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1. Scientific progress

Introduction. 

The France-Berkeley funding proved immensely important in supporting the research documented below, and in cementing the relationship of the Raulet and Vivier laboratories. 

The application emphasized development of RNA interference to downregulate expression of immune receptors in vivo, with the ultimate aim of determining the function of the receptors in various immune responses. As described below, we met with some preliminary success in pilot studies in the case of the NKG2D receptor, but are now optimizing the approach for application in vivo. The funds also helped us to significantly extend several lines of research that had interested our laboratories in the past and allowed collaborations to develop in new areas. These efforts led to three scholarly papers published or in press, and will be summarized below. 

RNA interference of the expression of immune receptors. 

For initial studies, the project to “knock down” expression of immune receptors using RNA interference (RNAi) concentrated on a model receptor, NKG2D. We elected to design RNAi to interfere selectively with the two transcripts of the NKG2D gene, which encode distinct isoforms of the protein that associate with different signaling adapter molecules. A previous collaboration between our groups had defined these two isoforms. Success would provide a unique way to distinguish the role of the two isoforms in lymphocyte activation. 

To test the approach, we worked initially with transfected cells in culture in order to define conditions and effective synthetic small interfering RNAs (siRNA). We designed a set of siRNA oligonucleotides that targeted sequences common to the two RNA transcripts (these were called NKG2D_C siRNA), another set specific for sequences in the NKG2D-L (long) isoform that are absent in the NKG2D_S isoform (NKG2D_L siRNA) and a single siRNA specific for sequences unique to NKG2D-S (NKG2D_S siRNA). The design of the siRNAs was based on available algorithms.

The siRNAs were transfected into cells that had previously been stably transfected with NKG2D. The expression of NKG2D on the cell surface was tested by staining duplicate samples of the cells with anti-NKG2D antibodies and analyzing the stained cells using a flow cytometer, which determines the percentage of cells that stain over background, and the mean of the fluourescence intensity (MFI) of the stained cells. As a control, siRNA specific for transcripts encoding the fluorescent molecule EGFP were shown to be effective in cells transfected with EGFP. 

Some success was achieved with several of the NKG2D siRNAs. Both of the NKG2D_C siRNAs and two of the three NKG2D_L siRNAs caused a significant reduction in the MFI of the stained cells (Figures 1 and 2) and in some experiments a reduction in the percentage of stained cells (Figure 2, experiment 2). NKG2D_S siRNA had little effect. 

In another approach, siRNAs were transfected into cells that were simultaneously transiently transfected with an NKG2D expression plasmid. The rationale of this was that disabling the transcripts as they are produced would provide a more sensitive test of siRNA function, because such transiently transfected cells would not already contain a population of NKG2D protein molecules on the cell surface. The staining was weaker in the transiently transfected cells. Using this test, all the NKG2D_L and NKG2D_C siRNAs were somewhat effective, and the NKG2D_S siRNA caused a small reduction in expression. 

Although we obtained some success with the NKG2D siRNA, we concluded that the extent of “knock-down” in gene expression was not yet sufficiently robust to warrant using these siRNAs in in vivo experiments. For such experiments we would aim to achieve a consistent 4 fold reduction in protein levels. At present we are performing a series of studies to improve the effectiveness of the approach. These studies include testing additional siRNA designed using improved algorithms and optimizing delivery of the siRNA to cells with viral vectors. 

DAP10 and KARAP/DAP12 in immune receptor signaling.

We performed collaborative studies concerning the role of DAP10 and KARAP/DAP12 in signaling by immune receptors. Receptors associated with KARAP/DAP12 activate the protein tyrosine kinases of the Syk/ZAP70 family, leading to strong cellular activation, induction of killing activity, and cytokine release by NK cells. Receptors associated with DAP10 provide a signal via the PI-3 kinase, which may be sufficient for inducing killing in some instances, but often instead provides an enhancing (or “costimulatory”) signal that cooperates with signals from other stimulatory receptors and results in optimal cellular activation. 

We had earlier reported that NKG2D can associate with these two signaling molecules leading to different outcomes in different cells. In NK cells, cytokine production required association of NKG2D with KARAP/DAP12. Induction of cytolysis by NK cells could occur in some cases with NKG2D associated only with DAP10 but was optimal when the receptor associated with both signaling molecules. In T cells, which do not express KARAP/DAP12, NKG2D associates only with DAP10 and typically provides a costimulatory signal that cooperates with T cell receptor signals to optimize T cell activation.  

The findings with NKG2D were surprising because associations of an immune receptor with two such distinct signaling molecules had not been previously observed. Interestingly, reports had appeared suggesting that human NKG2D (as opposed mouse NKG2D, which was examined in our studies) associates only with DAP10 and not with KARAP/DAP12. In a collaboration between our laboratories and that of Alessandro Moretta, in Genova, Italy, we examined this issue in detail. First, we sought evidence for RNA splice isoforms corresponding to the two NKG2D protein isoforms (NKG2D-S and NKG2D-L) that associate differentially with KARAP/DAP12 and DAP10 in mouse NK cells (as shown in our previous study). Despite considerable effort, we could not identify RNA transcripts in human NK cells corresponding to the NKG2D-S isoform, suggesting that all human NKG2D protein is similar to the mouse NKG2D-L isoform. Consistent with this finding, immunoprecipitation studies failed to show an association between human NKG2D and KARAP/DAP12 in human NK cells. Finally, we examined the functional consequences of NKG2D engagement in human NK cells. Using anti-NKG2D antibody to attach NKG2D on NK cells to the Fc receptor on target cells, we observed excellent killing of the target cells, suggesting that the receptor was competent to induce killing. However, crosslinking NKG2D with anti-NKG2D antibody failed to induce production of the key NK cytokine, interferon- (IFN-). The latter finding contrasted with the results with mouse NK cells, where NKG2D crosslinking effectively induced IFN-. The absent IFN- response by human NK cells was consistent with the failure of human NKG2D to associate with KARAP/DAP12, because we had found that the production of IFN- by mouse NK cells depended stringently on the association of NKG2D with KARAP/DAP12. These data suggest that the mouse and human species have diverged in this key functional aspect of NKG2D signaling function. It will be of interest to determine the consequences of this divergence with respect to NKG2D function in infections, cancer and autoimmunity.

Further analysis of human NKG2D responses yielded a surprise, however. Although human NK cells failed to produce IFN- in response to crosslinking with anti-NKG2D antibodies, a positive response was seen when the crosslinking was performed with soluble versions of the natural cellular ligands that are normally recognized by NKG2D, specifically the MICA and ULBP1 protein ligands. The positive response stimulated by NKG2D ligands could be explained if these ligands also bind to other cellular receptors, which had not been previously known, or if the functional outcome depends on the details of receptor crosslinking, such as the specific geometry of the crosslinking agent, the site to which it binds, or the affinity of the interaction. These possibilities are being examined in follow-up studies. 

Generality of associations of immune receptors with DAP10 and KARAP/DAP12. 

Because the association of DAP10 and KARAP/DAP12 with the same receptor had only been observed in the case of mouse NKG2D, it was important to determine whether this occurs in the case of other immune receptors. To examine this possibility, the associations of adapter molecules with the human signal regulatory protein 1 (SIRP1) were examined. Significantly, it was observed that SIRP1 can associate with both KARAP/DAP12 and with DAP10 in transfected cells. Functional studies showed that the SIRP:DAP10 complex provides only a costimulatory signal, whereas the SIRP:KARAP/DAP12 complex provides a primary activating signal to the cells, consistent with the findings with NKG2D. Thus, the capacity of immune receptors to associate with both DAP10 and KARAP/DAP12 is not limited to NKG2D or to mice. The results suggest that immune receptors exhibit a form of isotypy with respect to signaling capacity that allows the receptors to perform distinct functions in different cells or at different cellular stages. 

Expression of inhibitory NK receptors by CD8+ T cells. 

Both of our laboratories had previously separately investigated an intriguing finding: that a subset of killer T cells (CD8+ T cells) express inhibitory “NK receptors” that bind MHC class I molecules. These are the Ly49 inhibitory receptors in mice and the Killer cell immunoglobulin-like receptors (KIR) in human. It is likely that these receptors play an important role in regulating the function of the T cells that express them, and roles in tolerance as well as memory cell formation had been previously proposed by our groups and others. 

We therefore investigated several aspects of Ly49 receptor expression by CD8 T cells in an effort to understand its significance. The collaborative study led by the Vivier group, and involving other laboratories as well, showed that Ly49+ CD8+ T cells are poor producers of inflammatory cytokines upon triggering of their T cell receptors, and are not activated in several settings of antigen immunization or microbial challenge. 

One of the difficulties with understanding the roles of these receptors in CD8+ T cells is that the conditions that lead to Ly49 expression by CD8+ T cells have not been defined. Therefore it was most interesting to observe that naïve but autoreactive CD8 T cells, when transferred to mice expressing the autoantigen, expand and gradually acquire Ly49 receptors. The expression of Ly49 receptors by these cells depends on the presence of CD4+ T cells.  These results suggest that chronic antigen exposure leads to upregulation of Ly49 receptors on CD8+ T cells. However, because Ly49 receptors were not induced in previous studies with mice harboring a chronic viral infection, it is possible that Ly49 induction on CD8+ T cells occurs specifically in the absence of viral or microbial signals that normally accompany infections.  Receptor upregulation might then be restricted to non-infectious circumstances, such as in the response of T cells to autoantigens. In such a setting, Ly49 receptors could dampen autoimmunity by inhibiting T cell responses. These possibilities are under investigation. 
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4. Collaborative nature of the project

The FBF project cemented the relationship between our laboratories, by initiating projects that we plan to pursue, and by providing the opportunity for new interactions that have led to ideas for other collaborative projects. Thus, we plan to continue our collaboration on siRNA, as well as on new areas of collaboration, such as the expression of Ly49 receptors by CD8 T cells, and the mechanism of NKG2D signaling in human NK cells. In addition, while Dr. Raulet was in Marseille, he met extensively with other scientists at the Centre d’Immunologie Marseille Luminy, and some of these interactions have led to new collaborations. For example, Dr. Raulet has initiated a collaboration with Dr. Anne Marie Schmitt Verhulst of CIML, concerning the role of NKG2D in tumor rejection, and with Dr. Bertrand Nadel of CIML, concerning the regulation of T cell receptor gene rearrangements. Finally, as a result of our collaborations, Dr. Vivier will be visiting Berkeley in Spring of 2005 and this could lead to the initiation of new interactions with other Berkeley scientists. Thus, the FBF funding has fostered numerous interactions between Berkeley and the CIML and will hopefully continue to do so. 

5) FBF award expenditures

Raulet travel, roundtrip to Marseille:

$1740

Oligonucleotides

  2000

Antibodies 

  5760

Plasticware and tubes

    500

Total

$10,000

We are considering the possibility of Dr. Vivier and/or his collaborator Dr. Sophie Ugolini, performing a research project in Berkeley. If this occurs we will explore various funding avenues.

6) Recommendations and Feedback

The fund provides an important mechanism for facilitating collaborations between Berkeley and French scholars. We can only say positive things about it.
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