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A. Specific Aims.
The entry of HIV-1 into cells requires interactions between the viral Env protein, CD4 and a coreceptor. While binding to CD4 is required for efficient virus infection, attachment of virus to the cell surface can be mediated by interactions with a variety of molecules, only some of which have been well characterized.  Attachment to the cell surface per se can be a limiting step in the entry pathway.  In vitro, infection of cell lines and PBMC by HIV-1 can be enhanced by inclusion of polycations in the virus inoculum or by centrifuging virus onto the cell surface.  Infection of activated T-cells can also be enhanced by first binding HIV-1 to dendritic cells (DCs).  After removing unbound virus, addition of activated T cells results in very efficient transmission of virus to these cellular targets.  Recently, a type II integral membrane protein termed DC-SIGN has been shown to mediate binding of HIV-1 to DCs.  DC-SIGN contains a C-type  (i.e. calcium-dependent) lectin domain that mediates this process.  Because DCs migrate from peripheral mucosal tissues to lymph nodes, it has been proposed that HIV uses DCs as carriers, allowing the virus to access lymphoid tissue.  More generally, the discovery of DC-SIGN raises the possibility that other highly specific virus attachment factors exist.  Indeed, we have found that DC-SIGNR, which shares 77% amino acid identity with DC-SIGN, also supports HIV binding and transmission.  DC-SIGNR is expressed on endothelial cells in lymph nodes, liver, and the placenta, while DC-SIGN is expressed on DCs and some types of macrophages in vivo.  The ability of DC-SIGN and DC-SIGNR to bind virus with high affinity, to augment lymphocyte infection, and their expression on cells in mucosal surfaces and the placenta where transmission occurs leads us to hypothesize that these proteins facilitate viral binding to cells, and that once bound, virions are modified and/or protected, and ultimately presented more efficiently to key target cells that initiate viral propagation and dissemination in the host.  In this proposal, we will pursue four Specific Aims that will explore the structure, function, and expression patterns of DC-SIGN and DC-SIGNR.  Furthermore, we will develop reagents that will enable us to test the role of DC-SIGN in sexual transmission of virus using the rhesus macaque model. We propose to take a highly collaborative approach employing the skills and expertise of the Doms and Hoxie labs, as well as collaborations with other laboratories so that these questions can be addressed quickly and efficiently. 

Specific Aim 1.  Generation of antibodies, cell lines, and expression vectors for human, murine, pigtail macaque and rhesus macaque DC-SIGN and DC-SIGNR, and production of soluble forms of these proteins.  As this is a new area of research, it will be important to generate antibodies, cell lines, and assays that can be used to study DC-SIGN and DC-SIGNR.  As we have done in the past, we will make these reagents widely available to others given the potential importance of this new class of virus attachment proteins.  These reagents will be required to test the role of DC-SIGN in sexual transmission in the rhesus macaque model.

Specific Aim 2. Characterize how DC-SIGN binds to Env and determine if this interaction is specific, study the relationship between expression levels and virus binding and transmission, and determine if there are significant differences in how virus strains interact with DC-SIGN.  In addition, we have found that gp120 bound to DC-SIGN becomes partially deglycosylated by an unknown mechanism.  We will characterize this Env-specific modification, and determine if it impacts virus binding, virus transmission, or the efficiency with which virus infects cells expressing DC-SIGN, CD4, and coreceptors.

Specific Aim 3.  Study the cell biology of DC-SIGN and DC-SIGNR in cell lines and primary cell types.  Once bound to DC-SIGN on dendritic cells, HIV remains infectious for days.  The presence of two canonical internalization motifs in the cytoplasmic domain of DC-SIGN indicates that it may be endocytosed, perhaps helping account for the stability of bound virus particles.  We will study the cell biology of DC-SIGN and DC-SIGNR in cell lines and primary cell types, determining the oligomeric structure of each and investigate whether ligand binding results in endocytosis and recycling.

Specific Aim 4. Study DC-SIGN expression levels in vivo and the consequences of DC-SIGN expression on dendritic cells and macrophages for virus infection in vitro, and identify reagents needed to test the hypothesis that binding to DC-SIGN impacts sexual transmission.  We have learned that DC-SIGN expression levels strongly influence virus attachment and transmission functions.  Are there significant differences in DC-SIGN expression levels between individuals, and if so does this impact virus binding and transmission?  Does expression of DC-SIGN in macrophages affect virus tropism or sensitivity to entry inhibitors?  We will also identify reagents that will be needed to study the role of DC-SIGN in sexual transmission in the rhesus macaque model.

B.  Background and Significance.

A relatively large number of interactions between the HIV-1 envelope (Env) protein and cell surface molecules dictate not only which cells are susceptible to virus entry, but also the efficiency with which entry occurs.  Infection of target cells by primary HIV-1 strains is dependent upon the presence of the CD4 molecule and chemokine-receptors, most often CCR5 and CXCR4 (1, 9, 12, 17, 18, 27).  Binding of the Env protein to CD4 results in conformational changes in the gp120 subunit of Env that enable it to interact efficiently with a coreceptor (43, 70, 74), while coreceptor binding is needed for the final conformational changes in Env that lead to membrane fusion and virus entry.  Inhibitors that prevent Env-coreceptor binding or that directly block conformational changes in Env needed for membrane fusion have been developed and are now in clinical trials (15, 38).  Therefore, greater understanding of the steps leading to viral entry has practical consequences for the development of antiretroviral agents.

Virus attachment to the cell surface, rather than receptor binding, is often rate limiting for infection.  While CD4 and an appropriate coreceptor are prerequisites for virus entry, another important variable that governs the efficiency of virus infection is simple attachment of virus to the cell surface.  For many cell types, virus attachment is independent of the presence or absence of the CD4 receptor and is rate-limiting for virus infection (50, 71, 72). In vitro, infection of cell lines and PBMC by HIV-1 can be enhanced by inclusion of polycations in the virus inoculum or by centrifuging virus onto the cell surface (52).  Once attached to the cell surface, the chances of Env encountering CD4 and coreceptors are likely to be increased.  What then governs attachment of virus to the plasma membrane?  Over the years, a large number of molecules have been proposed to play a role in virus attachment.  In some cases, evidence has been provided that HIV can attach to the cell surface by binding to molecules such as heparan sulfate (50, 71, 72).  In other cases, it has been shown that cellular proteins incorporated into the virus envelope (such as LFA) during the budding process can influence subsequent attachment to the cell surface (28-30, 34, 46, 54, 64).  These factors can impact virus infection depending on the virus strain, the cell type in which the virus strain is produced, and the type of cell being infected.

HIV attaches to dendritic cells efficiently, and can be transmitted to receptor positive cells.  A particularly striking example of how attachment per se can have important consequences for HIV infection comes from studies with dendritic cells (DCs).  If dendritic cells (DCs) are pulsed with virus, washed extensively, and then incubated with PBMCs, a robust infection of the PBMCs occurs even though the DCs themselves are either not infected or infected inefficiently (2, 7, 8, 33, 73).  Using this type of experimental system, infection of the PBMCs occurs even when very small amounts of virus are employed: amounts of virus not sufficient to result in detectable infection if simply applied directly to activated T-cells (32).  Thus, HIV-1 can be transmitted from DCs to target cells very efficiently.  What makes it possible for DCs to efficiently bind and transmit HIV-1 to other cell types, and what are the in vivo implications of this process?  The discovery of DC-SIGN appears to hold the answer to the first question, and should make it possible to address the second.

DC-SIGN is an efficient virus attachment factor, and largely explains the ability of DCs to transmit virus.  DC-SIGN is a 404 amino acid type II integral membrane.  The ectodomain consists of a short N-terminal cytoplasmic domain containing two potential endocytosis motifs, a repeat region containing seven complete and one incomplete copies of a 23 amino acid motif, and a C-type lectin domain.  DC-SIGN binds primary R5, X4, and R5X4 HIV-1 strains, and binding is dependent upon the lectin domain indicating that carbohydrate recognition is involved (32, 59).  We have also found that DC-SIGN binds and transmits HIV-2 and SIV strains, indicating that this molecule may function as a universal attachment factor for primate lentiviruses (57).  Transmission of virus from DCs to PBMCs can be largely blocked by antibodies to DC-SIGN (32).  Thus, DC-SIGN appears to be largely responsible for the long recognized ability of DCs to augment infection of T-cells in trans.  

Why does DC-SIGN bind and transmit HIV so efficiently?  Is it simply a nonspecific lectin interaction that results in virus attachment?  While this is a possibility, there are several new findings that argue that DC-SIGN interactions with HIV are more complex.  For example, DC-SIGN fails to bind to several other types of viral glycoproteins, including VSV-G and murine leukemia virus envelope proteins (Dan Littman, personal communication and also his presentation at the Keystone meeting) suggesting that carbohydrate alone may not be the sole determinant of this interaction and that binding to primate lentiviruses exhibits some specificity.  In addition, murine DC-SIGN binds virus but fails to transmit it.  Thus, mere binding of virus to the cell surface via a C-type lectin is not sufficient for transmission to a receptor-positive cell.  Finally, we have observed that gp120 bound to DC-SIGN and to DC-SIGNR, but not gp120 bound to CD4, CCR5, or CXCR4, is subjected to partial deglycosylation in which several complex N-linked carbohydrate chains are modified.  We do not know if this has any implications for virus binding to DC-SIGN, release from DC-SIGN, direct infection of DC-SIGN positive cells, or transmission of virus from DC-SIGN positive cells to receptor positive cell types, but we find this DC-SIGN specific modification of Env interesting and will study its significance as part of Specific Aim #2.
It is also important to note that expression of DC-SIGN is not exclusively restricted to DCs (32).  We have documented DC-SIGN expression in decidual macrophages and fetal Hofbauer cells in the placenta, and in adult alveolar macrophages (Appendix 3,4).  In addition, DC-SIGN expression can be induced on monocyte derived macrophages under some conditions.  We have found using cell lines that expression of DC-SIGN in cis along with CD4 and coreceptors can enhance virus infection and sometimes enable virus to utilize alternative coreceptors.  It does not, however, obviate the need for CD4 and coreceptors.  Therefore, it is important to keep in mind that DC-SIGN expression in vivo is not restricted to DCs.  Clearly, it will be important to more fully document its patterns of expression (Specific Aim #4).

A homologue of DC-SIGN also binds and transmits HIV and SIV.  The identification of DC-SIGN raises the possibility that other attachment factors on relevant cell types may exist.  A colleague of ours, Liz Soilleux, recently described a homologue of DC-SIGN, termed DC-SIGNR (for DC-SIGNRelated), that exhibits 77% amino acid identity with DC-SIGN (66).  We have found that DC-SIGNR also functions as a universal attachment factor for primate lentiviruses, being able to bind and transmit multiple HIV-1, HIV-2, and SIV strains to receptor positive cell lines and to human PBMCs (58).  We also found that DC-SIGNR is expressed on sinusoidal endothelial cells in the liver, endothelial cells present in lymph node sinuses, and a significant proportion of capillary endothelial cells in term placenta. The development of additional antisera or monoclonal antibodies (Specific Aim #1) may reveal expression in other locations (Specific Aim #4).  The presence of DC-SIGNR on the surface of endothelial cells in lymph node sinuses could represent a mechanism by which virus can be transmitted to trafficking CD4-positive cells that come into contact with these surfaces.  Thus, anatomic regions containing DC-SIGNR-expressing cells could represent sites in which HIV transmission to susceptible target cells occurs with enhanced efficiency, enabling DC-SIGNR to contribute to viral growth and dissemination in the host.  Moreover, the presence of both DC-SIGN and DC-SIGNR on both sides of the trophoblast layer in the placenta  raises the intriguing possibility that these proteins could concentrate virus at this site and facilitate perinatal transmission.

Significance.  The abilities of DC-SIGN and DC-SIGNR to increase infection efficiency underscore the importance of virus attachment as a first step in the infectious entry pathway, both in cis and in trans. The discovery of these proteins stresses the need to reexamine virus attachment in general, not only to receptor-positive cells, but to cells that frequently come into contact with them.  The precise mechanisms by which DC-SIGN and DC-SIGNR transmit virus are not known, nor is it clear why binding of HIV to these virus attachment factors improves infection efficiency.  Both of these questions will be addressed by Specific Aim #2.  The abilities of DC-SIGN and DC-SIGNR to efficiently bind and transmit virus coupled with their expression in DCs at mucosal surfaces and in placenta suggests that these molecules could play important roles in virus transmission and pathogenesis.  If so, they would represent new antiviral targets and could also have implications for vaccine or microbicide development.  The potential significance of these virus attachment factors, some important questions raised by their discovery, and how our Specific Aims are designed to address these issues are discussed below.

Impact on infection in cis.  DC-SIGN is expressed on certain types of macrophages in vivo, and we have recently found that its expression can be induced in monocyte-derived macrophages by IL-13 treatment.  This raises the possibility that DC-SIGN expression can be up-regulated in this important cell type under some conditions.  What are the consequences of DC-SIGN expression in cis?  Our Preliminary Studies have shown that in some cases cis expression of DC-SIGN improves infection efficiency, makes virus more resistant to certain entry inhibitors, and in some cases results in far more efficient infection via alternative coreceptors such as STRL33.  Thus, we hypothesize that DC-SIGN expression on macrophages could substantially impact the susceptibility of these cells to HIV infection, a possibility we will explore in Specific Aim 4.

Significance for sexual transmission.  Virus bound to DC-SIGN on DCs can remain infectious for several days and still be transmitted efficiently to CD4 and coreceptor positive cell types (32).  It is possible that virus bound to DC-SIGN may be endocytosed as a consequence of internalization signals present in the cytoplasmic domain of DC-SIGN, and be returned to the cell surface at a later time (Specific Aim #3).  Because DCs migrate from peripheral mucosal tissues to lymph nodes (4, 68), it has been proposed that HIV uses DCs as carriers allowing the virus to access lymphoid tissue (32).  Given the distribution of immature DCs in the submucosa, it is probably fair to say that in some cases DCs are the first or among the first cells encountered by sexually transmitted virus (36, 67).  Since virus associated with DCs can remain stable for at least several days, the DCs do not even have to become infected in order to play an important role in transmission.  If DCs 'ferry' attached virus to lymph nodes, then HIV will be effectively delivered to an environment rich in receptor positive cell types.  The efficiency with which DC-SIGN binds and transmits virus is consistent with a role in sexual transmission, which likely involves only small amounts of virus.  The abundant expression of DC-SIGN on dendritic cells in mucosal tissues is also consistent with a role in this process.  Thus, DC-SIGN could play an important role in sexual transmission of HIV and in the dissemination of virus within lymph nodes. 

The potential role for DC-SIGN in sexual transmission of HIV-1 is obviously a critical question, and one that is best addressed using the rhesus macaque system.  We feel that such studies are clearly beyond the scope of this grant.  However, we are making concrete plans to study this issue in a collaborative fashion.  Specifically, we have recently joined a Program Project grant application headed by John Moore entitled “Entry inhibitors as topical microbicides against HIV-1” submitted to the NIH on 3/30/01.  Mark Wainburg, Robbin Shattock, Melissa Pope, Ronald Veazey and Preston Marx  are also investigators on this grant.  If funded, this application will study the efficacy of a large number of entry inhibitors on virus transmission in rhesus macaques when used in the context of microbicides.  Drs. Moore and Doms direct Core A, the “Inhibitor Acquisition, Evaluation and Formulation Core” of this grant, which will evaluate entry inhibitors in vitro prior to their in vivo application.  These will include soluble versions of DC-SIGN as well as antibodies to DC-SIGN that block HIV attachment.  These agents will be used in microbicide formulations, and in the case of antibodies will also be passively administered.  The submitted P01 grant provides no financial support to the Doms or Hoxie labs, other than 5% salary support to Dr. Doms.  Rather, the bulk of the budget is being applied to microbicide formulations and towards the purchase and upkeep of rhesus macaques.  The DC-SIGN reagents will be produced and characterized by studies described in this grant application.  Obviously, both the P01 and this grant will have to be funded in order for us to perform these studies.  If the P01 is not funded, we will have to make other plans to translate our in vitro inhibitors to the macaque system.  We will do this by seeking out colleagues who have experience with and good access to this nonhuman primate model.  In the meantime, as part of Specific Aim 4, we will identify the antibodies and soluble proteins that most effectively block virus interactions with rhesus macaque DC-SIGN in preparation for these studies.

Significance for vertical transmission.  Vertical transmission of HIV results in the infection of thousands of children every year. Although vertical transmission frequently occurs during birth, a substantial proportion also occurs in utero.  The presence of DC-SIGN and DC-SIGNR on specific cell types in the placenta (both maternal and fetal sides of the circulation) raises the possibility that these attachment factors could impact this process.  We do not plan to directly test this possibility in vivo at the present time, concentrating instead on the potential role of DC-SIGN in sexual transmission as described above.  However, our in vitro studies and detailed examination of DC-SIGN and DC-SIGNR expression may help guide future in vivo experiments or determine if they are even warranted.  For example, which specific cell types in the placenta express DC-SIGN and DC-SIGNR (Specific Aim #4)?  At what levels are these attachment factors expressed (Specific Aim #4); and are there differences in how viruses interact with these attachment factors (Specific Aim #2)?  If there are differences, do these correlate with specific virus types (Specific Aim #2)?  We feel that the studies proposed in this grant will provide important baseline information that will be needed to consider this question in the future.

Summary.  Our published and submitted data as well as new findings presented in this revised application demonstrate that we have made substantial progress in developing reagents and defining mechanisms that underlie the ability of DC-SIGN to facilitate HIV infection in vitro and that could impact transmission and pathogenesis in vivo.  The central hypothesis of this proposal is that DC-SIGN serves to facilitate viral binding to cells, and that once bound, virions are modified and/or protected, and ultimately presented more efficiently to key target cells that initiate viral propagation and dissemination in the host. Although it has not been definitively shown that viral binding to DC-SIGN contributes to viral transmission, the fact that this cellular protein 1) binds gp120 with high affinity, 2) profoundly augments the efficiency of viral transmission to neighboring cells in vitro, and 3) is expressed on dendritic cells that normally traffic from mucosal surfaces to lymph nodes, provide a compelling case for investigating the possible role of DC-SIGN and related molecules in HIV transmission and pathogenesis.  In addition, our preliminary data indicates that DC-SIGN can also contribute to HIV infection in cis, and, given our finding that DC-SIGN can be expressed on macrophages, suggests that expression of this molecule may have an impact on macrophage infection as well.

We will pursue four Specific Aims that will delineate the nature of the DC-SIGN gp120 interaction.  We will take a highly collaborative approach to develop new experimental reagents (Aim #1) and use these tools to address basic virus binding and transmission mechanisms in vitro (Aim #2), to explore the cell biology of DC-SIGN and DC-SIGNR in cell lines and primary cell types (Aim #3), and to study DC-SIGN expression in vitro and in vivo and determine if expression levels between individuals vary to such an extent that virus binding and transmission could be affected (Aim #4).  Importantly, the reagents we develop will make it possible to determine if virus interactions with DC-SIGN impact sexual transmission and provide materials for future trials in animal models (Aim #4).  These studies, coupled with an analogous approach for the related DC-SIGNR molecule, will enable us to explore the intriguing role of these proteins in modulating HIV infection.

C.  Preliminary Results.

We have generated or obtained many of reagents that will be needed to accomplish the Specific Aims of this proposal.  In addition, our long standing interests in HIV and SIV Env structure and function, virus entry, and the humoral response to virus infection means that we already have many of the ancillary reagents and techniques that will be required to fully understand DC-SIGN and DC-SIGNR function and their potential roles in virus transmission and infection in vitro and in vivo.  Finally, the close-knit collaborations between our labs, other labs at Penn, and our interest and long track-record in establishing collaborations with scientists at other institutions means that some real synergy should be obtained in these studies.  Also, please note that the five papers on DC-SIGN and DC-SIGNR we have submitted for publication in the last 6 months (listed in Section C11) are included as Appendix material and include much of our Preliminary data.  The Preliminary Results contains the following sections: 

C1. Cloning of DC-SIGN, establishment of cell lines, and preliminary functional studies.

C2.  Generation of rabbit sera and monoclonal antibodies to DC-SIGN and DC-SIGNR.

C3.  Relationship between expression levels and function.

C4.  Expression of DC-SIGN in vitro, detected biochemically.

C5.  Expression of DC-SIGN on PBDCs, detected by FACS.

C6.  DC-SIGN structure-function studies.

C7.  Binding and transmission functions are dissociable.

C8.  Binding to DC-SIGN alters HIV-1 Env structure.

C9.  DC SIGNR expression and function.

C10. General virological and receptor reagents and assays.

C11. DC-SIGN and DC-SIGNR related publications.  

[image: image2..pict]C1.  Cloning of DC-SIGN, establishment of cell lines, and preliminary functional studies.  We cloned DC-SIGN by RT-PCR, obtained pigtail macaque DC-SIGN from Jason Kimata, rhesus macaque DC-SIGN from Todd Reinhart, murine DC-SIGN from Dan Littman, and human DC-SIGNR from Liz Soilleux.  We have not yet cloned DC-SIGNR from any other species, but plan to do so (Specific Aim #1).  To vary DC-SIGN expression levels, we made a 293 T-Rex cell line  expressing DC-SIGN under the control of the tet-repressor. Addition of increasing concentrations of doxycycline to the culture medium of these cells induces a corresponding increase in DC-SIGN surface expression on this cloned cell line.  These cells are described in Figure 9 in Appendix 1, and are useful for studying relationships between DC-SIGN expression levels and virus attachment and transmission. We have also introduced DC-SIGN into a number of T- and B-cell lines using pCDNA3 or retrovirus expression vectors to assist our studies on DC-SIGN function, to determine if DC-SIGN function is context dependent, and to study the effects of DC-SIGN expression on virus infection in cis.  Finally, we produced a recombinant adenovirus that makes it possible to express DC-SIGN in monocyte derived macrophages (MDMs; Figure 1) as well as cell lines.

Figure 1.  Expression of DC-SIGN in macrophages.  Monocyte derived macrophages were infected with adenovirus (left panel), a recombinant adenovirus expressing GFP (middle panel), or a recombinant adenovirus expressing GFP and DC-SIGN (right panel).  Cells were stained with a monoclonal antibody to DC-SIGN 24 hours after infection.

Virus binding studies.  To evaluate if different HIV isolates bind DC-SIGN with different efficiencies, we quantified binding of seven HIV-1 isolates including R5, R5X4, and primary X4 virus strains as well as the lab-adapted NL4-3 virus (57). Virus was added to 293T cells over-expressing DC-SIGN for 3 hours. Thereafter, the cells were washed, lysed in detergent, and the amount of viral p24 antigen present in the lysate determined by antigen capture ELISA.  All virus strains tested bound to DC-SIGN positive cells more efficiently than to control cells (see Appendix 1) by 3.6 to 16.9-fold.  We do not know if this variation is due to differences in levels of virion associated Env or whether it reflects real variation in DC-SIGN binding efficiencies exhibited by different virus strains.  In addition, we do not yet know if binding differences will become more pronounced as DC-SIGN expression levels are reduced, but will address this in Specific Aim #2.  We have also found that HIV-2 and SIV strains bind to DC-SIGN, indicating that this protein is (thus far) a universal attachment factor for primate lentiviruses (Appendix 1, (57)).  Finally, virus bound to DC-SIGN can be transmitted to receptor positive cell types, including PBMC (Appendix 1, (32).

[image: image3..pict]Impact of DC-SIGN on infection in cis.  As noted in Appendix 3 and 4, DC-SIGN is expressed on some types of macrophages in vivo.  We hypothesized that expression of DC-SIGN in cis with CD4 and coreceptors would make virus infection more inefficient.  In general, we find this to be the case, particularly when virus is limiting, or when coreceptor levels are very low.  Interestingly, we have found that the presence of DC-SIGN enables some viruses to utilize alternative coreceptors very efficiently.  Figure 2 shows an experiment in which 293T cells expressing CD4 and STRL33, an alternative HIV coreceptor that is expressed in some CD4-positive T-cells (65), are challenged with the indicated reporter viruses.  In the absence of DC-SIGN, none of the viruses infected these cells efficiently.  However, when DC-SIGN was expressed in cis some viruses were able to infect these cells efficiently.  This raises the possibility that expression of DC-SIGN on macrophages could broaden the coreceptor repertoire that can be used by virus to gain entry into this cell type.  Experiments described in Specific Aim #4 will address this possibility.
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C2.  Generation of rabbit sera and monoclonal antibodies to DC-SIGN and DC-SIGNR. Attempts to obtain published reagents from the group that described DC-SIGN were unsuccessful, which unfortunately has proven to be the case for everyone else who has contacted this group that we are aware of.  Faced with this sort of behavior, we immediately set about generating antisera and monoclonal antibodies to DC-SIGN using three different types of immunogens: peptides based on DC-SIGN sequence, bacterial fusion proteins containing all or portions of the DC-SIGN ectodomain, and full length soluble DC-SIGN produced in human cells.  We have obtained rabbit sera and a number of monoclonal antibodies (MAbs) to DC-SIGN (Appendix 2).  We have sent ascites and rabbit sera to anyone who has asked (about 20 groups thus far), and have donated two of our best DC-SIGN MAbs to the AIDS Reagent Repository. 

Rabbit sera.  We have made or are making a number of rabbit sera, using either peptides or bacterial fusion proteins.  The peptides made thus far, all coupled to KLH prior to immunization, are shown in Appendix 2.  The sera to the C-terminal peptide of DC-SIGN has been affinity purified, and works very well by FACS, western, and immunoprecipitation, and it is specific for DC-SIGN – it does not cross-react with DC-SIGNR (Appendix 3).  The repeat region sera also works well, and cross reacts with DC-SIGNR.  The lectin domain sera do not work particularly well, and the DC-SIGNR rabbit sera had a very low titer.  Further attempts will have to be made (Specific Aim #1).  In addition, we immunized two animals with the bacterially produced fusion protein described below that contains the entire DC-SIGN ectodomain.  Both sera work well in all experimental modalities tested thus far, and both cross react with DC-SIGNR (Appendix 2).

Monoclonal antibodies.  We intended to produce our first MAbs against a soluble, native ectodomain fragment of DC-SIGN produced in human 293T cells in the hopes that MAbs to conformation dependent epitopes would be generated.  However, we have been unable to purify this construct efficiently.  Therefore, we produced the entire DC-SIGN ectodomain as a bacterial fusion protein coupled to the C-terminus of thioredoxin in order to improve solubility.  This protein construct was purified using a nickel column and was used to immunize mice.  Mice were immunized and hybridomas produced by standard techniques.  Hybridoma supernatants were screened against the antigen by ELISA.  We obtained 37 positive hybridomas, cloned 23 by limiting dilution, and have characterized 16 in detail (Appendix 2).  Two of the MAbs are specific for DC-SIGN, while the others cross-react with DC-SIGNR.  Most cross-react with rhesus and pigtail macaque DC-SIGN; none cross-reacted with murine DC-SIGN.  Thus far, none of the MAbs block DC-SIGN binding to HIV, to gp120 alone, or to ICAM-3, but we have additional MAbs under development (Specific Aim #1).

C3.  Relationship between expression levels and function.  The efficiency with which HIV-1 infects cells is related to receptor density (41, 56, 65).  To determine the relationship between DC-SIGN expression levels and its ability to bind and transmit virus, we used the stable 293 T-Rex cell line expressing DC-SIGN under the control of the tet-repressor.  This cell line was used to determine the number of  surface DC-SIGN molecules required for efficient transmission of HIV-1, HIV-2 and SIVmac239. Cells were seeded in duplicate, with one panel being used in the virus transmission assay and the other used to quantify DC-SIGN expression by quantitative FACS analysis (QFACS) (44).  We found that the efficiency of virus transmission was strongly related to DC-SIGN surface expression levels (Figure 9B in Appendix 1).  A threshold level of about 60,000 copies was required for efficient transmission of all viruses tested. Below this level transmission efficiency decreased significantly. These data suggest that efficient transmission of HIV-1 requires high levels of DC-SIGN expression.  Finally, the strong relationship between virus transmission efficiency and DC-SIGN expression levels will make it important to examine DC-SIGN levels on primary dendritic cells (Specific Aim 4) to determine if variation among individuals can impact virus binding and transmission.

[image: image5..pict]C4.  Expression of DC-SIGN in vitro, detected biochemically.  In Specific Aim #3, we will study the trafficking of DC-SIGN in cell lines and PBDCs since endocytosis of DC-SIGN upon virus binding could be important for some aspects of its transmission functions.  In addition, we will study the oligomeric structure of DC-SIGN since, if it is oligomeric, multimeric interactions between it and Env are more likely.  Therefore, we need to be able to detect DC-SIGN by both western blot and immunoprecipitation assays.  Our rabbit seras and MAbs have made this possible.  As shown in Figure 3, we can readily detect DC-SIGN expressed in 293T cells by western blot, which enabled us to determine that the single N-linked glycosylation site in DC-SIGN is utilized.  While expression of DC-SIGN in cell lines is important, it must be kept in mind that DC-SIGN trafficking could be different when it is expressed in DCs.  For example, we have found that about 1% of DC-SIGN is endocytosed per minute in 293T cells, which is not much greater than the estimated bulk-flow rate for this cell type.  By contrast, we find that the half-life of DC-SIGN in dendritic cells as judged by pulse-chase analyses is on the order of 1.5 hours (Figure 3), suggesting either that once delivered to the cell surface, DC-SIGN is rapidly endocytosed and degraded, perhaps after binding potential antigens, or that only a fraction of DC-SIGN is transported to the cell surface in the first place.  This indicates that it will be important to study endogenous DC-SIGN expression levels in PBDCs, and that our antibodies will enable us to do this (Figure 3).

C5.  Expression of DC-SIGN on PBDCs, detected by FACS.  It is possible that there will be significant differences in the levels of DC-SIGN expressed by different individuals.  If so, this could impact sensitivity to virus transmission.  To address this, one would ideally like to quantify levels of DC-SIGN expression on DCs in tissues.  Failing this, since DCs in tissues are presumably derived from DC precursors in the blood, it would be desirable to measure DC expression levels on PBDC precursors from fresh whole blood after selective red blood cell lysis, thus avoiding Ficoll purification or further manipulation which may have undetermined effects on cell surface antigen expression.  We did not think that this would be possible when we first submitted this grant, because the electronic noise generated when using the large cocktail of antibodies needed to identify lineage negative (CD3/CD14/CD56/CD16/CD19)/HLA-DR-positive cells identified as candidate PBDC.  However, we have recently found that newly described markers for plasmacytoid (BDCA-2) and myeloid (BDCA-3) PBDC subsets (21) make it possible to avoid the multiple antibody cocktails traditionally used to identify DC subsets in blood (51).  Using these markers, we found that a reproducibly small percentage (4-14%) of plasmacytoid PBDC (BDCA-2 positive) had high levels of DC-SIGN expression while BDCA-3 positive myeloid PBDC were uniformly negative for DC-SIGN (Appendix 3).  Interestingly, the DC-SIGN positive subset of BDCA-2 positive PBDC also exhibited higher levels of CD86 expression, suggesting an activated DC phenotype (Appendix 3).  This means that it will be possible for us to measure levels of DC-SIGN on freshly isolated PBDC precursors without the confounding effects of in vitro culture conditions (Specific Aim #4).

Because receptor levels can be limiting for virus infection and because DC-SIGN expression levels strongly impact its virus attachment and transmission functions, measuring expression by simple FACS analysis is not sufficient - more quantitative measures of expression are needed.  We have helped pioneer the use of quantitative FACS (QFACS) in the HIV receptor field.  Under ideal conditions, a directly conjugated monoclonal antibody is employed.  Cells are stained under saturating conditions, as are populations of microbeads that bind defined numbers of IgG and are approximately the size of lymphocytes.  The cells and beads are processed and analyzed identically.  A simple linear regression analysis relating antibody binding capacity of the various bead populations to mean channel fluorescence (MCF) results in the generation of a standard curve (44).  Thus, MCF values for the experimental samples (the cells in this case) can be converted to antibody binding sites, which is directly related to receptor number.  Conceivably, a single MAb can bind to two receptor molecules, resulting in an underestimation of receptor density. However, use of the MAb at saturating conditions mitigates against this, and in most cases receptor density is such that this is not a significant problem. We have used this technique to quantify CD4, CXCR4, and CCR5 expression levels on a variety of cell types (44, 65), and will routinely use this technique to monitor and quantify DC-SIGN and DC-SIGNR expression.

C6.  DC-SIGN structure-function studies. To begin to identify the regions in DC-SIGN that interact with Env, we generated a panel of relatively simple DC-SIGN mutants (Figure 1 in Appendix 1).  These mutants will also be used for epitope mapping studies (Specific Aim #1).  Employing PCR mutagenesis, we removed the lectin-like domain alone (∆Cter-1) or in combination with the 50 C-terminal amino acids of the repeat region (∆C-ter2). Variant ∆Repeat was engineered to contain an internal deletion which removed the repeat region.  To determine if carbohydrate addition affects its function, the N-linked glycosylation site was eliminated.

All of the mutants were expressed at the cell surface, and equivalent levels of expression were obtained by varying the amount of each plasmid used (see Appendix 1 for actual data).  Once this was achieved, cells expressing wt DC-SIGN, DC-SIGN mutants, or cells transfected with vector alone were examined for the ability to support virus binding and transmission. Deletion of the lectin domain or the repeat region abrogated virus binding, while the other mutations did not result in a substantial loss of p24 binding.  We also found that virus transmission results mirrored what we observed in the binding assay (see Appendix 1 for actual data).  Thus, the capacity of DC-SIGN to bind and transfer virus requires the repeat and lectin domains of DC-SIGN.  Since DC-SIGN dependent binding of HIV can be blocked by mannan and EDTA, we expected that deletion of the lectin-like domain would ablate DC-SIGN function.  We did not expect deletion of the repeat region to have such a dramatic effect.  Since this construct was expressed at the cell surface, it is likely to be folded reasonably well.  The repeat region could affect DC-SIGN oligomerization, or perhaps spacing is important: if the lectin domain is too close to the cell surface, perhaps it will not bind HIV efficiently.  Experiments described in Specific Aim #2 will further investigate the roles of the lectin domain and the repeat region of DC-SIGN in its function.

C7.  Binding and transmission functions are dissociable.  An important question concerning DC-SIGN is whether it simply functions as a virus attachment factor, or if it plays additional roles in virus transmission.  Another important question is whether transmission and binding are dissociable functions.  We have found, as has Dan Littman (who presented his results at Keystone) that murine DC-SIGN binds HIV, but does not transmit virus (Figures 3 & 4 in Appendix 2).  In addition, we have made a series of chimeras between DC-SIGN and DC-SIGNR, because we have identified some viruses that exhibit a marked preference for either DC-SIGN or DC-SIGNR.  One of these chimeras binds HIV but fails to transmit virus efficiently.  These results show that mere binding of virus to the cell surface via DC-SIGN attachment is not sufficient for virus transmission.  Importantly, the availability of proteins that transmit virus and those that do not  will afford a way through the construction of chimeras to identify the mechanisms responsible for this surprising phenotype.

C8.  Binding to DC-SIGN alters HIV-1 Env structure.  We have found that purified HIV-1, HIV-2 and SIV gp120 proteins bound to DC-SIGN expressed on the surface of quail QT6 cells or human 293T cells are altered in a manner that results in more rapid migration in SDS-PAGE (Figure 4, next page).  This modification is not observed when these proteins are bound to either CD4, CXCR4 or CCR5 on the surface of these cells, indicating that the modification is specific for DC-SIGN.  In general, gp120 proteins bound to DC-SIGN migrate about 10 kD more quickly than when bound to CD4 or CCR5, though there is some variability depending on the strain of gp120 used.  Careful analysis of the starting gp120 material (and setting the experiment up so that about 20% of input gp120 binds) shows that the modified gp120 is not present at the beginning, but rather is generated only after binding to DC-SIGN.  Kinetic experiments show that the modification occurs gradually, and is complete by 15 to 20 minutes after binding to DC-SIGN.  This alteration in gel mobility is reproducible and quantitative: all of the bound gp120 becomes modified over time.

[image: image6..pict]Figure 4. gp120 bound to DC-SIGN or DC-SIGNR is modified.  The indicated gp120 proteins were bound to 293T cells that were transfected with pcDNA3 alone, or plasmids expressing the indicated receptors.  After binding, the cells were washed, lysed, and aliquots analyzed by SDS-PAGE and western blot.  A portion of the starting material (unbound) was also analyzed.

We reasoned that this reduction in mass was most likely due to removal of N-linked carbohydrates.  To test this hypothesis, gp120 bound to the surface of 293T cells via CD4, CXCR4, or DC-SIGN was digested with endoglycosidase F to remove all N-linked carbohydrates.  We found that under these conditions all gp120 molecules exhibited the same mobility in SDS-PAGE, indicating that the modification induced by DC-SIGN binding arises from a loss of carbohydrate (Figure 5).  Similar experiments with endoglycosidase H have shown that complex carbohydrate chains, rather than immature, are the primary targets of this modification.  Digestion with neuraminidase did not eliminate the mobility shift, so simple removal of terminal sialic acid residues is unlikely to account for the modification.  Thus far, our results are most consistent with a subset of complex N-linked carbohydrate chains on gp120 being removed, in part or in total, as a consequence of DC-SIGN binding.  A preliminary experiment with human PBDCs indicates that the modification occurs on this primary cell type as well.  At present, we do not know what causes this modification.  There is no precedent that we are aware of in which a C-type lectin exhibits endo or exoglycosidase activity, and there is nothing in the primary sequence of DC-SIGN to suggest this possibility.  Alternatively, DC-SIGN may associate with a glycosidase on the cell surface, such that gp120 bound to DC-SIGN can be acted upon.  Perhaps DC-SIGN binding alters gp120 conformation, making it a better substrate for this unidentified enzyme. Finally, the modification occurs at 4°C, though it takes longer, indicating that endocytosis is not required for this process.

We do not know if the modification has any consequences for virus binding, infection in cis, or transmission.  It will obviously be important to determine if the modification occurs when intact virions are bound to DC-SIGN, though under these conditions we would expect only a fraction of the Env proteins (only those bound to DC-SIGN) to be modified.  However, the fact that this modification occurs so specifically and quantitatively with all gp120 molecules we have tested thus far, and appears to occur on primary PBDCs as well, provides the rationale for the experiments described in Specific Aim #2 in which we will try to learn more about this modification and to determine if it impacts binding to DC-SIGN, release from DC-SIGN, direct infection of DC-SIGN positive cells that also express CD4 and coreceptor (such as certain macrophages in vivo, see Appendix 3, 4), or transmission of virus from DC-SIGN positive cells to receptor positive cell types.  Studies in progress to evaluate the ability of murine DC-SIGN, which binds but does not transmit HIV in trans, will also be useful in addressing the role of this change, if any, in viral transmission.

C9.  DC SIGNR expression and function.  DC-SIGN and DC-SIGNR share 77% amino acid identity, with the greatest areas of homology being in the C-type lectin-like domain and the repeat region (66).  To monitor the tissue expression of DC-SIGNR, we affinity purified an anti-peptide antiserum raised against a unique sequence (DPTTSGIRLFPRDFQ) in the cytoplasmic domain of DC-SIGNR.  The resulting antiserum recognized DC-SIGNR but not DC-SIGN by western blot (Appendix 5).  Using this antiserum, we demonstrated DC-SIGNR expression on the endothelium lining the sinuses in lymph nodes, on the endothelium of approximately half of the capillaries in term placenta and on the endothelium lining the sinusoids of the liver (Figure 2 in Appendix 5). Staining was abrogated in the presence of specific peptide.  The endothelial identity of these cells was confirmed by immunostaining serial sections with Von Willebrand Factor.  No evidence of expression could be found on endothelium in multiple other tissues or on cells of the myeloid lineage, and we have not detected DC-SIGNR expression on PBDCs.  Our recently published study also shows that all virus isolates tested bound to DC-SIGNR and DC-SIGN expressing cells more efficiently than to pCDNA3 transfected control cells.  DC-SIGNR also proved capable of transferring multiple HIV isolates to primary cells.  The presence of DC-SIGNR on endothelial cells, particularly in the lymph node and placenta, places this molecule in a position where it could impact vertical transmission of HIV, as well as present virus to CD4/coreceptor-positive cell types that come into contact with these surfaces (Appendix 5).
C10.  General virological and receptor reagents and assays.  The Hoxie and Doms labs have worked collaboratively on SIV and HIV entry for the past 5 years, and during this time we have acquired multiple primary virus isolates and cloned env genes that can be used to produce virus pseudotypes or infectious provirus constructs that contain GFP or luciferase in place of the nef gene.  In addition, the recently awarded Center for AIDS Research grant (CFAR) to the University of Pennsylvania has a very active Virus Core facility that provides accurately titered stocks of commonly used virus strains and generates stocks of specific viruses upon request.  We have considerable experience with producing viral pseudotypes that express reporter genes such as luciferase and GFP, replication competent reporter viruses, and a relatively large number of membrane fusion and virus entry assays that we have published on over the past 5 years (see Biosketches for partial list).  We have many different types of cell lines, expression vectors that express CD4 and all known coreceptors, and MAbs to many coreceptors.  In addition, large numbers of MAbs to HIV-1 and SIV Env have been made in our labs and described in a series of papers (5, 22, 23, 63).  Also, we have studied Env interactions with both CD4 and various coreceptors over the past 4 year as described in a series of papers (3, 14, 16, 24, 35).  We are adept at generating milligram amounts of HIV and SIV gp120 proteins, and then using these proteins in cell surface binding assays (3, 14, 16, 24, 35).  Typically, we detect gp120 bound to receptors by western blot or by the use of iodinated gp120, and both of these approaches will be used to measure gp120-DC-SIGN interactions.  If there is a need to measure gp120-DC-SIGN binding constants in more detail, we can take advantage of the optical biosensor core at the University of Pennsylvania.  We have used this facility in the past to measure interactions between gp120 and antibodies, CD4, and coreceptors in real time.  Thus, we are confident that we will be able to study the binding of many different HIV-1, HIV-2, and SIV proteins to DC-SIGN and DC-SIGNR.

C11.  DC-SIGN and DC-SIGNR related publications.  Our preliminary studies on DC-SIGN and DC-SIGNR have resulted in the following manuscripts, all submitted since 11/30/00:

Pöhlmann, S., E.J. Soilleux, F. Baribaud, G. Leslie, L.S. Morris, J. Trowsdale, B. Lee, N. Coleman, and R.W. Doms. 2001. DC-SIGNR, a DC-SIGN homologue expressed in endothelial cells, binds to human and simian immunodeficiency viruses and activates infection in trans. Proc. Natl. Acad. Sci. USA, 98:2670-2675.

Pöhlmann, S., F. Baribaud, B. Lee, G. Leslie, M.D. Sanchez, K. Hiebenthal-Millow, J. Münch, F. Kirchoff, and R.W. Doms. 2001. DC-SIGN interactions with human immunodeficiency virus type 1, type 2 and simian immunodeficiency virus. J. Virol., 75:4664-4672.

Baribaud, F., S. Pöhlmann and R.W. Doms. 2001. The role of DC-SIGN and DC-SIGNR in HIV and SIV attachment, infection, and transmission.  Virology, In press.

Soilleux, E.J., L.S. Morris, B. Lee, S. Pöhlmann, R.W. Doms, J. Trowsdale, and N. Coleman. Placental expression of DC-SIGN may mediate the vertical transmission of HIV.  Submitted.

Soilleux, E.J., L.S. Morris, G. Leslie, J. Chehimi, J. Trowsdale, L.J. Montaner, R.W. Doms, D. Weissman, N. Coleman, and B. Lee. DC-SIGN is expressed on tissue dendritic cells, on specialized macrophages and on a subpopulation of plasmacytoid blood dendritic cells. Submitted.

Baribaud, F., S, Pöhlmann, B.S. Haggarty, Y.-K. Choi, M.T.Y. Kimata, T. Sparwasser, N. Ahmad, T. Macfarlan, T. Edwards, G. Leslie, J. Arnason, T.A. Reinhart, J.T. Kimata, D.R. Littman, J.A. Hoxie, and R.W. Doms.  Functional and antigenic characterization of human, rhesus macaque, pigtail macaque, and murine DC-SIGN. Submitted.

D.  EXPERIMENTAL DESIGN AND METHODS.


The ability of DC-SIGN and DC-SIGNR to bind to primate lentivirus Env proteins with high affinity, their ability to efficiently transmit virus to primary CD4-positive cell types, and their expression at sites of sexual and vertical transmission suggest that these proteins could be of great importance for viral pathogenesis in vivo.  The following 4 Specific Aims are designed to reveal the mechanisms that underlie the interactions between the primate lentiviruses with DC-SIGN and DC-SIGNR, documenting their expression patterns and levels, and studying possible links between these proteins and virus transmission and pathogenesis.
D1. Specific Aim 1.  Generation of antibodies, cell lines, and expression vectors for human, murine, pigtail macaque and rhesus macaque DC-SIGN and DC-SIGNR, and production of soluble forms of these proteins.
At this early stage of research on DC-SIGN and DC-SIGNR, there is a pressing need for experimental reagents.  As noted in Preliminary Results (Sections C1 and C2), we have already generated a number of DC-SIGN expressing cell lines, polyclonal antisera to DC-SIGN, and MAbs to this protein.  However, our first generation MAbs exhibit limited antigenic diversity: most bind to the repeat region of DC-SIGN, cross-react with DC-SIGNR, and bind to denatured protein.  Those that have been tested thus far do not block virus or ICAM-3 binding to DC-SIGN.  Therefore, we need to generate additional types of MAbs to DC-SIGN.  In addition, we need to produce antisera and MAbs specific for DC-SIGNR as well as cell lines and expression vectors for this newly identified virus attachment factor.  It will also be important to study rhesus macaque, pigtail macaque, and murine DC-SIGN and DC-SIGNR since these are important animal models.  Finally, we need to produce native, soluble ectodomain fragments of these proteins for antibody production, binding assays, and virus inhibition studies.  Specific Aim #1 is divided into the following parts:


D1a. 
Production of native, soluble forms of DC-SIGN and DC-SIGNR


D1b. 
Additional MAbs to DC-SIGN and MAbs and antisera to DC-SIGNR


D1c.  
Cell lines and expression vectors for DC-SIGNR


D1d.  
Adenovirus vectors


D1e.  
Reagents for rhesus and pigtail macaque, and murine DC-SIGN and DC-SIGNR

D1a.  Production of native, soluble forms of DC-SIGN and DC-SIGNR.  We need to produce native, soluble forms of DC-SIGN (sDC-SIGN) and DC-SIGNR (sDC-SIGNR) for immunizations and to determine if these soluble proteins can inactivate virus (Specific Aim #4).  The immunogens we have used thus far have been produced in bacteria and so may not reflect the conformation of native DC-SIGN.  By immunizing with native protein, the chances of obtaining conformation-dependent antibodies are increased.  To do this, we replaced the N-terminal cytoplasmic domain and transmembrane region of DC-SIGN with the signal sequence from the V-J2-C region of the mouse Ig kappa-chain, introduced a poly-His tag at the C-terminus, cloned the construct into pSecTag2/Hygro, and generated a stable 293T cell line since in our hands these cells produce high levels of secreted recombinant proteins.  We will take the same approach to generate sDC-SIGNR.  The resulting cell line secreted sDC-SIGN efficiently, suggesting that it folds correctly - if it folded incorrectly, it would likely be retained in the ER (26).  However, we weren't able to purify sDC-SIGN using a nickel column or by lectin chromatography.  Therefore, we will purify sDC-SIGN by immunoaffinity chromatography using one or more of the MAbs described in Section C2.  A problem with immunoaffinity chromatography is that there is always a risk that the acid pH (or high salt) used to elute the bound protein will lead to its denaturation.  How can we determine if the eluted sDC-SIGN retains native structure?  We can anticipate that sDC-SIGN should be able to bind to gp120.  Binding can be measured via coimmunoprecipitation, which if done correctly would enable us to determine what fraction of the sDC-SIGN is competent to do this.  If conformation dependent MAbs are developed (Section D1b), then these can also be used as conformational probes.  Since other groups have purified soluble C-type lectin domains (20, 47), we anticipate that our sDC-SIGN constructs can be isolated in native form.  Finally, we will determine if our sDC-SIGN (or sDC-SIGNR) ectodomain fragments produced in bacteria can be recovered in native conformation.  Since glycosylation of DC-SIGN is not needed for its function (Appendix 1), this approach may work.  We will follow the procedure described by Llera et al., just one of several groups who have refolded C-type lectin domains from e. coli (47).  Briefly, the purified protein is refolded by dilution of denaturing conditions.  The urea solubilized protein is slowly diluted into 0.1M Tris-HCl pH 8.5, 400mM L-arginine, 2mM EDTA, 6.3 mM cysteamine, and 3.7 mM cystamine. Binding assays with gp120 and ICAM-3 will be used to determine if the proteins acquire native structure.  A number of other refolding conditions have also been shown to work for lectin domains, giving us a number of other options if needed (20, 31, 47).

D1b.  Additional MAbs to DC-SIGN and MAbs and antisera to DC-SIGNR.  While we have raised a number of MAbs to DC-SIGN, others are still needed.  Specifically, we would like to generate MAbs that potently block virus binding to DC-SIGN.  Therefore, we will immunize mice with the sDC-SIGN described above, screening hybridomas by ELISA against this antigen.  MAb specificity will be confirmed by FACS analysis using the inducible cell line described in Section C1.  To identify MAbs with desirable properties, we will also test them for the ability to recognize DC-SIGNR, to recognize the various deletion mutants described in Section C6 which will serve to partition the MAbs into several reactivity groups, and to block gp120 binding to the surface of cells expressing DC-SIGN.  For this last test, we will use iodinated gp120 since this affords a high throughput, quantitative assay.

MAbs to DC-SIGNR.  Our goals for developing MAbs to DC-SIGNR are similar to those for DC-SIGN.  At present, 14 of 16 MAbs we have carefully analyzed cross react with DC-SIGNR.  Therefore, what we really need are DC-SIGNR specific MAbs.  Mice will be immunized with the sDC-SIGNR generated in SectionD1a.  In addition, mice will be immunized with a fusion protein containing the N-terminal region of DC-SIGNR and the C-terminal region (which are the regions most divergent from DC-SIGN) coupled to thioredoxin, insuring that we will obtain at least some DC-SIGNR specific MAbs.  Hybridomas will be screened by ELISA against the immunogen, and also against sDC-SIGN.  Hybridomas that are positive for the immunogen but that are negative for sDC-SIGN will be expanded, cloned, and fully characterized as described below.

Epitope mapping and functional characterization.  In addition to the assays described above, we will test all MAbs for their abilities to recognize DC-SIGN, DC-SIGNR, murine DC-SIGN, pigtail DC-SIGN, and rhesus DC-SIGN in a variety of experimental modalities, including western blot, immunoprecipitation, immunoperoxidase staining, immunofluorescence, and FACS analysis.  In addition, DC-SIGN MAbs will be tested for the ability to recognize DC-SIGN on PBDCs.  We do not have at this time a readily accessible primary cell type for DC-SIGNR, but we will test a number of endothelial cell lines in the hopes of finding a cell type that constitutively expresses DC-SIGNR.  MAbs will also be tested against the peptides described in Section C2 - no doubt some MAbs will bind to these peptides, thus mapping their epitopes to a fine degree of resolution.  Additional attachment factor mutants produced in Specific Aim #2 will also be used for epitope mapping studies.  We can also place the MAbs into competition groups as we have done for both our SIV and HIV-1 gp120 MAbs provided that there is a good reason to do so, though we don't foresee the need to carry things to this level of detail at this time.  Such detailed and labor intensive studies would only be needed if a large fraction of our MAbs cannot be mapped through the use of DC-SIGN mutants and peptide binding assays.  

D1c.  Cell lines and expression vectors.  This is a straight-forward portion of this Specific Aim, given that we have already made a number of stable cell lines that express DC-SIGN.  We will essentially do the same with DC-SIGNR and with pigtail and rhesus macaque DC-SIGN.  We have cloned DC-SIGNR into pCDNA3, which will make it possible to generate stable cell lines, and we will clone DC-SIGNR into the T-Rex expression system so that an inducible cell line can be made, making it possible to easily vary DC-SIGNR expression levels so that this can be correlated with virus binding and transmission.  Finally, an adenovirus vector will be made so that DC-SIGNR can be expressed in macrophages, as discussed below.

D1d.  Adenovirus vectors.  We have found that DC-SIGN is expressed in certain types of macrophages in vivo (Appendix 3,4).  To study the consequences of DC-SIGN expression on macrophages for virus infection, we would like to express DC-SIGN on the surface of monocyte derived macrophages (MDMs).  At present, we have found that DC-SIGN expression can be induced on a subset of MDMs by IL13 treatment.  If we find conditions that result in greater DC-SIGN expression on MDMs, then we will use these conditions for the Experiments described in Specific Aim #4.  However, failing that, we will express DC-SIGN in MDMs through the use of a recombinant adenovirus.  We have already made a recombinant adenovirus that expresses DC-SIGN and used this to express DC-SIGN in MDMs (see Figure 1).  We need to characterize this expression system, and determine the relationship between infection conditions (multiplicity of infection, time after infection, etc) and DC-SIGN expression levels.  We will also make viruses that express DC-SIGNR and rhesus and pigtail macaque DC-SIGN.

D1e.  Reagents for rhesus macaque DC-SIGN and DC-SIGNR.  Since the initial submission of this grant, we obtained clones for rhesus and pigtail macaque DC-SIGN, which are highly similar to human DC-SIGN.  We obtained murine DC-SIGN from Dan Littman.  Most of our MAbs recognize the macaque proteins.  Inducible cell lines will be produced so that we can determine the relationship between expression levels and virus binding and transmission.  In addition, using RT-PCR, we will clone rhesus and pigtail macaque DC-SIGNR.  It will also be important to study expression of DC-SIGNR in these nonhuman primates, so we will need DC-SIGNR specific MAbs.  Hopefully, the DC-SIGNR specific MAbs we produce to human DC-SIGN will cross-react with these nonhuman primate proteins.  If not, we will have to develop immunogens in order to obtain rhesus and/or pigtail macaque DC-SIGNR-specific antibodies.  The murine DC-SIGN will be useful for structure-function studies (Section D2b) since it binds HIV but does not transmit it.

D2. Specific Aim 2.  Characterize how DC-SIGN binds to Env and determine if this interaction is specific, study the relationship between expression levels and virus binding and transmission, and determine if there are significant differences in how virus strains interact with DC-SIGN.
At present we know relatively little about how DC-SIGN interacts with Env, nor do we fully understand the specificity of this interaction.  However, recent work has shown that not all viral glycoproteins bind to DC-SIGN, and we have found that binding and transmission are dissociable functions: murine DC-SIGN as well as a DC-SIGN mutant we have generated bind virus efficiently, but bound virus is either not transmitted or is transmitted inefficiently.  These observations suggest that DC-SIGN interactions with the primate lentiviruses exhibit at least some degree of specificity, and that mere binding does not account for the efficiency with which DC-SIGN enhances infection in cis or with which it transmits virus to receptor positive cells.  To understand how DC-SIGN binds to Env, how binding results in modification of Env, and to understand the factors that govern transmission efficiency, we will pursue these 6 Sub-Aims in the following order: 



D2a.  
Assay optimization and specificity studies

D2b.  
Determinants in DC-SIGN important for binding and transmission.

D2c.  
Determinants in Env important for DC-SIGN interactions.

D2d.  
Structural modifications of Env resulting from DC-SIGN or DC-SIGNR binding



D2e.  
Relationship between DC-SIGN expression levels and virus transmission.



D2f.  
Differences in binding and transmission efficiencies between virus strains.

This Specific Aim will concentrate on DC-SIGN - there is little reason to repeat everything with DC-SIGNR since their lectin and repeat domains are so similar.  If we find key mutations in Env or DC-SIGN that affect DC-SIGN-Env binding, we will confirm their effects on DC-SIGNR-Env binding.

D2a.  Assay optimization and specificity studies.  DC-SIGN appears to function as a universal attachment factor for the primate lentiviruses.  However, we have not tested a large number of assay conditions, a large number of virus strains, nor have we thoroughly investigated cell-type dependence.  These basic considerations need to be addressed before other experiments.  We will examine the effects of temperature and incubation times on binding and transmission, and will also survey a larger number of primary HIV-1, HIV-2, and SIV strains for their abilities to bind to DC-SIGN and to be transmitted to receptor positive cells.  We will use additional R5, X4, and R5X4 virus strains, and will include HIV-1 strains from different clades.  The Virus Core associated with the Center for AIDS Research at the University of Pennsylvania will provide many of these viruses.  The amount of input virus will be normalized, and will also be varied to determine the optimal amount of virus to be used as well as to determine if there are gross differences in the efficiencies with which different viruses interact with DC-SIGN.  This later point will be addressed in more detail in Section D2f.


Define cell type dependence of virus binding and transmission.  If virus binding is simply a function of DC-SIGN density, then one would anticipate that binding of virus would be largely cell type independent. However, if posttranslational processing of DC-SIGN, association with other molecules, or presentation at the cell surface (in lipid rafts, for example) play roles in its functions, then one might expect that binding would in fact display some cell type dependence.  We favor the first hypothesis, that binding of virus will be largely independent of the cell type in which DC-SIGN is expressed.  To test this, we will express DC-SIGN in a variety of T-cell, B-cell, and other cell lines (including cell lines from other species) using the vectors described in Section C1, and measure binding of a small panel of viruses to determine if cellular context is important for this function.  FACS analysis will be used to control for surface expression.  If our hypothesis is incorrect, and we identify cells that bind unusually high amounts of virus after taking into account DC-SIGN expression levels, then we will attempt to understand the mechanism by which this occurs.

In contrast to binding, virus transmission may be more dependent upon the types of cells used, since interactions between cells could influence transmission efficiency.  Based on the results from the experiments described above, we will choose several DC-SIGN positive cells lines, bind virus to them, and examine the ability of these cells to transmit virus to PBMCs and to a panel of receptor positive cell lines.  We anticipate that transmission of virus to a receptor positive cell will display some cell type dependence.  Specifically, we hypothesize that that if a receptor positive cell expresses high levels of ICAM-3 that binding to DC-SIGN positive cells will occur more efficiently, as will virus transmission.  Tim Springer has provided us with ICAM-3 expression vectors and monoclonal antibodies that inhibit ICAM-3 interactions with DC-SIGN (10, 11).  We will vary ICAM-3 expression levels in receptor positive cells by transient transfection and determine if this affects virus transmission.  We will also use antibodies to ICAM-3 to determine if this influences transmission of virus to PBMCs.  If it does, this could account in part for any cell type dependence in virus transmission that we observe.


Do other types of viruses bind to DC-SIGN?  If DC-SIGN binds to gp120 simply because it is glycosylated, one would expect this protein to bind to other viral glycoproteins.  However, Dan Littman presented results at the recent HIV Pathogenesis Keystone meeting that virions bearing the MLV or VSV G envelope proteins fail to bind DC-SIGN, indicating that this is not necessarily the case.  In addition, as noted in Section C7, we have found that murine DC-SIGN as well as a DC-SIGN/DC-SIGNR chimera we have made bind virus but do not transmit it.  Dan Littman has also found that murine DC-SIGN binds virus but does not transmit.  Thus, there may well be some specificity to DC-SIGN binding, and transmission may involve more than simple binding of virus to DC-SIGN.  To examine the specificity of DC-SIGN interactions, we will test a panel of soluble viral glycoproteins and intact viruses for DC-SIGN binding.  All of these proteins are glycosylated, with some bearing only a few carbohydrate chains (like VSV G) while others are more heavily glycosylated (7 in the case of influenza, 15 in the case of Ebola Zaire).  Therefore, we should be able to determine if DC-SIGN simply binds to heavily glycosylated proteins.  Gary Cohen and Roz Eisenberg will provide us with soluble forms of the HSV-1 glycoproteins gB, gC, and gD, Paul Bates has soluble RSV and Ebola proteins, and we have made soluble influenza HA and VSV G  proteins.  As for viruses, we will examine HSV-1, HSV-2, VSV, RSV, MLV, Ebola virus pseudotypes, and influenza binding to cells that express DC-SIGN or vector alone. Obviously, many of these viruses can infect 293T cells, so we would expect there to be at least some binding of these viruses to 293T cells - the question is whether binding is enhanced in the presence of DC-SIGN.  If none of these divergent proteins or viruses bind to DC-SIGN, this would make it more likely (but certainly would not prove) that direct protein-protein interactions are involved in DC-SIGN gp120 interactions.  If a number of these proteins bind, it makes it more likely that carbohydrate recognition is the predominant if not the exclusive mode of recognition.  This then would lessen our interest in identifying Env determinants for DC-SIGN binding.  However, if DC-SIGN appears to bind to Env preferentially, and as noted above there is reason to think that this might be the case, then the studies described in Section D2c become more interesting.

D2b.  Determinants in DC-SIGN important for binding and transmission.  How does DC-SIGN bind to HIV Env?  We know that the lectin binding domain is important, and our preliminary studies indicate that the repeat region also plays a role.  Importantly, we have found that murine DC-SIGN binds but does not transmit virus, providing a way to dissect the binding and transmission functions of DC-SIGN.

Chimeras between murine and human DC-SIGN.  Our studies indicate that human and murine DC-SIGN each bind HIV well, but only one of them transmits virus.  To identify the determinants responsible for the failure of murine DC-SIGN to transmit virus, or put another way the determinants in human DC-SIGN that enable it to transmit, we will construct chimeras between murine and human DC-SIGN, in which the cytoplasmic domain, transmembrane domain, neck domain, repeat region, and lectin binding domain are mixed and matched.  We hypothesize that either the lectin or repeat regions will prove to be most important, so these regions will be studied first.  To normalize for protein expression, AU1 antigenic tags will be engineered onto the C-termini of each protein.  We have found that this antigenic tag has no obvious impact on DC-SIGN function.  The proteins will be expressed, expression will be normalized, and virus binding and transmission studied.  We will introduce regions of human DC-SIGN into murine DC-SIGN in attempts to impart transmission function, and will also do the converse.  If a single domain is identified that appears to govern transmission, then more detailed mutants will be constructed to identify subdomains and specific amino acid residues that are responsible for the phenotype.

Repeat region structure-function studies.  We were a little surprised that deletion of the repeat region abrogated DC-SIGN function (Section C3).  The failure of proteins lacking the repeat region to bind HIV even though they are expressed at levels comparable to wild type could be due to several factors: the repeat region could be directly involved in virus binding, indirectly affect virus binding by altering the conformation or orientation of the lectin domain, or perhaps the distance between the membrane the lectin domain is important for its function.  If we develop conformation specific MAbs to the lectin domain, this will help us address the second possibility.  To more fully investigate the role of the repeat region in DC-SIGN function, we will generate several different types of mutants.  For example, we will append the lectin domain onto other membrane proteins such as CD8 and the 3rd and 4th Ig-like domains of CD4 to see if it can function independently.  We will vary the distance between the membrane and the lectin domain, as has been done for the measles virus receptor (6), by generating DC-SIGN mutants that contain fewer repeat sequences: DC-SIGN has 7.5 repeat sequences in the neck region - we will attempt to make constructs that have anywhere from 1.5 to 6.5 repeats.  We will also insert regions of CD8 and a portion of CD4 to vary the length of the repeat region.  All mutants will be examined for surface expression by FACS using a MAb to the lectin domain, and for the ability to bind and to transmit virus.

C-type lectin domain structure-function studies.  Carbohydrate recognition is clearly important for DC-SIGN interactions with Env.  Since our work and that of Dan Littman indicates that there is likely to be some specificity to this interaction, we will modify the lectin binding domain of DC-SIGN to identify residues important for Env interactions.  Importantly, we will also study binding to any other proteins that, in Section D2a, are found to interact with DC-SIGN, as well as soluble ICAM-3 and at least two viral glycoproteins that fail to bind to DC-SIGN.  Our mutagenesis studies will be guided by the crystal structure of the rat mannose binding protein (72b).  In Figure 6 below, we show the sequence of the core of the lectin binding domain of DC-SIGN (top) aligned with that of the rat protein (below).  Note that the 4 Cys residues are conserved.  Residues that are known to be functionally important for ligand binding are underlined (reviewed in (19)).  These residues will initially be replaced with alanines. Examination of the crystal structure suggests several other residues in close spatial proximity to those underlined in the Figure that we will also mutate.  The DC-SIGN mutants will be expressed by transient transfection, surface expression monitored by FACS, and gp120 binding, virus binding and transmission assays performed.  We hope to find residues that will have differential effects on ICAM-3 and HIV-1 gp120 binding, or more interestingly residues that, when changed, do not affect binding but do affect transmission.  If such mutants are identified, they may help explain the specificity of DC-SIGN interactions with Env and help us understand why murine DC-SIGN  binds virus but fails to transmit it.
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Figure 6. Alignment of DC-SIGN and rat mannose binding protein.  The central portion of the lectin binding domain of DC-SIGN (top) is aligned with the rat mannose binding protein (below). Underlined residues are known to be important for ligand binding. Identical residues are indicated by dots; similar residues by dashes.

D2c.  Determinants in Env important for DC-SIGN interactions.  The importance of these studies depends in part on the results obtained in the first part of this Specific Aim.  If our experiments show that binding of DC-SIGN to HIV and SIV is highly specific (i.e. it does not bind to other glycoproteins from other viruses), then it becomes important to understand the determinants in Env that account for this specificity.  If however DC-SIGN is found to bind to many different glycoproteins, then there is apt to be little or no specificity in DC-SIGN interactions with Env, and there will be little point in trying to determine exactly where on Env DC-SIGN binds.  Many of the experiments described below will not be pursued if this proves to be the case.  However, we do see value in determining how many DC-SIGN molecules bind to gp120, irregardless of the specificity studies, since multimeric interactions between DC-SIGN and Env may help explain the efficiency of virus binding and transmission.  The other experiments that follow, however, will be done only if our experiments indicate that the interaction is specific.  Again, we have reason to think that the interaction is specific, but the experiments in Section D2b will provide a definitive answer to this question.


How many binding sites are there on Env?  How many DC-SIGN molecules can bind to each gp120?  The answer to this question has practical implications for the more detailed structure-function studies described below - should we be looking for one or more than one binding site on gp120?  To address this question, we will produce  soluble, monomeric forms of DC-SIGN and monomeric gp120.  We do not yet know if our sDC-SIGN (which contains the entire ectodomain) is monomeric, though other C-type lectin domains have proven to be monomeric when expressed in isolation.  Experiments described in Specific Aim #3 will address this point.  Provided that soluble, monomeric DC-SIGN can be obtained, then coprecipitation experiments can be used with saturating levels of sDC-SIGN to determine if one or more than one DC-SIGN molecule can bind gp120.  To do this experiment, gp120 is incubated with saturating amounts of antigenically distinct forms of sDC-SIGN (we would use the AU1 tag and the HA tag).  Then, one can ask if an antibody to AU1 coimmunoprecipitates the HA-tagged sDC-SIGN (and vice-versa). If the answer is yes, and if this occurs only when gp120 is present, then one can conclude that at least two DC-SIGN molecules can bind a single gp120.

In a second, independent approach, gp120 will be incubated with sDC-SIGN and chemical cross-linking employed.  A variety of cross-linkers will be used at a concentration of 1 mM to identify those which will cross-link gp120-DC-SIGN most effectively.  The most effective cross-linkers will then be used at a variety of concentrations and the cross-linked samples will be analyzed by SDS-PAGE.  By using a cross linker over a broad concentration range, it is often possible to obtain intermediate structures.  For example, if two DC-SIGN molecules bind to a single gp120, then we would expect a single band of approximately 200kD if cross-linking is complete.  By using the cross-linker at lower concentrations (or for shorter times), it will be possible to find conditions where cross-linking is incomplete, and 120kD (uncross-linked gp120), 160kD (one cross-linked DC-SIGN) and 200kD bands are obtained.  Ideally, one should get the same result with more than one cross-linker, and cross-linking should be observed at relatively low concentrations of the cross-linker.  If cross-linking is observed with only one compound at high concentrations, then the chances that this is an artifact are greater.


Carbohydrate specificity.  Since binding of virus and gp120 to DC-SIGN is inhibitable by mannan, it is likely that DC-SIGN recognizes mannose residues in Env.  However, DC-SIGN may recognize mannose only in certain contexts.  For example, gp120 contains a mixture of high mannose, hybrid, and complex N-linked oligosaccharide chains (45).  Does DC-SIGN bind to all of these structures, or only some of them?  We can manipulate the carbohydrate structures of gp120 by producing the protein in the presence of various inhibitors.  For example, we have produced gp120 in the presence of castanospermine which inhibits glucosidase activity, deoxymannojirimycin which inhibits alpha-mannosidase I, and swainsonine (an alpha mannosidase II inhibitor).  We are aware that some of these inhibitors (like castanospermine) can sometimes block Env transport, but have found that the gp120s we have expressed are secreted normally in the presence of these inhibitors.  By using these inhibitors, we have produced gp120 proteins with only high mannose chains that contain glucose residues, high mannose chains without glucose residues, and gp120s that contain high mannose and hybrid but not complex sugars.  The activity of these inhibitors can be confirmed through endo H treatments.  We will also produce gp120 and treat it with neuraminidase to determine if terminal sialic acid residues play a role in DC-SIGN binding.  These experiments should give us some idea as to what sorts of carbohydrate structures interact with DC-SIGN. Perhaps none of these treatments will impact DC-SIGN binding.  However, perhaps we will find that DC-SIGN only interacts with high mannose chains – this could help explain the apparent specificity of DC-SIGN Env interactions.  The carbohydrate chains in VSV (which has only two N-linked chains) and MLV are fully processed, for example.

Deleted and mutated Envs.  If DC-SIGN binds to many other glycoproteins, and if it ‘coats’ gp120 by binding to many of the carbohydrate structures, then we will not test mutant/deleted Env proteins for DC-SIGN binding.  If binding appears to be more specific, for example if only a single DC-SIGN or two DC-SIGN molecules bind to each gp120, then these experiments are worthwhile in our opinion.  We have a variety of mutant gp120 molecules from both SIV, HIV-2 and HIV-1 strains that have been generated for a variety of purposes.  The most useful constructs we have are proteins lacking the V3 loop, the V1/V2 region, the V1/2 and V3 regions, portions of the N- and C-termini of gp120, and a number of glycosylation site mutants.  We have been studying the effects of N-linked carbohydrate chains on CD4-independence and neutralization sensitivity (25, 35, 42), and so have a number of mutant HIV-1 and SIV Env proteins that lack N-linked glycosylation sites.  In the case of SIV, we have the panel of SIVmac239 mutants made by Ron Desrossier’s lab, only some of which have been published (62).  The cell surface binding assay will be used to determine if these proteins retain the ability to bind to DC-SIGN.  Also, it might be interesting to correlate these studies with the chemical cross linking studies.  For example, if we find that two DC-SIGN molecules bind to each gp120 through our cross-linking analyses, then it is unlikely that any of our mutant gp120s will be completely deficient in DC-SIGN binding. However, they may bind fewer DC-SIGN molecules.  This could be tested by cross-linking, and this will be done provided the experiments described above demonstrate that these will be informative experiments.

Antibody blocking.  As for the experiments described above, these experiments will only be done if binding appears to be specific, and if only one or two DC-SIGN molecules bind per gp120.  If this turns out to be the case, then we will use our panel of well characterized MAbs to HIV-1 and SIV to determine if any single MAb is competent to block gp120-DC-SIGN interactions.  If not, we will use the MAbs in combination to inhibit binding.  We will use the intact virus binding assay as well as an ELISA in which gp120 is attached to wells via ConA, which presents gp120 in a variety of orientations.  MAb binding will then be measured in the presence or absence of sDC-SIGN.

D2d. Structural modifications of Env resulting from DC-SIGN or DC-SIGNR binding.  As shown in Section C8, gp120 bound to DC-SIGN or DC-SIGNR becomes partially deglycosylated.  Since endo F treatment of gp120 bound to DC-SIGN abolishes the mobility shift while endo H treatment does not, we conclude that the MW shift is entirely or in large part due to removal of a subset of complex N-linked complex carbohydrate chains on gp120 (see Section C8).  Since we have never observed structural modifications of gp120 upon binding to CD4 or to coreceptors, we were initially concerned that the modification was simply a post-lysis artifact resulting from proteolysis.  However, we now know that this is not true.  After binding to DC-SIGN, gp120 becomes processed over a 15 to 30 min period – there is no population of already ‘modified’ molecules in the starting material that selectively binds to DC-SIGN.  We do not know if the activity is an exoglycosidase or endoglycosidase, and do not know if it is due to the action of DC-SIGN itself or an associated molecule.  We do not know if this occurs when intact virus binds to DC-SIGN, and we do not know if this modification has any significance for virus binding, transmission, or for infection in cis.  However, we note that loss of carbohydrate chains can alter Env-receptor interactions and make virions more sensitive to neutralizing antibodies (25, 35, 39, 40, 62).  This, coupled with the specificity of this DC-SIGN specific event, calls for greater understanding of this modification.

Impact of cell and Env type on the modification.  At present we have found that IIIB gp120, JRFL gp120, HIV-2 VCP gp120, and SIVmac239 gp120 bound to DC-SIGN expressed on the surface of human 293T cells undergo a modification that results in the loss of between 5 and 10 kDa depending on the gp120 employed.  The modification does not occur when these proteins bind to CD4, CXCR4, or CCR5 expressed on 293T cells, nor does it occur when these proteins are bound to human PBMCs.  A preliminary experiment indicates that HIV-2 VCP gp120 is modified when bound to human PBDCs.  We will bind a larger panel of HIV-1 gp120 proteins to DC-SIGN on the surface of 293T cells, on PBDCs, and will use human PBMCs as a DC-SIGN negative control.  If experiments in Section D2a identify cell types that are particularly good or bad and transmitting virus, these too will be examined.  We will also test murine DC-SIGN to determine if it induces this modification.  These experiments will tell us whether this modification is dependent upon virus strain, upon cell type, and if it routinely occurs on PBDCs.

Does the modification occur with intact virus?  It will be important to determine if virus bound to the surface of DC-SIGN positive cells, including PBDCs, undergoes this modification.  Therefore, a panel of virus strains (using the same strains from which the gp120 proteins described above were derived) will be bound to DC-SIGN positive 293T cells and to PBDCs, and Env subsequently analyzed by SDS-PAGE and western blot.  We anticipate that if the modification occurs, it will only occur on a subset of viral Env proteins (those in contact with DC-SIGN or close to the plasma membrane of the cell), perhaps making detection difficult.  However, HIV bound to DC-SIGN on PBDCs may be endocytosed (Specific Aim #3), perhaps making it possible for a larger fraction of Env proteins to be modified.  Nonetheless, even if only 10% of Env is modified, we should be able to detect it.  Cells expressing just CD4 and coreceptor (including PBMCs) will be used as controls.  If the modification does not occur with intact virus, we will not pursue the remaining experiments in this section.
Nature of the modification.  Our results indicate that complex carbohydrate chains are modified upon DC-SIGN binding, as judged by Endo F and Endo H digestion of bound molecules.  If this is correct, then gp120 molecules produced in the presence of castanospermine or swainsonine, which will have only high mannose and/or hybrid carbohydrate chains, should not be modified by DC-SIGN binding.  Assuming that this proves to be the case, we will then perform time-course experiments in which gp120 molecules will be bound to DC-SIGN positive cells for different times prior to analysis by SDS-PAGE and western blot.  If entire N-linked carbohydrate chains are removed en bloc, we would anticipate that over time a discrete series of bands should be observed, each about 2-3 kDa smaller than the previous one.  If processing occurs by an exoglycosidase activity, however, it would be more likely that a ‘smear’ would be observed as the protein is sequentially processed.  Given the variability in gp120 glycosylation, however, such differences may be difficult to discern.  Therefore, we will also examine gp120 molecules produced in the presence of castanospermine.  These proteins will only have unprocessed, high mannose carbohydrate chains, resulting in a much more homogeneous gp120 population.  We will also test the ability of sDC-SIGN to catalyze this modification.  However, we hypothesize that the modification results from a glycosidase associated with DC-SIGN, or that DC-SIGN binding alters Env conformation in a way that makes it susceptible to this as yet unidentified cell surface glycosidase.
If it appears that a small number of complex N-linked chains are removed in their entirety (and the MW shift is consistent with this), it will be of interest to examine the carbohydrate mutants described in Section D2C in an attempt to determine if specific carbohydrate structures are modified.  These proteins, which lack specific N-linked carbohydrate sites, will be incubated with DC-SIGN positive cells and the bound gp120 molecules examined by SDS-PAGE and western blot so that the extent of the modification can be documented.  We hope to identify Env mutants that either do not undergo the MW shift, or that undergo a reduced MW shift.  If this occurs, we will introduce the same mutations into additional gp120 molecules to determine if specific carbohydrate chains are always modified upon DC-SIGN binding, or if this is a variable, strain-dependent event.  Our hope is that experiments such as these may identify N-linked sites that are modified more frequently than others, so that this information can be used to study the functional consequence of this interaction.

Consequences of the modification.  Partial deglycosylation of Env could result in release of Env (and virus) from DC-SIGN over time, and it could alter Env-receptor (particularly coreceptor) interactions.  If so, it could impact the efficiency with which virus infects DC-SIGN/CD4/coreceptor positive cells (like macrophages).  It could also impact transmission efficiency, though this is more difficult to imagine as one would predict that Env proteins facing away from the cell surface would be responsible for engaging receptors on the target cell and would be less likely to be modified.  However, if endocytosis proves to be important for DC-SIGN function in PBDCs, then it is possible that a greater proportion of Env proteins on bound virus particles becomes modified.

We cannot at this time address the consequences of the modification for virus binding, infection, and transmission.  To do this, we need to be able to inhibit the modification, or reproduce it genetically.  Our best hopes for inhibiting the modification may come from our studies on mutant DC-SIGN molecules.  Perhaps we will find DC-SIGN mutants that bind and transmit virus, but fail to induce the modification.  This would make it less likely that the modification is relevant.  We will be able to test murine DC-SIGN and any other mutants we identify that bind but fail to transmit virus.  If these proteins fail to induce the change, this would make it more likely that it is important for infection or transmission (but of course does not prove it).  If these proteins do induce the change, then clearly binding to DC-SIGN and partial deglycosylation are not sufficient for virus transmission.  If specific carbohydrate structures are identified that are modified as a consequence of DC-SIGN binding, we may be able to reproduce virus particles bearing Env proteins that lack these carbohydrate structures.  Are these viruses more or less infectious as a result of these changes?  Have they been made CD4-independent?  Are they better able to infect cells with limiting levels of receptor?  In summary, our ability to assess the consequences of DC-SIGN-specific partial deglycosylation of Env rests on our ability to identify exactly what the change is so that it can either be prevented or reproduced by alternative means.


D2e.  Relationship between DC-SIGN expression levels and virus transmission.  While our preliminary studies show that relatively high levels of DC-SIGN expression are needed for efficient virus transmission (Appendix 1), they are not detailed enough for us to fully understand the relationship between DC-SIGN expression levels and virus binding and virus transmission.  We will investigate these relationships using our inducible 293T cell line.  It will be interesting to determine if virus binding and transmission efficiencies are closely linked, or whether maximal binding and transmission efficiencies require different levels of DC-SIGN.  Information from these experiments will be important in interpreting experiments described in Specific Aim #4, where we will perform similar studies on PBDCs, and also for our in vitro experiments described below in which we will determine if there are differences in binding and transmission efficiencies between virus strains.


MAbs DC4 and DC28 have been purified and will be directly conjugated to PE for QFACS studies.  Cells incubated with different concentrations of doxycycline will be split into three groups.  One group will be analyzed by QFACS, one group will be used for virus binding studies, and one group will be used in our standard virus transmission assay.  It is possible that our choice of cell types could be impacted by experiments described in Section D2a, but at present we are planning to use 293T cells and C8166/CCR5 cells as receptor positive targets.  We will use two primary X4, R5X4, and R5 HIV-1 strains.  In addition, we will use two primary HIV-2 and SIV strains for these studies. These studies will result in a standard curve for each virus that describes the relationship between DC-SIGN expression levels, virus binding, and virus transmission.

D2f.  Differences in binding and transmission efficiencies between virus strains.  Might some viruses bind to DC-SIGN and be transmitted more efficiently than others?  If so, might such viruses be more likely to be transmitted between individuals, or perhaps be more pathogenic in vivo?  At present, all primate lentiviruses we have tested thus far bind to DC-SIGN and DC-SIGNR and, once bound, can be transmitted to receptor positive cell types.  Thus far, we have observed about a 10-fold variability in binding and transmission efficiencies amongst different virus strains, but these experiments have not been performed in a manner that enables us to conclude that some virus strains bind to DC-SIGN more efficiently than others.  To determine if there are differences in how viruses interact with DC-SIGN, we will perform a series of binding and transmission experiments using the optimized binding and transmission conditions defined in Section D2a.  We will use cells that express saturating levels of DC-SIGN, and cells that express amounts of DC-SIGN that provide about 50% maximal binding and transmission activity for HIV-1 IIIB.  Then, we will study virus binding and transmission using a panel of primary HIV-1 and SIV strains.  The HIV-1 strains will include viruses from different clades, and also viruses bearing Env clones obtained from women at seroconversion in Nairobi, Kenya (53, 61).  Julie Overbaugh has sent us a number of Env clones obtained from adult women shortly after seroconversion, and Envs isolated several years after infection.  We will determine if there are differences in how these viruses interact with DC-SIGN.  Since DC-SIGN is expressed on some types of macrophages, we will also examine a series of M-tropic HIV strains that use CCR5, CXCR4, or both receptors for entry in to macrophages.  Might some M-tropic viruses be able to use this binding factor to make macrophage infection more efficient?  Input virus will be normalized for p24 content.  Importantly, we will also try to assess the Env:p24 ratio for each virus prep since it is possible that virus strains which bind to DC-SIGN more efficiently simply do so because of higher Env density.  These experiments should tell us if there are significant differences in how virus strains interact with DC-SIGN.  If there are differences, then future experiments will be needed to determine if these differences correlate with important biological properties.
Figure 2.  Impact of DC-SIGN expression in cis on use of STRL33.  293T cells expressing CD4 and STRL33, either with or without DC-SIGN as indicated, were infected with viruses bearing the indicated Env proteins.  239 and 316 are SIV Envs, whereas the other Envs are from HIV-1 strains.  The fold-increase in infection as a result of DC-SIGN expression is shown.
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Figure 3. Top panel: western blot of DC-SIGN +/- tunicamycin treatment.  N80A lacks the single N-linked site in DC-SIGN. Bottom panel: Human PBDCs were labeled with 35-S [methionine] for 30 min, chased for the indicated period of time, and DC-SIGN immunoprecipitated and analyzed by SDS-PAGE.








Figure 5. Endo F digestion ablates the MW shift.  Portions of the HIV-2 VCP protein bound to cells expressing the indicated receptors from Figure 4 were precipitated by lectin beads, digested with Endo F, and analyzed by SDS-PAGE and western blot.  Note that all gp120 proteins migrate the same, and at the MW expected for fully deglycosylated protein.





























PHS 398 (Rev. 4/98) 
Page      >
JJ

_1050061624.xls
Chart2

		89.6		89.6

		89.6P		89.6P

		239		239

		316		316

		BaL		BaL

		NL43		NL43



STRL33/DC-SIGN

STRL33/pcDNA3

Fold-increase

2

1

5.5

1

40.5

1

16.625

1

6.5

1

2

1



Sheet1

				No Spin Infection (/12/00)

				Clone3		VSV		239		316		BaL

		CCR5/DC-SIGN		1.91		35.97		0.67		2.32		0.3				Spin Infection (6/6/00)

		CCR5/pcDNA3		0.6		40.58		0.13		0.77		0.15				89.6		89.6P		239		316		BaL		NL43

		STRL33/DC-SIGN		0.87		34.84		0.51		1.5		0.29		STRL33/DC-SIGN		0.1		0.11		0.81		1.33		0.13		0.02

		STRL33/pcDNA3		0.37		44.92		0.15		0.36		0.27		STRL33/pcDNA3		0.05		0.02		0.02		0.08		0.02		0.01

				Fold-increase												Fold-increase

				Clone3		VSV		239		316		BaL				89.6		89.6P		239		316		BaL		NL43

		CCR5/DC-SIGN		3.2		0.9		5.2		3.0		2.0		STRL33/DC-SIGN		2.0		5.5		40.5		16.6		6.5		2.0

		CCR5/pcDNA3		1.0		1.0		1.0		1.0		1.0		STRL33/pcDNA3		1.0		1.0		1.0		1.0		1.0		1.0

		STRL33/DC-SIGN		2.4		0.8		3.4		4.2		1.1

		STRL33/pcDNA3		1.0		1.0		1.0		1.0		1.0

				No Spin Infection		No Spin Infection		No Spin Infection		Plus Spin Infection		Plus Spin Infection		Plus Spin Infection

				239		316		BaL		239		316		BaL

		STRL33/DC-SIGN		3.4		4.2		1.1		40.5		16.6		6.5

		STRL33/pcDNA3		1.0		1.0		1.0		1.0		1.0		1.0





Sheet1

		



CCR5/DC-SIGN

CCR5/pcDNA3

STRL33/DC-SIGN

STRL33/pcDNA3

Fold-increase

DC-SIGN Infection enhancement
(6/12/00)
(No Spin infection, threshold infection)



Sheet2

		



STRL33/DC-SIGN

STRL33/pcDNA3

Fold-increase

DC-SIGN Infection enhancement
(6/6/00)
(Spin infection, threshold infection)



Sheet3

		



STRL33/DC-SIGN

STRL33/pcDNA3

Fold-increase

DC-SIGN Infection Enhancement



		





		89.6		89.6

		89.6P		89.6P

		239		239

		316		316

		BaL		BaL

		NL43		NL43



STRL33/DC-SIGN

STRL33/pcDNA3

Fold-increase

2

1

5.5

1

40.5

1

16.625

1

6.5

1

2

1



		






