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VAV as a putative therapeutic target in
autoimmune and chronic inflammatory

diseases
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The guanine nucleotide exchange factor (GEF) VAV1, a previously ‘undruggable’
protein integral to T/B lymphocyte antigen-receptor signaling, promotes actin poly-
merization, immunological synapse formation, T cell activation and differentiation,
and cytokine production. With the development of novel modalities for targeting
proteins, we hypothesize that interventions targeting VAV1 will have therapeutic po-
tential in T and T/B cell-mediated autoimmune and chronic inflammatory diseases.
This opinion is supported by recent CRISPR-Cas9 studies showing VAV1 as a key
positive regulator of T cell receptor (TCR) activation and cytokine production in pri-
mary human CD4" and CD8* T cells; data demonstrating that loss/suppression of
VAV1 regulates autoimmunity and inflammation; and promising preclinical data
from T and T/B cell-mediated disease models of arthritis and colitis showing the ef-
fectiveness of selective VAV1 targeting via protein degradation.

VAV1: new options for targeting a previously ‘undruggable’ immune target
Targeted therapies, including biologic therapies (see Glossary) and small-molecule inhibitors, are
now standard of care for many autoimmune and chronic inflammatory diseases. Despite ad-
vances over the past 25 years, considerable unmet needs remain, including treatment failure, drug
safety/tolerability, glucocorticoid dependency, and a lack of targeted therapies for certain condi-
tions. In the autoimmune and chronic inflamsnmatory disease treatment landscape, oral small mole-
cules, which largely target intracellular protein tyrosine kinases (PTKs), such as Janus kinases [1],
present certain advantages over injectable biologics, including penetration of the cell membrane,
low immunogenicity, and convenient administration. Many other intracellular proteins, such as
those lacking a targetable (active/allosteric) binding site or that work through protein—protein/
DNA interactions, might represent clinically interesting targets but have classically been considered
‘undruggable’ [2]. One such molecule is VAV1, a multidomain protein with a dual function as both a
GEF and a scaffolding protein involved in GEF-independent signaling pathways [3].

Vav1™~ mouse data suggest a key role for VAV1 in T/B lymphocyte function and antigen-receptor
signaling, particularly in T cells [4,5]. Recently, genome-wide CRISPR-Cas9 screening identified
VAV1 as a key positive regulator of T cell activation/function in human Jurkat T cells and primary
human CD4* and CD8™ T cells, all of which are receptive to TCR-mediated signaling [6-8], potentially
rendering it a useful target in certain human immune-mediated diseases, including rheumatoid arthritis
(RA), inflammatory bowel disease (IBD), and multiple sclerosis (MS). While VAV1 is crucial for thymo-
cyte development [4,5], we focus here on its role in mediating TCR and B cell receptor (BCR) signaling
in mature T/B cells, because disruption of VAV1 GEF-dependent/independent signaling pathways in
effector lymphocytes in an adult immune system is likely more relevant to VAV1 as a potential thera-
peutic target. We also consider what is known about VAV1 in autoimmune/inflammatory disease
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Highlights

Mammalian dual-function guanine
nucleotide exchange factor (GEF)
VAV1 regulates T/B cell receptor sig-
naling, T cell activation, T helper cell
differentiation, cytokine production,
actin polymerization, and cytoskeleton
reorganization via GEF-dependent and
-independent pathways.

Recent CRISPR-Cas9 screening data
and animal models (e.g., rodent) of auto-
immune and chronic inflammatory dis-
ease confirm VAV1 as a positive T cell
regulator and support its potential as a
candidate therapedutic target in T and T/
B cell-mediated diseases.

To date, VAV1 has been considered
‘undruggable’. Directly targeting GEF
domains is challenging, and approaches
to inhibit GEF activity, leaving scaffolding
functions intact, may lead to inadequate
attenuation of VAV1 activity.

Preclinical studies exploring a new modal-
ity of attenuating the dual function of
VAV1 through protein degradation show
promise in animal models of some auto-
immune/inflammatory diseases.

Significance

Despite the availability of multiple
advanced targeted biologics and oral
small molecules to treat certain
autoimmune and chronic inflammatory
diseases, considerable unmet needs
remain, prompting the search for new
drug targets. Novel mechanisms of
action that target the dual catalytic and
scaffolding functions of the GEF VAV1
might optimally ‘drug’ VAV1 and,
therefore, have broad therapeutic
potential in T and T/B cell-mediated
diseases.
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expressed’. The protein structure of VAV1 has been reviewed previously [3,10]. However, the

multidomain structure of VAV1 is critical to its activation and function, with different domains regu-

lating VAV1 GEF-dependent and -independent activity and subsequent downstream signaling [3].  CorresPondence:

Leslie.Berg@cuanschutz.edu (L.J. Berg).

Regulation of VAV1 activity

Lymphocyte activation through the TCR and BCR leads to rapid tyrosine phosphorylation of
VAV1, releasing intrinsic autoinhibition of the protein [3]. Recent in vitro analyses in human Jurkat
T cells showed that VAV1 activation is influenced by multiple upstream PTKs and scaffolding pro-
teins and complex phosphorylation dynamics involving multiple tyrosine residues on different
VAV1 domains, which may differentially regulate its catalytic and noncatalytic functions [11,12].
For example, in T cells, transmembrane linker for activation in T cells (LAT) and Src homology
(SH)2-domain-containing leukocyte protein of 76 kDa (SLP76) form a key scaffold for VAV1, facil-
itating its proximity to receptor-associated PTKs (Figure 1) [13]. At the BCR, VAV1 interacts in a
complex that includes a corresponding scaffolding protein (SLP65) and Bruton’s tyrosine kinase
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Figure 1. The role of VAV1 in antigen receptor signaling. VAV1 is a key component of antigen-receptor signaling complexes associated with (A) the T cell receptor
(TCR)/CDS3 (reviewed in [13]) and (B) B cell receptor (BCR; reviewed in [14]). In T cells, Src homology (SH)2-domain-containing leukocyte protein of 76 kDa (SLP76) is
recruited to transmembrane linker for activation in T cells (LAT) via its SH2 domain and the LAT/SLP76 complex acts as a critical scaffold for other proteins in the TCR
proximal signaling complex, including VAV1. VAV1 interacts with other proteins via SH2 and proline-rich-region/SH3 domains [122-125]. In B cells, VAV1 interacts in a
signaling complex that includes a scaffolding protein homologous to SLP76, SLP65 (also known as B cell linker), Bruton’s tyrosine kinase (BTK), Grb2, and
phospholipase-gamma (PLCy)2 [32,118,126]. Assembly of these protein complexes activates downstream events, including phosphorylation of PLCy1/2; activation of
signaling pathways mediated by Ca?*, protein kinase C (PKC), and p38 mitogen-activated protein kinase (MAPK); and regulation of transcription factors, including nuclear
factor of activated T-cells (NFAT), nuclear factor kappa B (NF-kB), and activator protein-1 (AP-1) [13]. The guanine nucleotide exchange factor (GEF)-independent
‘scaffolding’ functions of VAV1 appear to depend on its participation in these antigen receptor—proximal signaling complexes. The primary GEF-dependent function of
VAV1 is to activate Rac/Rho family GTPases [26]. In both T and B cells, co-stimulation through CD28 and CD19, respectively, are crucial for optimal phosphorylation of
VAV1 and activation of downstream signaling pathways [3]. The exact mechanism for co-receptor activation of VAV1 remains to be fully determined.
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(BTK), a key component of BCR signaling [14]. Co-stimulation of T and B cells through CD28 and
CD19, respectively, is also essential for optimal activation of VAV1 [3].

Target validation in human T cells

Our understanding of VAV1 function (Box 1) derives largely from older studies in knockout mice
(phenotypes are reviewed extensively elsewhere [3]). Vav1™~ mice have severe T cell develop-
mental defects, including significant reductions in thymocyte and peripheral T cell numbers
[4,5]. They also show functional defects in mature T/B cells, such as impaired TCR/BCR signaling
(Box 1), and in other hematopoietic lineages (neutrophils, NK cells, dendritic cells, and mast cells),
including crawling/migration defects in neutrophils [3]. Although Vav 1™~ germline knockouts have
some utility, defects in thymocyte development may disrupt normal function of adult T cells to the
extent that they obscure the role of VAV1 in mediating T/B cell function in mature effector lympho-
cytes. Furthermore, there are no inducible Vav1 knockouts to better mimic the therapeutic
targeting of VAV1, and the ‘undruggable’ nature of VAV1 has limited investigation of complete
functional attenuation of the protein in adult mice.

These limitations, together with possible interspecies differences, restrict our ability to predict the
outcome of therapeutically targeting VAV1 in humans. However, VAV1-deficient human Jurkat T
cells (J.Vav1) demonstrate defective TCR signaling, shown via impairment of Ca®* mobilization
and interleukin (IL)-2 upregulation [15], supporting the importance of VAV1 in human T cells.
Moreover, unbiased genome-wide CRISPR-Cas9-based screens identified VAV1 as a key

Box 1. Key defects in Vav1~~

T lymphocytes

T and B lymphocytes

Vav1™~ mice exhibit severe T cell developmental defects with significant reductions in the number of CD4*/CD8* double-
positive thymocytes, CD4* and CD8" single-positive thymocytes, and CD4* and CD8* single-positive peripheral
splenic T cells [4,5]. By contrast, T cell development is normal in Vav2~~ [110], Vav3™~, and Vav2~~/37~ knockouts
[5], suggesting a critical, nonredundant role for Vav1 in T cells, although loss of Vav3 exacerbates the Vavi~~ pheno-
type [5]. Vav1~~ mice also demonstrate impaired production of IL-2 and T cell proliferation following activation through
the TCR complex [4,5].

In response to TCR/CD28 co-stimulation, Vav1™~ CD4* Th cells show deficient expression of the Th2 cytokine IL-4 (but
not IL-5/IL-13) and c-Maf, a Th2-specific transcription factor that regulates IL-4 expression [108]. By contrast, expression
of the Th1 cytokine IFNy and Th1-specific transcription factor T-bet are enhanced even under Th2 polarizing conditions
[108].

Multiple defects in TCR-mediated signaling in Vavi-deficient T-cells have been reported, including Ca* mobilization
[4,15,17], PLCy1 phosphorylation [17], inositol 1,4,5-trisphosphate production [17], activation of Tec family kinases Akt
and Itk [17], mitogen-activated protein kinase (MAPK) pathway activation [18], actin reorganization, F-actin polymerization,
and TCR clustering [4,5], formation of peptide-specific conjugates with APCs, and activation of integrin lymphocyte
function-associated antigen 1 (LFA-1) [27,28].

Vav1-deficient T cells demonstrate impaired activation of certain transcription factors, including NFAT, nuclear factor-
kappa B (NF-kB), and activator protein-1 (AP-1), all of which regulate the /l2 promoter [4,15].

B lymphocytes

Vav1~~ mice have normal numbers of pro-B, pre-B, and immature B cells in the bone marrow and mature splenic and
lymph node B cells, although severely reduced numbers of innate-like B-1a cells in the peritoneal cavity are reported
[4,5]. While B cell development appears to be relatively normal, Vav1~~ mice display defects in T cell-dependent B cell re-
sponses, immunoglobulin (Ig)G1/2b/3 class switching, BCR-mediated Ca?* mobilization, and B cell proliferation in periph-
eral B cells, even when recombinant IL-4 is added [5,110].

While Vav1™~ mice do not present developmental defects in the B cell compartment, Vav1 deficiency exacerbates B cell
developmental defects in mice lacking Btk, a key component of BCR signaling. Compared with Btk™~ single knockouts,
Vav1~"Btk™~ double-knockout mice exhibit more severe reductions in mature splenic B cells, IgM production, IgG class
switching, Ca®* mobilization, and B cell proliferation [121].
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Glossary

Actin reorganization and F-actin
polymerization: reversible process in
which actin monomers assemble into an
actin nucleus followed by elongation,
where additional monomers are rapidly
added to each end of the actin nucleus
to form an actin ‘filament’.
Autoimmune and chronic
inflammatory diseases:
heterogenous spectrum of disorders
characterized by loss of self-tolerance,
chronic tissue-specific and systemic
inflammation, and long-term tissue
damage.

Biologic therapy: treatments derived
from living organisms (e.g., vaccines,
proteins); in this case, monoclonal
antibodies or antibody fragments that act
on circulating cytokines and cell surface
receptors of the immune system.
Common variable
immunodeficiency (CVID): rare
condition characterized by
hypogammaglobulinemia secondary to
T cell abnormalities (T-CVID).
Diapedesis: migration of cells across
the vascular wall into target tissues.
Drug retention rate: percentage of
patients remaining on treatment over
time.

GEF ‘trap’ assay: in vitro assay in
VAV1-deficient Jurkat T cells transfected
with fluorescent-tagged SLP76,
dominant-negative Rac/Rho GTPases,
and VAV GEFs; used to visualize the co-
localization of different Rac/Rho
GTPases with physiologically activated
VAV isoforms in SLP76 clusters in intact
cells using confocal microscopy.
Guanine nucleotide exchange
factor (GEF): promotes the exchange
of GDP for GTP on downstream target
Rac/Rho GTPases, switching them from
an inactive (GDP-bound) to an active
(GTP-bound) state.

Immunological synapse: stable
interface between lymphocytes

(e.g., T cells) and target cells (e.g.,
APCs), including receptors responsible
for adhesion and signal transduction;
requires actin polymerization and
cytoskeleton reorganization to form.
Integrins: transmembrane proteins
involved in the adhesion of cells to each
other or to the extracellular matrix.
Interleukin (IL)-2: pleiotropic cytokine
crucial to the differentiation and
regulation of proinflammatory and anti-
inflammatory T cells.

Nuclear factor of activated T-cells
(NFAT): transcription factor family
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positive regulator of TCR activation/function [6-8]. Specifically, genome-scale perturbation dem-
onstrated that loss of VAV1 prevented: (i) TCR-mediated activation in Jurkat T cells, as measured
by upregulation of CD69 [8], a classical early lymphocyte activation marker and key surface pro-
tein involved in activated T cell egress from the lymph nodes [16]; (i) TCR-mediated cytokine se-
cretion, such as IL-2 and interferon-gamma (IFNy), in primary human CD4" and CD8" T cells,
respectively [6]; and (i) TCR-mediated T cell proliferation [7]. Taken together, these data further
validate the importance of VAV1 in TCR-mediated activation and T cell effector function.

GEF-independent (scaffolding) functions

Mouse Vav1~~ thymocytes and splenic T-cells and human J.Vav1 T-cells show multiple defects
in TCR-mediated signaling, e.g. impaired Ca®* mobilization and transcription factor activation
(Box 1) [4,15,17,18]. Considering its participation in the TCR complex, much of this activity likely
depends on the scaffolding function of VAV (Figure 1) [17-19]. For example, lymph node T cells
isolated from mice expressing GEF-inactive Vav1 (Vav 1-35#YK3354 or \/ay 144 showed normal
TCR-mediated Ca®* flux and activation of nuclear factor of activated T-cells (NFAT) in vitro
[20]. Conversely, human VAV1-deficient J.Vav1 T cells transfected with VAV1 N-terminal trunca-
tion mutants that retain GEF activity did not interact with phospholipase C-gamma (PLCy)1 and
showed defective downstream Ca* mobilization [21], calmodulin binding, and NFAT activation
in vitro [22]. Similarly, biochemical data showed impaired downstream phosphorylation of
PLCy1in T cell lines deficient in the scaffolding proteins LAT, SLP76, or Tec family kinase ITK
[23-25]. Together, these data suggest that loss/dysfunction of any of these scaffolding proteins,
including VAV1, destabilizes the TCR proximal signaling complex, disrupting downstream events,
such as the activation of PLCy1-dependent pathways.

GEF-dependent (catalytic) functions

The downstream effects of the primary GEF-dependent function of VAV1 (to activate Rac/Rho
GTPases [26]) include actin reorganization and F-actin polymerization, TCR clustering
[4,5], activation of integrin-mediated cell adhesion, immunological synapse formation be-
tween T cells and antigen-presenting cells (APCs) [27-29], and chemokine-mediated cell migra-
tion [30,31]. VAV1 also regulates cytoskeletal reorganization in B cells [32].

Contrary to the historical belief that VAV1 activates multiple Rac/Rho GTPases, most biochemical
data suggest that VAV1 preferentially acts as a GEF for Rac1, with limited activation of other Rac/
Rho family members, including RhoA, Cdc42, and Ras [11,26,33]. In vitro nucleotide-
exchange assays showed that VAV1 mediates activation of Rac1 by an order of magnitude
greater than its activation of RhoA or Cdc42 [33]. Therefore, it is likely that VAV1 does not bind
with high affinity to GTPases other than Rac1. Indeed, a recent study using a novel in vitro GEF
‘trap’ assay showed obvious co-localization of VAV1 with Rac1 but not with any other GTPases,
whereas VAV2 co-localized with a much broader range of GTPases, including Rac2, RhoG, and
Cdc42 [34], supporting the notion that VAV1 preferentially activates Rac1.

Actin polymerization and cytoskeleton remodeling are necessary for many of the key functions of
T lymphocytes, including immunological synapse formation, integrin-mediated adhesion, chemo-
kine responses, cell migration, and extravasation into peripheral tissues [35]. The importance of
Rac1 in actin polymerization is evidenced by GEF-dependent actin defects in Vav1™~ mice,
which are sufficient to block thymocyte development [4,5]. Furthermore, mice expressing the
Vav 1" GEF-inactive form demonstrated severely impaired Rac1 activation, actin polymeriza-
tion, T cell-FAPC conjugate formation, and integrin activation [20]. Moreover, reconstitution of
Vav1~~ mice with a constitutively active Rac1 mutant, but not a RhoA mutant, overcame their thy-
mocyte developmental block, restoring pre-T cell differentiation and thymocyte numbers, thereby
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involved in TCR-mediated early gene
transcription (e.g., IL2).
Nucleotide-exchange assay: in vitro
system using purified, crystallized
complexes of VAV1 fragments
containing the VAV1 catalytic GEF
domains and Rac1, Cdc42, and RhoA
GTPases; assesses the rate of VAV1-
mediated GDP-GTP exchange on Rac/
Rho proteins using fluorescence
spectroscopy.

Primary treatment failure: lack of
response (i.e., persistent signs and
symptoms of disease) despite drug
treatment.

Proteolysis-targeting chimera
(PROTAC) degraders: small molecules
comprising two ligands joined by a linker
molecule; one ligand recruits the target
protein by binding to a distinct binding
pocket and the second recruits and binds
EB ubiquitin ligase leading to ubiquitination
of the target and its subsequent removal
from the cell using the ubiquitin-
proteosome system of the body.
Regulatory T cells (Tregs): subset of
CD4* Th cells characterized by the
production of anti-inflammatory cytokines
(e.g., IL-10 and TGFf) and expression of
the Treg-specific transcription factor
FoxP3; involved in immunosuppression
and immune tolerance.

Secondary treatment failure: loss of
response to drug treatment over time.
T cell polarization: in response to
activating stimuli, such as antigen
binding of the TCR, T cells undergo rapid
reorganization of the actin cytoskeleton
to form diistinct ‘poles’ (e.g., the
immunological synapse at one end of
the cell and the distal-pole complex, a
complex of other cell-surface receptors,
at the opposite side of the cell).

T cell receptor (TCR) clustering:
following T cell activation through
antigen receptor binding, multiple TCR
molecules cluster at the cell membrane
at the center of the immunological
synapse.

T helper (Th) 1 cells: CD4" Th cell
subset characterized by the production
of proinflammatory Th1 cytokine IFNy
and expression of Th1-specific
transcription factor Tbet; involved in type
1 immune responses (intracellular
bacteria/protozoa/viruses) and
autoimmunity.

T helper (Th) 2 cells: CD4" Th cell
subset characterized by the production
of proinflammatory Th2 cytokines IL-4,
IL-5, and IL-13, and expression of Th2-
specific transcription factors GATA3 and
c-Maf; involved in type 2 immune
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demonstrating the dominant role of Rac1 in VAV1 GEF-dependent TCR signaling and T cell func-
tion [36,37].

Consistent with its pivotal role in actin polymerization downstream of the TCR, VAV1 is activated
in response to chemokines, such as C-X-C motif chemokine ligand 12 (CXCL12), involved in cy-
toskeletal reorganization [31,38,39]. For instance, CXCL12 promotes actin polymerization, T cell
polarization, and cell migration, events that were blocked in vitro by a dominant-negative form of
VAV1 (VAV1:2739) overexpressed in human peripheral blood lymphocytes (PBLs) [31]. In vitro ev-
idence also indicates that CXCL12-mediated integrin activation in PBLs is dependent on VAV1-
dependent activation of Rac1 [29].

Given the importance of Rac1 to actin polymerization, if, as we hypothesize, VAV1 preferentially
mediates its GEF function through Rac1 activation in response to TCR signaling, then many of
the major defects observed in VAV1-deficient T cells, including in immunological synapse forma-
tion, integrin adhesion, and cell migration, might be attributable to deficiencies in actin polymeri-
zation and cytoskeleton remodeling (Figure 2).

VAV1 in autoimmune and chronic inflammatory diseases

Although its precise role in human disease remains to be clinically validated, multiple lines of ev-
idence implicate VAV1 in autoimmune and chronic inflammatory diseases (Table 1 [40-71]),
supporting its candidacy as a putative therapeutic target.

VAV1 expression and pathway activation

Few studies have directly evaluated VAV expression in humans and the significance of its ex-
pression levels is unclear. For example, compared with healthy controls, VAV1 mRNA was in-
creased in immune cells of the inflamed gut mucosa from patients with IBD [63] and in skin
biopsies from patients with psoriasis [69], but was significantly reduced in peripheral blood mono-
nuclear cells from patients with MS [47]. Given that VAV1 is ubiquitously expressed across im-
mune cells, its downstream functions may not be regulated by the extent of VAV expression.
Rather, VAV1 phosphorylation and subsequent pathway activation following TCR ligation may
be a better indication of VAV1 activity and pathogenic function in diseased tissues.

VAV1 gene variants

Relative to wild-type (WT), rodents harboring the Vav 175" variant exhibit reduced susceptibility to
experimental autoimmune encephalomyelitis (EAE) [51,54] and pristane-induced arthritis [43]. This
variant, which is associated with reduced VAV1 scaffolding functions (Ca®* mobilization) but normal
[51] or even hyperactive [72] GEF activity, is also associated with increased numbers of anti-
inflalmatory CD4* FoxP3* regulatory T cells (Tregs) in blood, lymph nodes, and spleen, relative
to WT [72], as well as reduced IFNy and IL-17A production by autoreactive CD4* T cells [51]. These
data suggest that GEF-independent functions are important for VAV1-mediated inflammation and
proinflammatory cytokine production. Moreover, Vav 17" Themis-T~~ mice, which carry both the
Vav1™%W variant and a T cell-conditional knockout of Themis (a gene required for T cell develop-
ment and effector functions [73]), exhibit pronounced attenuation of EAE symptoms [including re-
duced IFNy, IL-17A, and tumor necrosis factor (TNF) production and T cell infiltration of the central
nervous system (CNS)] compared with either variant alone [50]. Given that Themis associates with
the TCR and enhances TCR signaling, as evidenced from reduced NFAT nuclear translocation in
Themis™~ CD4* T cells [73], the reduced susceptibility to EAE in Vav 17" Themis-T7~ mice versus
Vav17%3" mice suggests cooperativity between VAV1 and other TCR-associated proteins in auto-
immune pathogenesis. Somewnhat paradoxically, Vav 179" is also linked to increased susceptibility
to IBD in rats [64] and myasthenia gravis in mice [66].
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responses (extracellular helminths and
venoms) and allergy.

T helper (Th) cells: CD4* T cells that
have a crucial role in regulating cells of
the adaptive and innate immune
systems.

Treat-to-target: strategy in which
therapy is monitored regularly and
tailored to achieve a specific outcome
(e.g. disease remission).

Trends in Immunology, Month 2024, Vol. xx, No. xx 5


CellPress logo

- ¢? CellPress Trends in Immunology

CcD19

‘i TCR/ BCR

Chemlin \
cD28 | ® \ //
\ BN ‘

L

J

a3 GTP
P © Ract r)

!

Actin polymerization

o% § & Wnupy

—

Cell Immunological Integrin
migration synapse formation adhesion

Trends inImmunology

Figure 2. Core guanine nucleotide exchange factor (GEF)-dependent functions of VAV1. Activation of VAV1 in
response to stimulation through the T cell receptor (TCR) and B cell receptor (BCR), co-stimulation through their
corresponding co-receptors CD28 and CD19, respectively, or through chemokine receptors promotes the exchange of GDP
for GTP on downstream target Rac/Rho family GTPases, switching them from an inactive (GDP-bound) to active (GTP-
bound) state. Historically, it has been suggested that VAV1 activates multiple Rac/Rho GTPases. However, available
biochemical data suggest that VAV1 preferentially acts as a GEF for Rac1, with limited activation of other family members,
including RhoA, Cdc42, or Ras [11,26,33]. Rac1 activation downstream of VAV1 is essential for actin reorganization, F-actin
polymerization, and cytoskeleton remodeling [4,5,20,36], which is in turn pivotal for many of the key functions of T
lymphocytes, including formation of the immunological synapse, integrin-mediated cell adhesion, chemokine responses, cell
migration, and extravasation into secondary lymphoid organs and other peripheral tissues [35]. If, indeed, VAV1 largely
mediates its GEF function through Rac1 activation, then we could hypothesize that defects in actin polymerization and
cytoskeleton remodeling underlie many of the defects observed in VAV1-deficient cells.

Gene variants corresponding to Vav17%" have not been identified in humans; nevertheless,
VAV1 single-nucleotide polymorphisms (SNPs) and haplotypes are associated with increased
susceptibility to RA [41-43], relapsing/remitting MS [48,54], myasthenia gravis [65], and psoriasis
[69]. Together, these findings suggest that human SNPs/haplotypes exist that affect VAV1 func-
tion and predispose individuals to disease. However, these gene association studies do not
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Table 1. Published studies of the role of VAV1 in autoimmune and chronic inflammatory disease in patients (and/or healthy volunteers) and animal

models of disease®P

Species; disease/model
RA/animal models of arthritis

Mouse: adaptive and innate models of arthritis in
Vav1™~ versus WT mice

Human: weighted gene co-expression network
analysis

Human: SNPs in patients with RA

Human: patients with RA

Rat: DA.BN-25 congenic rats carrying Vav17%"

Mouse: C57BL/6J WT and hFcyRIlA-transgenic
mice
Human: patients with RA

Mouse: model of collagen-induced arthritis (CIA)

Mouse: innate model of arthritis in WT, Vav17-,
and PLCy27~ mice

MS/experimental autoimmune encephalomyelitis (EAE)

Mouse: Vav1WThemis-T~~ mice

Human: patients with MS

Human: patients with MS

Mouse: MOG-induced EAE in Vav 179" knock-in
model

Mouse: Ezh2-deficient Ezh21f/f Mx1-Cre mice

Mouse: /fnar1™~ mice

Key findings

Vav1~~ mice had reduced susceptibility to antigen (methylated BSA)-induced arthritis versus WT
mice, showing reductions in: inflammation, synovial thickening, cartilage degradation; T cell
proliferation and joint infiltration by CD4* T cells, neutrophils, and macrophages; expansion of
CD4* T cell subsets and proinflammatory cytokines (IFNy, TNF, IL-6, IL-17A, and IL-1B) in the
knee joint. In a zymosan A-induced arthritis model, disease progression (joint swelling and
hyperplasia) was similar in Vav1™~ and WT mice

Gene network analysis was used to screen for targets and potential drug mechanisms in RA. Four
RA-related modules were identified, encompassing immune and infection related processes. Hub
genes with high connectivity in the gene regulation and pathway networks included VAV, various
HLA genotypes, BTK, BLNK, SYK, CD4, and IL2RG, among others

Evaluated association between VAV1 SNPs rs2546133 and rs2617822 and RA. A significantly
higher frequency of rs2546133 T versus C alleles was observed in patients with RA (N = 422)
versus healthy controls (N = 338). No difference in rs2617822 genotypes was observed. Patients
with VAV1 rs2546133 T and rs2617822 G alleles had an increased frequency of extra-articular
manifestations

MS-associated haplotype rs2546133-rs2617822 CA was associated with RA (N = 11 475)
versus controls (N = 5870)

Arthritis severity was reduced in DA.BN-25 congenic rats carrying the Vav 17" polymorphism
versus arthritis-susceptible DA rats in a pristane but not CIA model

hFcyRIIA, expressed in myeloid cells, promotes inflammation; hFcyRIIA polymorphisms are
associated with increased risk of RA. In transgenic mice expressing hFcyRIIA, blocking hFcyRIIA
signaling inhibited arthritis and reduced ROS production through inhibition of Vav1. In infiltrating
cells from synovial fluid from patients with RA (N = 7), SYK was constitutively associated with
hFcyRIIA

SAP expression in T cells but not B cells was essential for the development of CIA and production
of collagen-specific antibodies. Increased tyrosine phosphorylation of Vav1 was seen in T cell
hybridoma (BI-141) cells transfected with WT SAP but not mutant SAP7784

In a K/BxN serum-transfer mouse model of arthritis, Vav1~~ and PLC 127~ mice were protected
against inflammation, cellular infiltration of the joint, osteoclast recruitment, and cartilage and bone
erosion compared with WT mice, showing decreased production of proinflammatory cytokines
IL-1, IL-6, and TNFa

Vav17Themis-T7~ mice carry the Vav17%" polymorphism and a T cell conditional knockout of
Themis, a TCR-associated protein that enhances TCR signaling. Vav1®" Themis-T"~ mice
demonstrated pronounced attenuation of EAE symptoms, including reduced IFNy, IL-17A, and TNF
production, and T cell infiltration of the CNS, compared with mice carrying either mutation alone

VAV1 mRNA was significantly reduced in PBMCs from untreated patients with MS (N = 54)
compared with healthy controls (N = 23), including in patients with relapsing-remitting MS and
progressive MS, regardless of whether patients were in remission or relapsing

Systems medicine approach, using blood samples from newly diagnosed relapsing—remitting MS
(NDP; N = 11), patients taking disease-modifying therapy (N = 47) and age/sex-matched healthy
controls (N = 92), showed that TCR and BCR signaling pathways were main pathways
over-represented in NDP. VAV1, among other proteins, was involved in these pathways

Compared with WT mice, Vav17" mice demonstrated reduced susceptibility to development of
EAE, including lower production of proinflammatory effector cytokines (IFN-y, IL-17, and
GM-CSF) by autoreactive CD4™" T cells

Mice deficient in methyltransferase Ezh2 showed compromised integrin-dependent cell migration
of dendritic cells and lower disease scores in MOG-induced model of EAE. Ezh2 forms cytosolic
complexes with Vav1 and talin1 in mouse dendritic cells

Signaling through IFNAR on macrophages inhibited Rac1 activation and ROS generation,
suppressed NLRP3 inflammasome (which regulates innate immune system and inflammatory
signaling) and reduced EAE pathogenicity. Treatment of bone marrow-derived macrophages with
IFN in vitro reduced cytosolic Vav1 protein and suppressed activation of Rac1
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Table 1. (continued)
Species; disease/model

Human: patients with MS
Rat: DA.BN-Eae4 and LEW.BN-Eae4 congenic
rats

Mouse: myelin proteolipid proteinizg_151 model of
EAE

Mouse: Vav1~~ versus WT mice

Systemic lupus erythematosus

Human: case-control association study in North
America

Mouse: C57BL/6 congenic B6.Sle1 model of SLE

Human: patients with SLE and healthy controls

Human: isolated T cells from patients with SLE and
healthy controls

Mouse: BI-141 T-cell line expressing Ly108
isoforms

Mouse: MRL/MpP”P" and MBRL/Mp*’* mice

IBD

Human: patients with Crohn’s disease

Human: biopsies from patients with IBD and CD4*
T cells purified from human PBMCs

Rat: BN Themis1-deficient rats (BN'"¢7S"=~)

Myasthenia gravis

Mouse: EAMG induced in a Vav 17" knock-in
model
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Key findings

Susceptibility to EAE in rats was localized to Vav1 and R63W polymorphism. Analysis of seven
human cohorts (N = 12 735) showed an association between haplotype rs2546133-rs2617822
CAin VAV1 and increased risk of MS, as well as increased VAVT mRNA and Th1 cytokines TNFa
and IFNy in PBMCs and CSF mononuclear cells from patients with MS (N = 417) versus healthy
controls (N = 143)

Inhibition of transmethylation downregulated TCR signaling in primary mouse T cells, including
methylation of Vavi1, and CD4" T cell activation in vitro, and protected mice against development
of EAE (no direct link between Vav1 and EAE reported)

Compared with WT, Vav1~~ mice were resistant to MOG-induced EAE due to impaired priming
and expansion of antigen-specific CD4* and CD8* lymph node T cells. Production of IL-2, IL-4,
and IFNy also impaired in MOG-induced Vav1™~ but not in WT mice

In 3716 individuals of Hispanic descent and 4867 of European descent, two NCF2 SNPs
[rs17849502 (H389Q); rs13306575 (R395W)] were independently associated with SLE. H389Q
and R395W mutations are hypothesized to destabilize docking of NCF2 to VAV1 via its ZF and
DH domains, altering structure and function of NADPH oxidase complex in neutrophils

In mice, Sle1 interval caused loss of immune tolerance leading to production of ANA. Primary T
and B cells, taken from a mouse model of SLE before onset of disease, formed T/B cell couples
less frequently and retained polarity less efficiently in response to low-affinity stimulation, which
was also associated with decreased Vav1 and actin recruitment

Genotype analysis showed significantly increased risk of childhood-onset SLE (N = 663 versus
879 controls) and adult-onset SLE (N = 4578 versus 3910 controls) and a single NCF2 SNP
rs17849502 (H389Q). Computational modeling suggested that H389Q mutation affects
interaction of NCF2 with VAV1 ZF (C1) domain, altering function of NADPH oxidase complex

Higher amounts of SYK protein and protein phosphorylation detected in CD4* and CD8* T cells
from patients with SLE (N = 58) versus healthy controls (N = 52). Immunoprecipitation studies
showed association between SYK and VAV1 that was approximately ten-fold higher in SLE
versus normal T cells. VAV1 phosphorylation in response to anti-CD3 stimulation was more
intense in SLE versus normal T cells

Ly108-1, an isoform of Ly108/NTB-A, a self-ligating member of SLAM family expressed on T and
B cells, is strongly linked to SLE susceptibility in mice. In CD4* T-cells, all Ly108 isoforms tested
mediated tyrosine phosphorylation of Ly108 itself and Vav1

MRL/Mp?”P" mice develop symptoms similar to human SLE, including autoantibody production,
vasculitis, and glomerulonephtritis, and have a generalized nonmalignant lymphoproliferative
disorder. CD4*/CD8" double-negative T cells accumulate in spleen and lymph nodes. Vav1 was
constitutively phosphorylated in lor/lpr versus +/+ mice and did not respond to TCR activation

Immunofluorescence showed increased phosphorylated PAK1 and reduced apoptosis in
macrophages from gut mucosa of patients with Crohn’s disease (N = 10) versus uninflamed
controls (N = 8). Peptidoglycan significantly increased phosphorylated VAV1, PAK2, and PAKT,
as well as Rac1-GTP in RAW264.7 macrophages in vitro. 6-thioguanine partially ablated
macrophage phagocytosis in human PBMCs

VAV1 mRNA increased in intestinal lamina propria mononuclear cells from patients with IBD (N = 11)
versus non-inflamed controls (N = 7). B-ON, a designer 6-thio-GTP analog optimized for Rac1
blockade, induced stronger T cell apoptosis, increased Rac1 inhibition in primary peripheral blood T
cells and intestinal lamina propria immune cells, and was associated with decreased toxicity

BN"e™ST=/=impairs Treg function and predisposes rats to spontaneous IBD. This deficiency
appears to depend on Vav 179" polymorphism; introduction of 117-kb interval of Lewis rat
Vav17 variant restored Treg function and protected BN~ rats from spontaneous IBD.
This suggests an epistatic interaction between Vav1 and Themis, at least in this animal model

Vav 178" polymorphism increased susceptibility to EAMG, as evidenced from a higher AChR

loss, increased frequency of antigen-specific CD4* T cells, and increased production of
proinflammatory cytokines (IFNy, IL-17A, and GM-CSF) by antigen-specific CD4* T cells relative
to controls
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Table 1. (continued)

Species; disease/model Key findings Refs

Human: patients with EOMG Genetic study to identify candidate loci for susceptibility to EOMG: eight of 34 candidate genes [65]
were identified in exploration phase (EOMG N = 384; matched controls N = 384) and confirmed in
a replication study (EOMG N = 1177; controls N = 814). Allele frequency differences were found in
four novel loci, including VAV

Periodontitis

Human: patients with periodontitis Regulatory network model for human gingival interactome was used to analyze expression data [67]
from clinically healthy (N = 70) or periodontitis-affected (N = 243) gingival sites to identify master
regulator genes that may be driving gingival disease or sustaining gingival pathology. VAV was
one of six regulons enriched for more than ten pathways

Human: genome network analysis Multiple data sources and computational methods were used to identify 21 genes as being [68]
involved or potentially involved in periodontitis, including VAV, proinflammatory cytokines,
chemokines, and other genes involved in immune signaling

Psoriasis

Human: patients with psoriasis Gene network analysis identified four psoriasis and atherosclerosis common immune-related genes [69]
(SELP, CD93, IL2RG, and VAV1) that showed optimal diagnostic value (AUC >0.8). Positive
expression of VAV7 was found in skin biopsies from patients with psoriasis (N = 27). VAV1 expression
positively correlated with chemokine receptors, interferons, NK cell and TCR signaling genes

Autoimmune diabetes

Rat: Lyp/Lyp and Lyp/+ and +/+ BioBreeding (BB) Lyp/Lyp rats develop lymphopenia and T cell-mediated autoimmune diabetes. Expression of [70]

rats p95vav (Vav1) mRNA and protein was increased in thymus and bone marrow of Lyp/Lyp rats
compared with Lyp/* and */* rats (N = 6 each)

Autoimmune hepatitis

Human: patients with autoimmune hepatitis Kupffer cells from patients with autoimmune hepatitis (N = 21) had higher VAV1 and p21-activated [71]

¢? CellPress

kinase 1 protein expression versus NAFLD controls (N = 7), P <0.05. A correlation between
increased VAV1 and PAK1 and advanced disease was reported but data were not shown

2A systematic search of the PubMed database using prespecified search terms (‘VAV1 protein, human’ OR ‘Vav1 protein, mouse’ OR ‘Vav1 protein, rat’ OR ‘Proto-On-
cogene Proteins c-vav’ OR VAV1 OR Vavi OR p95Vav) was carried out on August 7, 2023 and produced 1379 results; a follow-up search was carried out on May 14,
2024 to identify any relevant articles published subsequent to the original search date. Search restrictions included: articles published from 1989 (date of first published
paper on VAV1/p95Vav) to present; English language publications only. Only articles that reported on VAV1 in autoimmune or chronic inflammatory disease are included.
® Abbreviations: AChR, acetylcholine receptor; ANA, anti-nuclear antibodies; AUC, area under the curve; BLNK, B cell linker; BN, Brown-Norway; BTK, Bruton’s tyrosine
kinase; CSF, cerebrospinal fluid; CNS, central nervous system; DA, dark Agouti; DH, Dbl homology; EAMG, experimental autoimmune myasthenia gravis; EOMG, early-
onset myasthenia gravis; GM-CSF, granulocyte-macrophage colony stimulating factor; H, histidine; hFcyRIIA, human IgG Fc receptor lIA; HLA, human leukocyte antigen;
IFNy, interferon-gamma; IFNAR, interferon-a/{3 receptor; IL, interleukin; IL2RG, interleukin-2 receptor gamma; LEW, Lewis rats; M-CSF, macrophage colony-stimulating
factor; MOG, myelin oligodendrocyte glycoprotein; NAFLD, non-alcoholic fatty liver disease; NCF2, neutrophil cytosolic factor 2; NLRP3, nucleotide-binding domain, leu-
cine-rich-containing family, pyrin domain-containing-3; p38, p38 mitogen-activated kinase; PLCy2, phospholipase-gamma 2; PBMC, peripheral blood monocytic cells; Q,
glutamine; R, arginine; ROS, reactive oxygen species; SAP, SLAM-associated protein; SLAM, signaling lymphocyte activation molecule; SYK, spleen tyrosine kinase;

TNFa, tumor necrosis factor-alpha; W, tryptophan; WT, wild-type; ZF, zinc finger.

elucidate the impact of various SNPs/haplotypes on VAV1 function in the context of autoimmune
disease, making their clinical relevance difficult to interpret.

Mouse models

In 2 mouse model of antigen (Methylated bovine serum albumin)-induced arthritis (AIA), Vav1™" mice
showed reduced signs of disease (inflammation, synovial thickening, and cartilage degradation), T cell
proliferation, and joint infiltration by CD4™ T cells, neutrophils, and macrophages compared with WT
mice with AIA [40]. Expansion of CD4* T cell subsets producing IFNy, TNF, IL-4, and IL-17A, and pro-
duction of proinflammatory cytokines (IFNy, TNF, IL-6, IL-17A, and IL-1{3) in the knee joint, observed
following disease onset in WT AIA mice, were also significantly reduced in Vav1 ~~mice [40]. A similarly
reduced disease phenotype was seen in Vav1/2/37 mice (compared with WT mice with AlA) but not
in Vav2/3~" mice [40], again suggesting a dominant role for VAV1 in T cell differentiation and function.
Vav1 deficiency did not result in B cell abnormalities in this model, suggesting that B cell development
is less dependent on VAV1 signaling [40].
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In contrast to the AIA model, studies in innate immune models of arthritis show inconsistent out-
comes. In a zymosan A-induced arthritis model, disease progression (joint swelling and hyperplasia)
was observed in both Vav1™~ and WT mice [40], whereas, in a K/BxN serum-transfer model of ar-
thritis, Vav1™~ mice were protected against inflammation, bone erosion, and neutrophil infittration of
the joint compared with WT mice [46].
Furthermore, compared with WT mice, Vav1™~ mice were resistant to myelin oligodendrocyte
glycoprotein (MOG)-induced EAE due to impaired priming and expansion of antigen-specific
CD4* and CD8* lymph node T cells [49]. Similar to the AIA model, production of IL-2, IL-4, and
IFNy was impaired in MOG-induced Vav1~~ mice, but not in WT mice, although APC function
and migration of T cells/macrophages into the CNS were normal [49], again suggesting a role
for VAV1in T cell priming and differentiation, as well as expansion of T helper (Th) cells subsets.
While genetic attenuation of VAV1 appears to suppress autoimmune/inflammatory disease activ-
ity and ameliorate disease progression and structural damage, it is not possible to draw definitive
conclusions, and these animal data remain to be rigorously validated in human diseases.

The evolving need for new treatments in autoimmune/inflammatory diseases
The development of targeted therapies was a major milestone in improving treatment for certain
autoimmune and chronic inflammatory diseases, including IBD, RA, spondyloarthritis, and psori-
atic disorders. Multiple highly efficacious drugs with different mechanisms of action (MOA) are
now available for many conditions (Figure 3) [74-76].

Although drug retention rates vary by MOA and disease indication, primary and secondary
treatment failure are the most common reasons for switching therapy [77-81], exacerbated
by comorbidities [77,79]. Moreover, management of conditions such as systemic lupus erythe-
matosus (SLE) relies heavily on older therapies and is associated with chronic glucocorticoid tox-
icity, persistent disease activity, cumulative organ damage, and poor long-term survival [82].
Positive clinical trial data have been reported for the biologics belimumab [83] and anifrolumab
[84] (which target BlyS/BAFF and IFNa/[3, respectively) and both were recently approved by the
US Food and Drug Administration (FDA) and European Medicines Agency (EMA) for the treatment
of SLE. Additionally, positive clinical trial data in SLE have recently been reported for the oral TYK2
inhibitor deucravacitinib [85]. Despite such progress, a substantial unmet need remains for addi-
tional enhanced targeted therapies in SLE [82] and other conditions, including rheumatological
disorders [86,87] and IBD [88].

Treatment guidelines for many conditions recommend that glucocorticoids be used only at the low-
est effective dose as short-term, adjunctive therapy, and are tapered or discontinued when clinically
feasible [89-92]. Nevertheless, despite the wide availability of targeted therapies and considerable,
often severe, side effects that affect multiple organs [93], glucocorticoids are still widely used to man-
age refractory disease [82,94]. Although relatively safe [76,95,96], many immunomodulators, includ-
ing biologics (e.g., TNF and IL-6 blockers) and oral JAK inhibitors, have shown an increased risk of
infections, including serious and opportunistic infections [76,95,96]. Certain infections, such as her-
pes zoster, TB reactivation, and candidiasis, are associated with specific drug classes, namely, JAK
inhibitors [95,96], TNF blockers [95,96], and IL-17 blockers, respectively [97]. Thus, the risk of infec-
tion must be considered with any new immunomodulatory agent.

In mice, both Vav1 and Btk have been implicated in Dectin-1-mediated macrophage phagocyto-
sis of Candida albicans and Btk™~ and Vav1™~ mice appear more susceptible to C. albicans infec-
tion compared with WT mice [98]. Furthermore, in a small number of patients, low VAV1
expression was putatively linked to common variable immunodeficiency (CVID) [99-101].
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Figure 3. Mechanisms for treating autoimmune and chronic inflammatory disease. Major drug mechanisms of action (MOA) that have been approved (green circles) by
the US Food and Drug Administration (FDA") and/or the European Medicines Agency (EMA") for the treatment of autoimmune and chronic inflammatory disorders are shown by
therapeutic indication and are based on the most recent prescribing information. MOA that are ‘under investigation’ (yellow circles) for specific conditions and have shown positive
Phase 2/3 trial results and/or have strong evidence of off-label use within a given indication are also shown (this is not an exhaustive list covering every autoimmune/chronic inflam-
matory condition). Interventions targeting VAV1 have the potential to act across multiple T and T/B cell-mediated conditions. ®Anti-tumor necrosis factor (TNF): adalimumab,
certolizumab, etanercept, golimumab, and infliximab. Certolizumab is not approved for juvenile idiopathic arthritis (JIA) or ulcerative colitis (FDAVEMA), or Crohn’s disease (EMA).
Etanercept is not approved for Crohn’s disease or ulcerative colitis (FDA/EMA). Golimumab is not approved for Crohn’s disease or plague psoriasis (FDA/EMA), and is only approved
in ulcerative colitis among patients with inadequate response/intolerance to prior treatment. Infiximab is not approved for JIA. PAnti-interiuekin (IL)-17: bimekizumab, brodalumab,
ixekizumab, and secukinumab. In the USA, bimekizumab is only approved for plaque psoriasis. Brodalumab is only approved for plaque psoriasis (FDA/EMA). Only secukinumab is
approved for JIA (EMA). “Anti-IL-23: ustekinumab inhibits IL-12 as well as IL-23 signaling by binding to their common p40 subunit and blocking interaction with the IL-12 receptor 31;
guselkumab, mirkizumab, rizankizumab, and tildrakizumab inhibit the p19 subunit of IL-23. Rizankizumab is approved for psoriasis (FDA/EMA), psoriatic arthritis (PsA; EMA), and
Crohn’s disease (EMA). Guselkumalb is approved for psoriasis (FDA/EMA) and PsA (EMA). Tildrakizumab is only approved for psoriasis (FDA/EMA). Mirikizumab is only approved for
ulcerative colitis (FDA/EMA). “Anti-IL-6: sarilumab binds IL-6 and tociizumalb binds soluble and membrane-bound IL-6 receptors. Only tocilizumab is approved for the treatment of
both polyarticular and systemic JIA (FDA/EMA). ®Anti-CD20: rituximalb is approved for severe RA and has been used off-label for the treatment of systemic lupus erythematosus
(SLE). Ocrelizumab is approved for multiple sclerosis. fAn‘[i—a\lpha4/beta7—integrin (VLA4): natalizumalo; not approved for Crohn’s disease by the EMA. 9Anti-neonatal fragment crys-
talizable (Fc) receptor (FCRN): nipocalimab. "Cytotoxic T lymphocyte-associated antigen-immunoglobulin fusion protein (CTLA-4-Ig): abatacept. 'Anti-interferon alpha and beta re-
ceptor subunit 1 (IFNov/): anifrolumab; approved for treatment of adult patients with active autoantibody-positive SLE despite standard therapy. JAnti-B lymphocyte stimulator/B cell
activating factor (BlyS/BAFF): belimumab; approved as add-on therapy in adult patients with active, autoantibody-positive SLE with high disease activity despite standard therapy.
“Sphingosine 1-phosphate receptor (S1PR) modulators: fingolimod, siponimod, ozanimod, and ponesimod. Only ozanimod is approved for ulcerative colitis (EMA). 'Janus kinase
(JAK) inhibitors: filgotinib, baricitinib, upadacitinib, and tofacitinib. Only tofacitinib (FDA/EMA) and baricitinib (EMA) are approved for JIA. Only upadacitinib is approved for Crohn’s
disease (FDA/EMA). Only tofacitinib and upadacitinib are approved for axial spondyloarthritis (EMA). Baricitinib is not approved for psoriatic arthritis. ™Tyrosine kinase 2 (TYK2)
inhibitor: deucravacitinib.

This may have implications for clinical interventions targeting VAV1, particularly given the in-
creased risk of infections associated with CVID [102]. Although a definitive causal link between
increased risk of candidiasis, or other opportunistic infections, and the attenuation of VAV1
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remains to be determined, these data suggest the need for vigilance and monitoring for specific
opportunistic infections with new agents targeting VAV1.

For many conditions, a treat-to-target approach is now recommended [90-92] and the availabil-
ity of multiple agents and drug MOA facilitates such a personalized treatment approach. Addition-
ally, recent studies indicate the therapeutic potential of combining advanced targeted therapies.
For example, the Phase 2, randomized, double-blind, controlled VEGA trial (NCT03662542') in pa-
tients with ulcerative colitis reported a higher clinical response at Week 12 (primary endpoint;
intention-to-treat analysis) and similar safety outcomes in response to combined therapy with the
TNF blocker golimumab plus the IL-23-p19 blocker guselkumab versus either treatment alone
[103]. However, additive toxicity of combined agents may increase the risk of adverse effects
and the long-term risks/benefits must be determined. Thus, new agents that simultaneously and

safely target multiple inflammatory pathways would be welcome (see Clinician’s corner).

Key figure

Proposed model for VAV1-mediated regulation of the adaptive immune system
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Figure 4. (A) Lymph node priming and T helper (Th) cell differentiation. VAV1 is a positive regulator of both T cell receptor (TCR) and B cell receptor (BCR) signaling. VAV1
facilitates T cell-antigen presenting cell (APC) conjugate formation (i.e., formation of the immunological synapse), TCR-mediated T cell activation, interleukin (IL)-2
production [4-6,109)], differentiation of CD4" Th cell subsets, and production of subset-specific proinflammatory cytokines [108]. (B) Trafficking and transmigration of cells.
The primary function of the guanine nucleotide exchange factor (GEF) activity of VAV1, at least in T cells, appears to be the activation of the Rac1 small GTPase
[11,26,38], which regulates downstream actin polymerization and cytoskeletal reorganization necessary for immunological synapse formation, integrin-mediated cell
adhesion, cell migration, and diapedesis (i.e., migration across the vascular endothelium into target tissues) [35]. (C) Tissue inflammation and damage. VAV1 could have a
key role in inflammation-mediated tissue damage and progression of certain autoimmune and/or chronic inflammatory diseases, via antigen-mediated reactivation of self-
reactive T cells and B cells, and the production of autoreactive antibodies and proinflammatory cytokines [e.g., IL-6, IL-17A, and tumor necrosis factor (TNF)].
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VAV1 as a putative therapeutic target

Considering that VAV7 expression is highly restricted to hematopoietic cells, we postulate that
interventions targeting VAV1 could directly impact proinflammatory responses while avoiding
collateral damage to non-immune cells, as reported with other T cell modulators (e.g., azathi-
oprine and calcineurin inhibitors) [104,105]. Azathioprine, an immunosuppressant used for de-
cades to treat certain autoimmune diseases and chronic inflammation, such as Crohn’s
disease, broadly establishes the precedent of targeting VAV1/Rac1 signaling. For instance,
in vitro, the azathioprine metabolite 6-Thio-GTP bound recombinant Rac1 and suppressed
Rac1 activation in isolated primary human CD4* T cells from healthy volunteers [106]. Further-
more, azathioprine (and its metabolites/analogs) has been shown to induce significant apopto-
sis of peripheral blood CD4™* T cells from patients with Crohn’s disease, mediated through
binding of its metabolite 6-Thio-GTP to Rac1 [63,107]. Of note, as a purine analog, azathio-
prine may interfere with DNA and RNA synthesis, presenting liabilities that may be avoided
with more VAV 1-selective therapies.

Figure 4 (Key figure) proposes a model for three areas of adaptive immunity where VAV1 is essen-
tial and where targeting it might successfully regulate an overactive immune system. First, based
on data from Vav?™~ mouse models [4,5,108] and human CRISPR-Cas9 screening [6,109]
showing a key role for VAV1 in TCR and CD28 signaling and cytokine production (discussed
above), targeting VAV1 might affect the priming, expansion, and differentiation of Th subsets
and associated cytokines in peripheral lymphoid organs (Figure 4A). Reductions in immunoglob-
ulin (Ig)-class switching and impaired BCR-mediated signaling and B cell proliferation in Vav1™~
mice [5,110] also suggest that targeting VAV1 would regulate BCR-mediated antibody re-
sponses or T cell-mediated support of B cell responses. Second, it appears that the primary
GEF-dependent function of VAV1 is to preferentially activate Rac1 [11,26,33,34], a key regulator
of actin polymerization and cytoskeleton reorganization (at least in T cells) [4,5]. This points to a
role for VAV1 in not only immunological synapse formation, but also, as mentioned, cell adhesion,
rolling, and diapedesis (Figure 4B). This is relevant because it hypothetically suggests that
targeting VAV1 would help regulate trafficking and transmigration of T cells and, potentially,
other VAV1-expressing cell types to sites of inflammation and disease. Finally, we hypothesize
that therapeutic targeting of VAV1 in diseased tissues might block antigen-mediated reactivation
of self-reactive T cells and the secretion of proinflammatory cytokines driving inflammation, tissue
damage, and disease progression (Figure 4C). As discussed, mouse models of arthritis and EAE
indicate that loss/suppression of VAV1 might restrict tissue-specific autoimmunity, slowing dis-
ease onset/progression [40,46,49,51]. Thus, targeting VAV1 may lead to attenuation of key path-
ogenic immune cell subsets across both arms of the adaptive immune system.

Options for VAV1-based therapeutic interventions

Despite being a preclinically validated target for T and T/B cell-mediated diseases, such as AlA
and EAE [40,49], the dual GEF-dependent and -independent functions of VAV1 have remained
‘undruggable’. Thiopurine metabolites/analogs interfere with GEF function, but do not directly
or selectively target VAV1 [63,106,107]. Directly targeting GEF active domains, such as those
found in VAV1, has proven challenging for drug discovery; the design of small-molecule modula-
tors that target large multidomain proteins lacking clearly defined binding pockets is difficult [2].
Preliminary reports of the genetic sequence and crystal structure of a VAV1 allosteric inhibitor”
suggest that targeting GEF function allosterically is possible, but further research is required. Re-
lease of autoinhibition is an absolute requirement for VAV1 activation [3]. Thus, any agent de-
signed to bind VAV1 through the domains constituting its catalytic (GEF) function would require
VAV1 to be activated to make binding sites available. Moreover, therapeutic approaches that in-
terfere exclusively with GEF function might, hypothetically, preserve VAV1 scaffolding functions,
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Clinician’s corner

Therapeutic options for autoimmune and
chronic inflammatory diseases remain
limited. Many drugs, the effect of which
is based on blocking a single protein
(e.g., anti-TNF or anti-IL-17A agents) or
signaling pathway (e.g., JAK inhibitors),
show insufficient efficacy and/or are as-
sociated with side effects.

Innovative therapeutic approaches
that are targeted, yet able to block
several proinflammatory mediators
simultaneously, would be useful
additions to the therapeutic
armamentarium, having the potential to
break through the ‘therapeutic ceiling’ in
the treatment of autoimmune and
chronic inflammatory diseases.

Targeted agents that block both GEF-
dependent and -independent func-
tions of VAV1 have the potential to
block multiple processes relevant to
autoimmune inflammatory responses,
including activation of cells of both the
adaptive and innate immune systems,
formation of immunological synapses
between T cells and APCs, and migra-
tion of immune cells to inflamed tissue.

Preclinical data in animal model
systems for arthritis and colitis
show that inactivation of VAV1 can
attenuate certain autoimmune and
chronic inflammatory processes.

New data suggest that it might be
possible to inhibit the expression or
function of VAV1 using therapeutic
approaches including RNA interfer-
ence, designer thiopurine analogs, and
molecular glue degrader strategies.
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resulting in inadequate attenuation of the target. Given these limitations, interventions that seek to
eliminate total protein function may be more effective compared with active site inactivation.

Which therapeutic modalities might target VAV1 expression/function? Building on the activity of
azathioprine, more specific designer thiopurine analogs may offer new avenues for VAV1/Rac
pathway blockade [63], but are yet to be tested in clinical trials. Another emerging modality is
targeted VAV1 protein degradation, which might be used to harness the ubiquitin-proteosome
system in the body, a natural process that regulates protein quality and homeostasis. Novel tech-
niques for degrading and eliminating disease-causing proteins are being investigated [111]. Re-
cent progress toward modulators of previously ‘undruggable’ proteins [2] has been made by
using strategies, such as protein—protein interaction disruptors or proteolysis targeting chi-
mera (PROTAC) degraders, to, for example, modulate the GEF Son of sevenless homolog 1
[112]. APROTAC degrader requires moieties capable of binding simultaneously to the target pro-
tein through a distinct binding pocket and to an E3 ubiquitin ligase, leading to ubiquitination of the
former and its subsequent removal from the cell [111]. While effective, this modality poses chal-
lenges for proteins such as VAV1, which lack obvious binding pockets.

Notably, molecular glue degraders (MGDs) are oral small molecules that can bind to, and induce
structural changes in, the surface of E3 ligase complexes, driving interaction with, and subsequent
ubiquitination of, novel protein targets and earmarking them for degradation [111]. Recent data on
a VAV1-targeting MGD, MRT-6160, which is in development for autoimmune and inflammatory dis-
eases, such as IBD and RA, report successful and specific degradation of VAV in vitro and in vivo, as
well as in vitro attenuation of TCR/BCR-mediated activation in primary human T/B lymphocytes, and
inhibition of T cell proliferation, and cytokine production in a dose-dependent manner [113,114]. In
vivo, orally administered MRT-6160 demonstrates promising preclinical activity in mouse models of
T and T/B cel-mediated disease, inhibiting disease progression in collagen-induced arthritis [113]
and colitis [114]. These studies also report that MRT-6160 inhibits disease progression concomitant
with reductions in: IL-17* and TNF" CD4* T cells [114,115]; proinflammatory cytokines (IL-6 and TNF)
in the serum [113] or diseased tissues [114,115]; autoantibody production [113]; and expression of
key markers of disease severity [113,114].

Finally, advances in RNA interference (e.g., antisense oligonucleotides and gene therapy) offer the
potential to target VAVT mRNA expression and block protein translation [116], although this re-
mains to be investigated. However, selectivity for VAVT (particularly over VAV2/3), dosing flexibil-
ity, and treatment accessibility are important considerations.

Concluding remarks

Although the efficacy and safety of any treatment modality targeting VAV1 remain to be determined
in humans (see Outstanding questions), we hypothesize that such interventions may have thera-
peutic potential to regulate T and T/B cell-mediated autoimmunity and chronic inflammation for cer-
tain pathologies. Loss/mutation of Vav1 can successfully abrogate inflammation, tissue damage,
and disease progression in mouse models of arthritis and EAE [40,46,49,51]. However, the use
of germline knockouts (where disruption of early T cell development might impact mature effector
lymphocyte function), and the lack of inducible systems or other methods to target the protein in
mature animals, clearly limit extrapolation of these data to adult human diseases. Certain preclinical
studies in models of arthritis [113] and colitis [114] have provided promising exploratory results
supporting the total attenuation of VAV1 function through protein degradation as one possible ther-
apeutic approach. Nevertheless, the effectiveness of these MOA in humans must be established in
randomized controlled clinical trials before targeting VAV1 can be considered a viable option for
treating certain autoimmune or inflammatory conditions.
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Outstanding questions

Is VAV1 a viable clinical target
in autoimmune  and/or  chronic
inflammatory diseases? While there is
strong evidence of a key role for VAV1 in
antigen  receptor  signaling, and
involvement in T and T/B cell-mediated
pathology, the efficacy of agents targeting
VAV1 must be determined in randomized
controlled clinical trials.

Can targeting VAV1 be safe? All available
drugs with potent immunomodulatory
capabilities have some increased risk
of infection, including serious and
opportunistic  infections, and an
inherent, albeit small, risk of malignancy,
particularly in the presence of certain
risk factors (older age and smoking).
The risk of serious and opportunistic
infections, such as C. albicans, as well
as other adverse outcomes in response
to agents targeting VAV1 must be
investigated.

How wil targeting VAV1 affect
proinflammatory cytokine production in
patients? The exact role of VAV1 in Th1/
Th2/Th17 differentiation and cytokine
production requires further investigation.

Wil targeting VAV1 affect other
hematopoietic cells? The risk:benefit
ratio of targeting VAV1 in different cell
types must be carefully determined.
Many autoimmune/chronic inflammatory
disorders are heterogenous in etiology;
to date, there is no ‘one size fits all’
approach in terms of effective drug
MOA. Agents that target multiple
aspects of the adaptive and innate
immune systems could have broader
than expected therapeutic benefits.

Will targeting VAV1 show efficacy in other
immune-mediated conditions? Although
a detailed review was beyond the
scope of this article, research shows a
pivotal role for VAV1 in oncology [117].
BTK, an essential component of BCR
signaling that physically associates with
VAV1 [118], is a major therapeutic target
in oncology and an investigational target
in autoimmune disease [119]. Studies
also link VAV1, as a positive regulator of
T cell function, with allograft survival
[120]. The efficacy/safety of targeting
VAV1 in patients with cancer or those un-
dergoing transplantation remains to be
fully elucidated.
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