during MCMV 

infection was not due to increased cell death or a general inability to divide. However, this 

defect in Ly49H+ NK cell expansion in vivo correlated with the diminished phosphorylation 

of STAT4 in response to IL-12 and phosphorylation of STAT1 in response to IFN-α when 

tested ex vivo.

Consistent with studies examining the potential role of Crk in human NK cell function (6, 

13, 14), dKO mouse NK cells exhibited defects in both cytotoxicity and cytokine production. 

Additionally, our results suggest that Crk proteins may play a role in the effector functions 

of both licensed and unlicensed NK cells. A recent study showed that the Abl-1 kinase, 

upstream of Crk (42, 43), is dispensable for NK cell inhibitory signaling and is not involved 

in mouse NK cell education (44). Similar frequencies of immature, intermediate, and mature 

NK cell subsets were observed in WT and Ncr1iCre+/− Abl1fl/fl C57BL/6 mice (44). In 

contrast, our results show that the frequency of mature dKO NK cells was slightly higher 

than WT NK cells in mixed BM chimeric mice. Although Crk and CrkL can be specific 

substrates for Abl kinase (45, 46), the functions of Abl and Crk in NK cells may be different, 

which might explain the variance in the frequency of mature NK cells between Crk × CrkL 

dKO mice and Ncr1iCre+/− Abl1fl/fl mice. Interestingly, Abl-1-deficient mouse NK cells 

displayed marginally enhanced effector responses after the triggering of the ITAM-coupled 

activating NK1.1 receptor, which is reminiscent of studies showing that Crk phosphorylation 

was induced by the engagement of inhibitory KIR and CD94-NKG2A receptors in human 

NK cells (6, 12). Additionally, Abl kinases negatively regulate Crk activities during 

inhibition (12). In future studies, it will be of interest to investigate differences between Crk-

deficient versus Abl-1-deficient NK cells during inhibitory signaling and NK cell education.

The molecular mechanisms underlying CMV-specific Ly49H+ NK cell memory and 

cytokine-induced NK cell memory remain unclear. DAP12-mediated, ITAM-dependent 

signaling is important for the expansion and generation of memory Ly49H+ NK cells (33), 

and IL-12 and type I IFN receptor signaling are essential for the optimal expansion and 

generation of memory Ly49H+ NK cells during MCMV infection (33, 47, 48). Consistent 

with previous studies showing a critical role of STAT4 and STAT1 in regulating the response 

of mouse and human NK cells (40, 47–50), our results demonstrate that the levels of 

pSTAT4 or pSTAT1 in activated NK cells from dKO mice are reduced, which may explain 

the defects in cytokine production and degranulation by NK cells and the impaired 

expansion of NK cells during MCMV infection. Additionally, previous studies reported an 

IFN-dependent association of CrkL and Stat5 in human Daudi Burkitt’s lymphoma cells 

treated with IFN-α and IFN-β (51). The complex of CrkL and Stat5 translocates to the 

nucleus and regulates gene transcription through DNA binding (51). In this study, we 
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showed that the levels of pSTAT4 (in response to IL-12) or pSTAT1 (in response to IFN-α) 

in activated NK cells from dKO mice were reduced, compared with wildtype NK cells, 

which indicates that Crk family proteins may interact with Stat family proteins in NK cells. 

The exact molecular mechanisms will require further investigation.

In summary, here we demonstrate that Crk family proteins, including Crk and CrkL, are 

necessary for the optimal activation and proliferation of Ly49H+ NK cells potentially 

through modulating the phosphorylation of STAT4 and STAT1 during MCMV infection. Our 

findings reveal that Crk family proteins are essential for optimal NK cell-mediated host 

protection during infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BM Bone marrow

Crk Chicken tumor virus number 10 (CT10) regulator of kinase
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dKO Double knockout

IS Immunological synapse

KO Knockout
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pDGS Partial DiGeorge Syndrome

pi post-infection
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Figure 1. Genotype and expression of Crk family proteins in NK cell-specific Crk-, CrkL-, and 
Crk-and CrkL-double deficient NK cells
(A) Agarose gel electrophoresis of PCR-amplified DNA extracted from the tail tissue of 

NKp46-Crk-single-deficient, NKp46-CrkL-single-deficient, and NKp46-Crk-CrkL double-

deficient (dKO) mice. PCR products were imaged on a gel documentation system. (B) Crk 

family protein expression revealed by the anti-Crk (clone B-4, left) and anti-CrkL (clone 

B-1, right) antibody staining is shown on gated NK1.1+NKp46+CD3− NK cells prepared 

from the two spleens of NKp46-specific Crk-and CrkL-deficient mice for each experiment. 

The dKO (blue) and WT (red) NK cells are compared. Results are representative of three 

experiments.
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Figure 2. NK cells in Crk-, CrkL-, and Crk-and CrkL-double deficient mice
(A) Percentages of splenic NK cells (gated on CD3− and NK1.1+) in NKp46-Crk single 

deficient, NKp46-CrkL single-deficient, and NKp46-Crk-CrkL dKO mice. Data are 

representative of two independent experiments from 8-wk-and sex-matched mice analyzed. 

The numbers of total splenocytes harvested from these three genotypes of mice were 

comparable. (B) Expression of Ly49H and Ly49C and Ly49I receptors (left), and the 

developmental stages as determined by expression of CD11b and CD27 (right) on WT (bold 

lines) and dKO (thin lines) NK cells, gating on TCRβ− NK1.1+ lymphocytes in the spleens 

of mixed BM chimeric mice. Data are representative of 2–4 experiments (n = 2–7 mice per 

experiment).
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Figure 3. Phenotype of dKO NK cells
(A) Expression of Ki67 by WT (bold) and dKO (thin lines) on total, immature (CD11b
−CD27+), semi-mature (CD11b+CD27+), and mature (CD11b+CD27−) NK cells in the 

spleen of BM chimeric mice. Filled and open histograms represent staining with isotype-

matched control Ig and anti-Ki67 mAb, respectively. Data are representative of 2 

experiments (n = 3–4 mice per experiment). (B) Percentages of Ki67+ NK cells. Data were 

pooled from two experiments (n = 7 mice). *p < 0.005 vs. WT.
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Figure 4. Crk proteins affect effector functions of NK cells
(A) Degranulation and IFN-γ production of WT (open) and dKO (filled) Ly49H+ NK cells 

isolated from BM chimeric mice stimulated with m157-transduced 3T3 cells, anti-NK1.1, or 

IL-12 and IL-18. Data are representative of 2–3 experiments (n = 3–4 in each stimulation). 

*p < 0.05 vs. WT. (B) Degranulation and IFN-γ production of WT (open) and dKO (filled) 

licensed Ly49H+Ly49C/I+ and unlicensed Ly49H+Ly49C/I− NK cells stimulated with m157-

transduced 3T3 cells. Data are representative of 2 experiments (n = 3–4 in each stimulation). 

*p < 0.05. (C–F) Splenocytes from mixed BM chimeric mice were stimulated with 20 ng/ml 

IL-12 for 30 min (C and D) or 1000 U/ml IFN-α for 10 min (E and F). Phosphorylated 
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STAT4 and STAT1 in WT (bold) and dKO (thin lines) were analyzed by intracellular 

staining (C and E). Percentages of phosphorylated STAT4+ and STAT1+ NK cells and delta 

mean fluorescent intensity (ΔMFI), which were calculated by the MFIs of phosphorylated 

STAT4 and STAT1 after IL-12 and IFN-α stimulation minus MFIs of unstimulated cells (D 

and F). Data are representative of 2 experiments (n = 2 in each stimulation).
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Figure 5. Crk proteins are required for optimal expansion of NK cells during MCMV infection
(A) WT and dKO Ly49H+ NK cells (3 × 105) purified from mixed BM chimeric mice were 

transferred into Ly49H-deficient mice and infected with 1 × 105 PFU MCMV. (B) The 

kinetics of the absolute number of Ly49H+ NK cells in the blood were represented as the 

ratio relative to the number of Ly49H+ NK cells in the blood on d 0. (C) The number of 

memory Ly49H+ NK cells (identified as KLRG1high) in the spleen on d 28 pi. Data were 

pooled from three experiments (n = 8 mice). (D) WT and dKO Ly49H+ NK cells (3.5 × 104) 

sorted from spleens of BM chimeric mice were transferred separately into Ly49H-deficient 

(open circles) or DAP12-deficient mice (closed circles) and infected with MCMV. Ly49H-
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deficient or DAP12-deficient mice without transfer of Ly49H+ NK cells (no transfer) were 

infected with MCMV. The copy number of MCMV IE1 gene in the blood on d 3 pi was 

analyzed by quantitative PCR. Data were pooled from 2 experiments (n = 6 mice per group). 

*p < 0.05 and **p < 0.005 vs. WT.
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Figure 6. Crk proteins are required for optimal activation and IFN-γ+ production of Ly49H+ NK 
cells after MCMV infection
(A) Mixed BM chimeric mice were infected with 1 × 106 PFU MCMV. IFN-γ+ production 

of WT (bold) and dKO (thin lines) Ly49H+ NK cells was analyzed by intracellular staining 

on d 1.5 pi. CD69 and KLRG1 on WT (bold) and dKO (thin lines) Ly49H+ NK cells were 

analyzed on d 1.5 and 7 pi, respectively. Data are representative of 2–3 experiments (n = 2–4 

mice per experiment). (B–E) CellTrace Violet-labeled splenocytes (1.5 × 107) from BM 

chimeric mice were transferred into Ly49H-deficient mice and infected with 1 × 105 PFU 

MCMV. (B) Cell death of WT (bold) and dKO (thin lines) Ly49H+ NK cells was analyzed 

by annexin V staining on d 4 pi. Data are representative of 3 experiments (n = 3–4 mice per 
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experiment). (C) Percentages of annexin V+ Ly49H+ NK cells. Data were pooled from 2 

experiments (n = 6 mice). (D) Cell divisions of WT (bold) and dKO (thin lines) Ly49H+ NK 

cells were analyzed on d 4 pi. Data are representative of 3 experiments (n = 3–4 mice per 

experiment). (E) The number of divided Ly49H+ NK cells was quantified. The number of 

divided Ly49H+ NK cells was calculated by using the information on the number of 

splenocytes on day 4 pi, the percentages of donor NK cells, the percentages of Ly49H+ NK 

cells, and the percentages of CellTrace Violetlow (non-undivided) NK cells. Data are 

representative of 3 experiments (n = 4 mice). *p < 0.01.
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