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1. Defining the functions of the B7-1 and B7-2 pathway in T cell activation and tolerance.

Our studies of B7-1 deficient mice provided the first in vivo evidence for the existence of alternative CTLA4
counter-receptors. As a result, a second CTLA4 counter-receptor, B7-2, was cloned. Our studies revealed
that B7-2 is the major early activating costimulator for initiating immune responses. The discovery of B7-2
led us to compare B7-1 and B7-2 functions. We found that B7-1 and B7-2 have critical, overlapping roles in
germinal center formation and Ig class switching in vivo, and both contribute to T helper cell differentiation.
In the mouse model of Multiple Sclerosis, experimental autoimmune encephalomyelitis (EAE), we found that
B7-1 and B7-2 have critical overlapping roles not only in the initial activation and expansion of self-reactive
T cells, but also in the effector phase of encephalitogenic T cell activation within the central nervous system.
The role for B7-1/B7-2 costimulation during the effector phase of autoimmune disease had not been
appreciated previously. These findings inspired development of pathway antagonists to block pathogenic T
cell responses.

2. Defining the critical inhibitory functions of CTLA-4 in vivo.
Our studies with CTLA-4 deficient mice revealed the critical function inhibitory function for CTLA-4, and a
previously unsuspected means by which costimulation can regulate responses, showing that costimulation
can have both positive and negative regulatory roles. The phenotype of the CTLA-4 deficient mouse strain
suggested a critical role for CTLA-4 in regulating T cell tolerance. We demonstrated an essential role for
CTLA-4 in regulating the induction of anergy in vivo. More recently, we generated CTLA-4 conditionally
deficient mice and used them to dissect CTLA-4 function CD4+ FoxP3- T cells and regulatory cells (Tfr).

3. Defining the role of PD-1 and its ligands in requlating T cell activation, tolerance and exhaustion.
Our studies first demonstrated that PD-L1 and PD-L2 can inhibit T cell proliferation and cytokine production
in vitro. We determined that the PD-1:PD-L pathway exerts critical inhibitory functions in T cell activation,
tolerance, chronic viral infections and tumors. We also showed that PD-L1 is expressed on tumors. We
demonstrated that this pathway controls multiple tolerance checkpoints that prevent autoimmunity. We also
identified a novel role for PD-L1 on non-hematopoietic cells in regulating self-reactive T cells. In collaboration
with the laboratories of Drs. Rafi Ahmed and Gordon Freeman, we discovered that the PD-1:PD-L1 pathway
contributes directly to T cell exhaustion and lack of viral control during chronic LCMV infection. These studies
revealed the therapeutic potential for this pathway for treating T cell exhaustion and have translated into
clinical trials and cancer immunotherapy. We are currently investigating other coinhibitory pathways and
their interplay with the PD-1 pathway in tolerance, infection and cancer.

4. Defining the functions of T follicular requlatory cells (Tfr).
Tfr cells are a recently discovered Treg subset that inhibits humoral immunity. We have developed methods
to determine mechanisms of Tfr cell suppression, and found that Tfr cells can prevent activation of both Tfh
and B cells. By separating analyzing Tfh and Tfr cells, we determined that Tfr cell differentiation is restrained
by PD-1 and CTLA-4. We also found that PD-1 inhibits Tfr suppressive function, while CTLA-4 is a mediator
of Tfr suppressive capacity.

5. Defining novel requlators of immunity using in vivo CRISPR screens.
We have developed a system for perturbation of genes in immune cells in vivo using CRISPR-Cas9. This
system expands the breadth of immune lineages that can be edited including naive T and B cells,
macrophages and dendritic cells, and enables in vivo pooled screens to discover immunoregulatory genes
and knockout individual genes to characterize their function.
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