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Abstract

It is now clear that recognition of nascent tumors by the immune system is critical for survival of 

the host against cancer. During cancer immunoediting, the ability of the tumor to escape immune 

recognition is important for tumor development. The immune system recognizes tumors via the 

presence of classical antigens and also by conserved innate mechanisms. One of these mechanisms 

is the NKG2D receptor that recognizes ligands whose expression is induced by cell 

transformation. Here we show that in NKG2D receptor deficient mice, increasing numbers of B 

cells begin to express NKG2D ligands as they age. Their absence in wild-type mice suggests that 

these cells are normally cleared by NKG2D expressing cells. NKG2D deficient mice and mice 

constitutively expressing NKG2D ligands had increased incidence of B cell tumors, confirming 

that the inability to clear NKG2D ligand expressing cells was important in tumor suppression and 

that NKG2D ligand expression is a marker of nascent tumors. Supporting a role for NKG2D 

ligand expression in controlling the progression of early stage B cell lymphomas in humans, we 

found higher expression of a miRNA that inhibits human NKG2D ligand expression in tumor cells 

from low-grade compared with high-grade follicular lymphoma patients.
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Introduction

NKG2D is an NK cell activating receptor expressed on all NK cells and subsets of T cells in 

both mouse and human (1–7). NKG2D binds to a wide variety of self-ligands, all of which 

are related to MHC class I in sequence. In human, the ligands are MICA and MICB and the 

RAET1 family member molecules (ULBP1–6) (1, 8–10). In mouse, the ligands are the 

RAE1 (RAE1α−ε), H60 (H60a–c), and MULT-1 proteins (11–16). These ligands are 

generally absent from most normal tissue; rather, their expression is induced under 

conditions of cellular stress, such as viral infection, transformation, or DNA damage (17). 

Tumors of various origin express NKG2D ligands, which facilitates NK-mediated lysis of 

the tumor cells in vitro and allows for rejection of transplantable tumors in vivo (1, 12, 14).

The role of NKG2D in tumor immunosurveillance was previously tested using a prostate 

cancer model, a B cell lymphoma model, and a carcinogen-induced sarcoma model. In the 

TRAMP prostate cancer model, the absence of NKG2D resulted in enhanced tumor growth 

and more aggressive tumors (18). Similarly, the occurrence of B cell lymphomas was 

accelerated in the absence of NKG2D (18). In contrast, there was no effect on the 

occurrence of carcinogen-induced sarcomas (18). However, an experimental murine sarcoma 

line induced in an immune-deficient mouse expressed variable levels of NKG2D ligands and 

the high-ligand expressing cells were eliminated when they were transferred into a wild-type 

host (19). In addition, treatment of mice with a neutralizing NKG2D antibody enhanced the 

sensitivity of mice to carcinogen-induced fibrosarcomas (20).

Evidence from both mouse and human studies suggest tumors actively evade NKG2D 

recognition. Experimental murine tumors often lose NKG2D ligand expression as they 

progress (18, 19, 21). Patients with certain types of cancer exhibit high serum levels of 

circulating NKG2D ligands (22–24), presumably released from the tumors, resulting in a 

down-regulation of NKG2D expression on NK cells and T cells, which ultimately blocks 

NKG2D-mediated recognition of tumors (24).

The cancer immunoediting hypothesis posits that a tumor is either eliminated by the immune 

system, exists in a state of equilibrium with the immune system, or acquires properties that 

allow the tumor to grow and escape recognition by the immune system (25). Given that 

NKG2D ligands are induced by cellular transformation (26), its role in cancer 

immunoediting is likely to be in the first two phases, elimination and equilibrium. Because 

the transgenic models of cancer used in earlier studies enforce the development of tumors, it 

is difficult to parse the natural role of NKG2D using these models.

Mice and humans are naturally prone to the development of B cell lymphoma as they age 

(27). Here we studied the natural history of spontaneously-arising, non-transgene-driven B 

cell lymphomas in the context of NKG2D. In mice lacking NKG2D expression, NKG2D 

ligand expression was clearly evident on splenic B cells as mice aged with increasing levels 

correlated with ageing. Increasing expression of NKG2D ligands also correlated with 

development of B cell lymphoma. Even in mice lacking overt tumor masses, we could easily 

detect multiple lymphoid aggregates in multiple organs in mice lacking NKG2D expression, 

suggesting nascent B cell lymphoma. These findings suggest that NKG2D ligand expression 
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is an early marker of B cell transformation, allowing for recognition and elimination by 

NKG2D-expressing NK and T cells. The absence of NKG2D ligands on the B cell 

lymphomas that finally arise in wild-type mice suggests that loss of NKG2D ligands is a 

requirement for tumor escape from the immune system. The human relevance of the 

NGK2D receptor-ligand axis was supported by our findings suggesting that NKG2D ligands 

are expressed at a higher level on low-grade compared with high-grade human follicular 

lymphomas.

Materials and Methods

Mice

All mice were housed under specific-pathogen-free conditions in the Washington University 

School of Medicine or University of Kansas Medical Center animal facilities in accordance 

with institutional guidelines. The generation of the RAE1ε transgenic (C57BL/6/129) and 

Klrk1−/− (C57BL/6) mice were previously described (28, 29). The Klrk1−/− mice were bred 

to RAE1ε transgenic heterozygous mice to generate wild-type and Klrk1−/− littermates on 

the same genetic background. The OT-I transgenic and the γC−/− mice were purchased from 

Jackson Laboratory. Rag-1−/− mice were purchased from Taconic. The Rag-1−/− and γC−/− 

mice were bred together in the Washington University School of Medicine animal facilities.

T cell adoptive transfer

NKG2D-expressing CTL were generated in vitro by culturing splenocytes and lymph node 

cells from OT-I TCR transgenic mice in 6-well plates (2.5 × 107 cells/well) with 1 μM OVA 

peptide (SIINFEKL) (provided by P. Allen, Washington University School of Medicine) for 

5 days. Live cells were harvested with Ficoll-hypaque (GE Healthcare) and labeled with 1 

μM CFSE (Invitrogen) and injected i.v. (107 cells/mouse). The cells were analyzed 24 hours 

later for the expression of NKG2D by staining with an NKG2D-specific antibody (BD 

Biosciences) followed by flow cytometry.

Tissue Sectioning and Staining

Tissues were fixed in 10% formalin and 5 μm sections were cut and stained with 

hematoxylin and eosin by the Developmental Biology Histology and Microscopy Core at the 

Washington University School of Medicine.

B cell clonality analysis

Genomic DNA was purified from the indicated organs using the Gentra Puregene Tissue Kit 

(Qiagen), and the region surrounding the CDR3 of the IgH locus was PCR amplified using 

degenerate primers located within the framework regions (30). The PCR amplicons were gel 

extracted, and prepped into a library, indexed and sequenced using the Illumina HiSeq 2500 

platform to generate 101bp paired end reads by the Genome Technology Access Center at 

Washington University School of Medicine. The paired-end reads were assembled using 

PEAR to reconstruct the complete sequence for each read (31). The successfully merged 

reads were analyzed using IMGT/HighV-QUEST for V, D, and J usage and CDR3 length 

(32). Unique reads were defined as having a specific V, specific J and CDR3 length. 

Clonality was assessed by determining the number of unique reads required to reach 5% of 
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the total number of productive reads. The R script utilized in the assessment of clonality is 

available upon request.

Flow cytometric analysis of tumors

Monoclonal antibodies specific for RAE1 (pan-specific), MULT-1, H60a, and a rat IgG2a 

control antibody were purchased from R&D Systems. Monoclonal antibodies specific for 

B220, CD19, NK1.1 and CD3ε were purchased from BD Biosciences. Single cell 

suspensions generated from tumors or spleens were stained with these antibodies and 

analyzed with a FACSCalibur (BD Biosciences).

Tumor transplantation studies

Single cell suspensions were generated from tumor masses harvested from RAE1ε 

transgenic or wild-type mice. 106 cells were then injected i.v. into 2 month-old Rag1−/−/
γC−/− mice. In some experiments, the recipient mice received NKG2D-specific, RAE1ε-

specific, or control monoclonal antibodies (R&D Research) (200μg/mouse i.p.) at the time 

of tumor transplant and every 3 days thereafter. Three weeks after tumor transplantation, 

spleens, livers, lungs, kidneys, and pancreata were harvested. The splenocytes were stained 

with B220- and CD19- or NKG2D-specific antibodies (BD Biosciences) and analyzed by 

flow cytometry. The other organs were fixed in 10% formalin.

Human NKG2D ligand mRNA and miRNA analysis

Fresh excisional biopsy specimens were collected from adult patients with a diagnosis of 

untreated follicular lymphoma and who consented to the Washington University lymphoma 

tissue collection protocol. Single cell suspensions of B cells were obtained by positive 

magnetic cell sorting of CD19+ cells (Miltenyi Biotec). Normal B cells were obtained from 

tonsils or peripheral blood. Tonsillar B cells were obtained by positive magnetic cell sorting 

of CD19+ cells from tonsils removed from children undergoing elective tonsillectomy 

(Children’s Hospital, Washington University School of Medicine) with approval from the 

Washington University School of Medicine Human Studies Committee Board. Peripheral 

blood B cells were purified by negative sorting from blood drawn from volunteers by 

Volunteers for Heath at Washington University School of Medicine. Total RNA was purified 

from the cells and mRNA and miRNA expression measured with Human Exon 1.0 ST arrays 

and GeneChip miRNA arrays (Affymetrix), respectively. Data have been deposited in 

NCBI’s Gene Expression Omnibus under accession number GSE62246 (http://

www.ncbi.nlm.nih.gov/gds?term=200062246).

Human MICA/B protein expression analysis

Samples from the same patients used for the RNA analyses were fixed, paraffin-embedded, 

and sectioned. The sections were subjected to antigen retrieval with Antigen Retrieval 

Reagent-Basic (R&D Systems), and stained with a MICA/B-specific or control mouse 

IgG2a antibody (R&D Systems) followed by anti-mouse HRP-DAB (R&D Systems).
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Results

Enhanced spontaneous B cell lymphoma development in mice deficient in NKG2D 
expression

Using a mouse that we described previously, we generated mice with constitutive, ubiquitous 

expression of the murine NKG2D ligand RAE1ε (28). RAE1ε was detectable on cells from 

all tissues examined in the transgenic animals, as well as on all peripheral blood 

mononuclear cells (PBMC). Similar to other NKG2D ligand transgenic mice (33, 34), this 

resulted in down-regulation of NKG2D expression on both endogenous and adoptively 

transferred cells (Fig. 1a).

Given the evidence for NKG2D-mediated immunity in tumor immunosurveillance (18–24, 

33), we tested the hypothesis whether loss of NKG2D expression would make the RAE1ε 

transgenic mice more susceptible to naturally arising tumors. Therefore, we analyzed 

RAE1ε transgenic and non-transgenic littermates as they aged for evidence of tumor 

development. A significant percentage of the RAE1ε transgenic mice (28%, n=39) 

developed large masses in the mesenteric lymph nodes, spleen, liver or kidney between 10 

and 24 months of age (Fig. 1b and d). In contrast, no wild-type mice (0%, n=32) from the 

same breeding colony developed tumor masses before 24 months of age. Histological 

analysis classified these masses as follicular or diffuse large cell B cell lymphoma (Fig. 1b). 

VDJ sequencing of the immunoglobulin heavy chain (IgH) confirmed the increased clonality 

of B cells present in the tumor masses (Fig. 1d). These lymphomas were slow growing 

(indolent) and did not result in mortality. As known previously (27), we also found that 

subclinical B cell lymphomas arise naturally in wild-type mice but we detected such tumors 

only when mice were older than 24 months (Fig. 1c and d). While tumors from wild-type 

mice expressed low levels of NKG2D ligands (Fig. 1e), tumors from RAE1ε transgenic 

animals, expressed much higher levels of the transgene-driven RAE1ε (Fig. 1f). These 

results demonstrate that downregulation of NKG2D leads to an increased susceptibility to B 

cell lymphomas.

Upon necropsy of RAE1ε transgenic mice, histological analysis revealed that most mice had 

lymphoid aggregates in the liver, lungs, kidneys and pancreas, even when no overt tumor 

mass was present (Fig. 2). In transgenic mice younger than 12 months (median age 11.5 

months), 73.9% had lymphoid aggregates (n=23) compared to 21% of wild-type mice 

(n=19; p<0.008) (median age 10 months) (Fig. 2e). After 12 months of age (medians 23 and 

24 months; n=14 and n=9), the frequency of lymphoid aggregates was similar between 

transgenic and control mice (66.7 vs. 42.9; p=0.2752 ) (Fig. 2e). The increased incidence of 

both overt lymphoma masses and lymphoid aggregates in younger transgenic mice suggests 

that the aggregates represented nascent, low-grade lymphomas. We confirmed that this 

phenotype was not due to an artifact of the transgene by also analyzing NKG2D knockout 

mice (Klrk1−/−) (29). Compared to wild-type mice, Klrk1−/− and RAE1ε transgenic mice 

exhibited a similar increased frequency of lymphoid aggregates at 10 months of age 

(68.75%) (Fig. 2e). The similar phenotype between RAE1ε transgene expression and 

NKG2D knockout confirmed that the phenotype of increased lymphoid growth is due to 

NKG2D downregulation.
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NKG2D ligand expression on splenic B cells correlates with the presence of lymphoid 
aggregates

Current models suggest that NKG2D ligand expression is triggered by cell transformation 

(35). If NKG2D marks the early B cell transformation process, tumor outgrowth should 

occur only after tumor cells are selected for decreased NKG2D ligand expression. Analysis 

of splenic B cells from 3 month-old wild-type mice for NKG2D ligand expression showed 

little expression. Mice at 10 months of age, however, showed the presence of NKG2D 

ligands on a significant fraction of mice on splenic B cells (Fig. 3). This, to our knowledge, 

is the first to show a gradual increase in NKG2D ligand expression as mice age and suggests 

that B cells induce NKG2D ligand expression during the process of transformation. 

Strikingly, analysis of NKG2D-deficient mice showed that the percentage of mice with 

NKG2D ligand-expressing B cells (63%) was much greater at 10-months of age in 

comparison to wild-type animals of the same age (25%) (Fig. 3e). Importantly, NKG2D 

ligand expression also correlated with the fraction of mice with tissue-specific lymphoid 

aggregates (Fig. 2e). Since NKG2D ligand expression was absent in tumors from wild-type 

mice, this suggests that downregulation of NKG2D ligand expression was necessary to allow 

for tumor progression.

Lymphomas from wild-type, but not RAE1ε transgenic mice, are transplantable into 
lymphodeficient hosts

To confirm that the immune system suppresses the expansion of B lymphoma cells 

expressing NKG2D ligand, we transferred tumors from wild-type or transgenic mice into 

lymphocyte-deficient hosts. We reasoned that if tumors were eliminated by NKG2D 

recognition, tumors from both RAE1ε transgenic and wild-type mice should behave 

similarly when transferred into mice lacking lymphocytes. Single cell suspensions were 

generated from tumor masses harvested from transgenic or wild-type mice and injected i.v. 

into Rag1−/−γc−/− mice. Three weeks later, organs were harvested from the recipient mice 

and analyzed for the presence of tumor cells. When tumors from wild-type mice were 

injected, lymphoid aggregates were found in the liver, lung and pancreas in 60% of the 

recipient mice (n=5) (Fig. 4a), suggesting outgrowth of the transferred tumor cells. Contrary 

to our expectation, injection of tumors from RAE1ε transgenic mice resulted in significantly 

fewer (17%; n=6; p<0.05 log-rank test) recipient mice with lymphoid aggregates present in 

peripheral organs.

Since the Rag1−/−γc−/− recipient mouse lack all lymphocytes, we hypothesized that NK and 

T cells that were present in the tumor masses from RAE1ε transgenic mice could explain the 

difference between the transfer of wild-type versus transgenic tumors. We hypothesized that 

in the case of the RAE1ε transgenic mice, transferring lymphocytes into a host without 

ubiquitous RAE1ε expression would allow for NKG2D up-regulation and tumor recognition 

and rejection. We first confirmed that similar numbers of T cells and NK cells were present 

in our single cell tumor preparations from wild-type and transgenic mice (data not shown). 

Consistent with our hypothesis, we found that NKG2D was re-expressed on NK cells 

following transfer of RAE1ε transgenic splenocytes into Rag1−/−γc−/− mice (Fig. 4b).
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Confirming the veracity of our hypothesis, injection of RAE1ε- or NKG2D-blocking 

antibodies allowed for enhanced outgrowth of RAE1-ε expressing tumors, as shown by 

increased numbers of splenic B cells in recipient mice (Fig. 5a and b), as well as the 

presence of multiple lymphoid aggregates in tissues in over 50% of the host animals (Fig. 

5c). Thus, NKG2D re-expression on lymphocytes was responsible for suppressing the 

growth of RAE1-expressing lymphoma cells after transfer.

NKG2D ligand expression correlates with tumor grade in human follicular lymphoma

To determine whether NKG2D ligand expression may also be involved during the 

development of human B cell lymphomas, we compared NKG2D ligand expression by RNA 

microarray on low-grade (grade 1 or 2) versus high-grade (grade 3) follicular B cell tumors. 

No significant differences in the mRNA expression level of NKG2D ligands was observed.

We considered that NKG2D ligand expression might be post-transcriptionally regulated by 

endogenous microRNAs (miRNAs) (36–40). We compared the expression level of 11 

miRNAs known to regulate NKG2D ligand expression. We found that expression of one 

miRNA, miR-93 (37, 40), was decreased in low-grade follicular lymphoma cells compared 

with normal B cells (p=0.006) (Fig. 6). Expression of miR-93 was also elevated in high-

grade follicular lymphoma cells compared to wild-type (p=0.0444) or low-grade follicular 

lymphoma cells (p=0.0029). Supporting that this change in miR-93 was specific to follicular 

lymphoma, no change was observed in its expression in diffuse large B cell lymphoma 

(DLBCL) cells, a form of aggressive non-Hodgkin’s lymphoma. We also noted a trend 

toward lower expression of a second miRNA implicated in suppressing NKG2D ligand 

expression, miR-106b (37, 40), in low-grade follicular lymphoma, compared with wild-type 

B cells, but this difference did not reach statistical significance likely due to our small 

sample size (p=0.0583, data not shown). These results suggest that cancer immunoediting 

may involve the upregulation of miRNAs that suppress NKG2D ligand expression.

Discussion

In this study we analyzed the role of NKG2D in immunosurveillance of naturally arising B 

cell lymphomas. We found that mice with constitutive, ubiquitous expression of the murine 

NKG2D ligand RAE1ε had significantly enhanced outgrowth of spontaneous B cell 

lymphomas compared with wild-type mice, most likely due to ligand induced down-

regulation of NKG2D expression on the surface of cells. Further, our data suggest that the 

NKG2D receptor is involved in controlling the outgrowth of sub-clinical, pre- or low-grade 

lymphoma in wild-type mice. This was evidenced by increased incidence of lymphoid 

aggregates in the peripheral tissues of RAE1ε transgenic and NKG2D-deficient mice in the 

absence of large tumor masses. The presence of the lymphoid aggregates correlated with 

NKG2D ligand expression on splenic B cells, which we hypothesize may serve as an early 

neoplastic marker.

The results of two previous studies utilizing the Eμ–myc transgenic mouse model suggested 

a role for NKG2D in immunosurveillance of B cell lymphomas (18, 41). However, because 

tumors are induced by forced expression of an oncogene in this model, immune escape is 

swift and tumors develop in the majority of wild-type mice. This suggests tumor growth 
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quickly surpasses the ability of NKG2D to inhibit tumor progression in this model. This is 

further suggested by the finding that although NKG2D ligands were detected on lymphomas 

that developed in Eμ–myc mice, the expression level was not affected by the absence of 

NKG2D; loss of NKG2D ligand expression was not required for tumor escape in this model. 

By contrast, in the current study, tumors developed more slowly, allowing us to interrogate 

the interplay between tumor development and NKG2D-mediated recognition at earlier 

stages of the disease.

The cancer immunoediting hypothesis posits that tumors arise in three phases in immune-

competent hosts (25). The first phase occurs when a nascent tumor is eliminated by the 

immune system. The second phase is equilibrium, where the immune system controls but 

fails to eliminate the tumor. In the third phase, changes in the tumor allow it to escape 

immune recognition and development into a full-blown malignant tumor. Our work is 

consistent with NKG2D playing a role in both the elimination and equilibrium phase of B 

cell tumors. We found that NKG2D ligands were induced on B cells as mice age. The 

greater frequency of ligand expression on B cells from NKG2D knockout mice suggests that 

ligand-expressing B cells are actively removed in wild-type mice. It is well established that 

NKG2D ligands induce recognition and killing by CTLs and NK cells. Our inability to 

transfer tumors from RAE1ε transgenic mice into Rag1−/−γc−/− mice supports the idea that 

the loss of NKG2D ligands by immunoediting is required for tumor growth and escape. Our 

findings suggest that B cell tumors are maintained in equilibrium by NKG2D ligand 

expression as mice age. We predict that a loss of this check-balance relationship between 

cytotoxic immune cells and pre-neoplastic B cells is a critical factor in their progression to 

overt lymphoma.

It is remarkable that NKG2D ligands were expressed on a significant proportion of splenic B 

cells in older mice. NKG2D ligand expression is induced by cell stress, including processes 

involved in transformation. The abundant ligand expression suggests that B cells in aging 

mice are experiencing cellular or genotoxic stress. The germinal center reaction involves 

genotoxic stress and could potentially explain NKG2D ligand expression in B cells (42) and 

it is known that DNA damage can induce the upregulation of NKG2D ligand expression 

(26). However, since DNA damage repair is part of the normal physiology of B cells and 

ligand expression is not detected in young mice, the mechanism is likely more complicated.

The detection of NKG2D ligand-expressing B cells in the spleen coincided with the 

presence of lymphoid aggregates in tissues. This suggests that the NKG2D ligand-

expressing cells are pre-neoplastic cells, and that the constitutive expression of NKG2D 

ligands is potentially an early marker of B cell transformation. Interestingly, the majority of 

B cells expressed MULT1 but not RAE1. MULT1 was similarly observed to be the dominant 

ligand expressed in B cell lymphoma from Eμ-myc transgenic mice (18). This suggests that 

there are differential requirements for the induction of different NKG2D ligand families, and 

that the processes involved in the transformation of B cells favor the expression of MULT1.

Taken together, our data with the RAE1ε transgenic and NKG2D-deficient mice suggest that 

the increased lymphoma incidence in the transgenic mice is primarily due to an inability to 

respond through NKG2D. However, it is possible that there are defects in the RAE1ε 
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transgenic mice in addition to low NKG2D expression that contribute to the defect in 

immunosurveillance in these mice. The results of two previous studies suggest that sustained 

NKG2D engagement impairs NKG2D-independent functions of NK cells (33, 43). However, 

a third study found NKG2D-independent functions of NK cells to be intact in transgenic 

mice with ubiquitous RAE1 expression (44). In addition, we demonstrated that NKG2D 

ligand expression decreases MHC class I surface expression (28).

It will be important to determine whether our results are relevant to human follicular 

lymphomas. As shown in figure 6, we found decreased expression of a miRNA, miR-93, that 

is known to control protein expression of the human NKG2D ligands MICA and MICB in 

low-grade tumors (grade 1 or 2), compared to high-grade lymphomas (grade 3). A second 

miRNA, miR-103b, trended towards lower levels in low-grade tumors but likely due to our 

small sample, the difference was not statistically significant. A larger sample set will allow 

for a more comprehensive statistical analysis of this miRNA. We stained a small number of 

tumor samples for expression of NKG2D ligands comparing high-grade and low-grade 

tumor samples and found a trend for higher protein expression in the low-grade tumor 

samples compared to the high-grade tumors (data not shown). It will be important to test this 

in a larger group of tumor samples.

Follicular lymphoma is thought to develop slowly, with low-grade tumor present for many 

years prior to aggressive tumor growth. Our data suggest NKG2D engagement on immune 

cells by NKG2D ligand expressed on lymphoma cells may be critical to controlling the 

outgrowth of the low-grade tumors. It will be important to perform future comprehensive 

studies of NKG2D ligand protein expression in follicular lymphoma patient samples to 

determine whether the expression of NKG2D ligands on low-grade lymphomas has 

therapeutic potential.
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Figure 1. Down-regulation of NKG2D expression and enhanced spontaneous B cell lymphoma in 
RAE1ε transgenic mice
(a) CFSE-labeled OT-I CTL (NKG2D+) were adoptively transferred into a RAE1ε 

transgenic (RAE1ε Tg) and wild-type mouse. Twenty-four hours later NKG2D expression in 

the spleens of the recipient mice were analyzed. (b) Tumor mass from RAE1ε transgenic 

mouse. (c) Tumor mass from wild-type mouse. (d) The number of unique VDJ reads 

required to reach 5% of total sequencing reads from B cells present in normal spleens of 3 

month-old mice or tumor masses from the spleen (circle), lymph node (triangle), or liver 

(square) of 10–24 month-old RAE1ε (n=7) transgenic mice or >24 month-old wild-type 

mice (n=2) with a single data point per mouse. (e) NKG2D ligand expression on lymphomas 
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from three WT mice measured by combined staining with antibodies specific for RAE1, 

H60, and MULT-1. The number shown is the percentage of CD19+ cells with NKG2D 

ligand staining above control antibody staining. (f) RAE1ε expression on lymphomas from 

three RAE1ε transgenic mice measured by staining with antibody specific for RAE1ε. The 

number shown is the percentage of CD19+ cells with RAE1ε staining above control antibody 

staining. Scale bar: 1mm. *two-tailed Mann-Whitney test. NS: Not statistically different.
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Figure 2. Enhanced accumulation of lymphoid aggregates in tissues of mice deficient in NKG2D 
expression
(a–d) Lymphoid aggregates (arrows) present in the (a) liver of a RAE1ε transgenic mouse, 

(b) kidney of a RAE1ε transgenic mouse, (c) liver of a wild-type mouse and (d) pancreas of 

a Klrk1−/− mouse. (e) Percentage of WT, RAE1ε Tg or Klrk1−/− mice with lymphoid 

aggregates in peripheral organs without an overt tumor mass present. Scale bar: 

1mm. aMedian age: WT 10 months (n=19), RAE1ε 11.5 months (n=23), Klrk1−/− 10 months 

(n=16); bMedian age: RAE1ε 23 months (n=9), WT 24 months (n=14); ND: Not 

determined. NS: Not statistically significant. *Log-rank test.
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Figure 3. Increased NKG2D ligand expression on splenic B cells in NKG2D knockout mice
(a and b) Representative flow cytometry plots of NKG2D ligand expression on splenic B 

cells from a 10 month-old (a) wild-type or (b) Klrk1−/− mouse. (c and d) Percentage of 

splenic B220+ cells expressing (c) MULT-1 (d) or RAE1 from 3 month-old WT (n= 10) and 

Klrk1−/− (n=6) or 10 month-old WT (n=8) and Klrk1−/− (n=19), mice. (e) Percentage of 10 

month-old WT and Klrk1−/− mice with antibody staining for at least one NKG2D ligand on 

a greater proportion of splenic B cells than the average staining observed on 3 month-old 

WT mice. *One-tailed Mann-Whitney test, **Log-rank test.
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Figure 4. Lymphomas from wild-type, but not RAE1ε transgenic, mice are transplantable into 
lymphodeficient hosts
(a) Lymphoid cells (arrows) present in the peripheral organs of a Rag1−/−γc−/− recipient 

mouse 3 weeks following transplantation of a single cell suspension from a lymphoma that 

developed in a WT mouse. (b) NKG2D expression on DX5+ splenocytes from 3 month-old 

RAE1ε transgenic mice or adoptive transfer Rag1−/−γc−/− recipient mice 9 days after transfer 

of RAE1ε transgenic splenocytes. Scale bar: 1mm. *One-tailed Mann-Whitney test.
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Figure 5. Inhibition of RAE1ε-NKG2D interaction allows for the transplantation of RAE1ε 
transgenic lymphoma cells into lymphodeficient hosts
(a) Number of B cells present in the spleens of Rag1−/−γc−/− recipient mice 3 weeks after 

transplantation of single cell suspensions generated from tumor masses from RAE1ε+ 

transgenic mice and injection of blocking monoclonal antibodies (mAbs) against RAE1ε, 

NKG2D, or a control antibody. The numbers shown are the total number of B220+CD19+ B 

cells present in each spleen. (b) The fold increase in the number of B cells present in the 

spleens of recipient mice that received blocking mAbs against RAE1ε or NKG2D compared 

with those that received a control mAb (n=6). (c) The percentage of Rag1−/−γc−/− recipient 

mice with lymphoid cells present in peripheral organs 3 weeks following transplantation of 

single cell suspensions generated from tumor masses from RAE1ε+ transgenic mice and 

injection of blocking monoclonal antibodies (mAbs) against RAE1ε, NKG2D, or a control 

antibody (n=6). *One-tailed Mann-Whitney test.
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Figure 6. Altered expression of miRNAs that target MICA and MICB in human follicular 
lymphoma cells
Expression of miR-93 in follicular lymphoma cells, DLBCL cells and normal B 

cells. aDiffuse large B cell lymphoma. *Two-tailed Mann-Whitney test.
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