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Immune inhibitory receptor
agonist therapeutics

Rustin R. Lovewell, Solomon Langermann and Dallas B. Flies*

NextCure, Beltsville, MD, United States

The immune system maintains the health of an organism through complex
sensing and communication mechanisms. Receptors on the surface of immune
cells respond to stimuli resulting in activity described at its most basic as
inhibitory or stimulatory. Significant progress in therapeutic intervention has
occurred by modulating these pathways, yet much remains to be
accomplished. Therapeutics that antagonize, or block, immune inhibitory
receptor (IIR) pathways, such as checkpoint inhibitors in cancer are a key
example. Antagonism of immune stimulatory receptors (ISRs) for dysregulated
inflammation and autoimmunity have received significant attention. An
alternative strategy is to agonize, or induce signaling, in immune pathways to
treat disease. Agonism of ISRs has been employed with some success in disease
settings, but agonist therapeutics of 1IRs have great, untapped potential. This
review discusses and highlights recent advances in pre-clinical and clinical
therapeutics designed to agonize IIR pathways to treat diseases. In addition, an
understanding of IR agonists based on activity at a cellular level as either agonist
suppression of stimulatory cells (SuSt), or a new concept, agonist suppression of
suppressive cells (SuSu) is proposed.
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Introduction

Plasma cell membrane molecules known broadly as cell surface receptors provide cells,
especially immune cells, with the ability to sense and communicate with the external
environment (1). This includes cell-to-cell communication by interaction with ligands
expressed on other cells, as well as the ability to sense and respond to non-cellular ligands,
including pathogens, soluble factors, and extracellular matrix molecules (2). Cell surface
receptors link to cytoplasmic molecules that engage in ordered interactions resulting in
signal propagation (1, 2). Integration of these signaling pathways direct immune
cell activity.

Immune stimulatory and inhibitory receptors, ISRs and IIRs, respectively, encompass a
broad range of immune cell surface receptors that function to regulate the duration and
magnitude of immune responses (1, 3). As the name implies, ISRs induce signaling
pathways that increase immune activity, generally through kinase-mediated
phosphorylation of proteins that induce structural changes in molecules resulting in
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signal propagation (Figure 1) (4). IIRs down-modulate signal
propagation, and counter-act ISR pathways, generally through
phosphatase-mediated de-phosphorylation of activation pathways
(Figure 1) (5, 6). IIRs can also maintain self-tolerance, quiescence,
and homeostasis in inflammatory settings (7, 8).

Immune regulation by IIRs

The human genome may encode over 300 IIRs (3, 7). IIRs are often
considered receptors that dampen T cell receptor (TCR) signaling and
the propagation of T cell responses (9, 10). An expanded definition
encompasses immunomodulatory receptors that broadly regulate both
adaptive and innate cell processes (11-13). Recognition of this broader
repertoire of IIRs, and the corresponding downstream signaling
pathways, has expanded biological understanding of immune
regulation. However, the majority of IIRs are poorly characterized, so
much work is needed to understand the nuances of IIR biology.

The balance of stimulatory versus inhibitory signals is a vital
determinant of immune cell phenotype and function (Figure 2)
(14). Studies on IIR biology have revealed the critical role for
inhibitory signaling in maintaining homeostasis in the presence of
stimuli (14-17). Loss of function mutations in IIR pathways are
responsible for many chronic inflammatory disorders (8, 18, 19),
and one of the hallmark adversities facing approved immune
checkpoint inhibitors (CPIs) is the incidence of autoreactive T
cells that arise from persistent blockade of IIR signaling (20, 21). As
such, when IIR expression levels or signaling capability is decreased,
stimulatory activity may increase in contextual settings, such as
inflammation, where IIRs are needed to maintain homeostasis.

Agonist versus antagonist therapeutics

Therapeutics are characterized by their functional effect on a
cognate antigen (22). A therapeutic targeting the same antigen can
have very different effects depending primarily on the epitope, the
part of the antigen/molecule to which the therapeutic binds, as well
as other factors of the therapeutic reviewed for mAbs in (22).

A therapeutic described as an antagonist, for the purposes of this
review, is a drug that binds to a molecular epitope on either a receptor
or a ligand that disrupts (blocks) the function of a natural receptor-
ligand interaction. While the natural function of a receptor-ligand
interaction may be other than cell signaling, such as adhesion, simply
put for the purpose of this review, an antagonist will bind to a molecular
epitope that disrupts or blocks the signaling capability of a receptor.

Conversely, for purposes of this review, an agonist therapeutic
will engage a molecular epitope on a receptor that induces
downstream, intracellular signaling pathways that confer
functional outputs in a cell. Agonists bind to epitopes that mimic,
enhance, or add to a natural, cognate receptor-ligand interaction
resulting in cell signaling. As such, an agonist therapeutic may bind
the identical epitope as a natural ligand, or a different epitope than a
natural ligand(s). This means an agonist may have the additional
function of blocking the natural receptor-ligand interaction, or if
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the therapeutic binds to a different epitope than the natural ligand,
the agonist therapeutic may synergize with natural ligands for
enhanced signaling. These points will be further touched upon in
this review, but details can be reviewed elsewhere (22).

From a therapeutic perspective, antagonism (blockade) of IIRs has
been the primary approach of cancer immunotherapy, and are usually
referred to as checkpoint inhibitors (CPIs), with PD-1 being the
quintessential example. Antagonism of ISRs to block stimulatory
receptor signaling is an important approach for autoimmune and
inflammation-associated diseases, with CTLA4-Ig, otherwise known as
Abatacept, being a quintessential example of blockade of CD28 ISR
receptor interaction with both B7-1 and B7-2 ligands (23). Antagonist
therapeutics will bind target receptors or ligands and obstruct and/or
outcompete natural receptor-ligand interactions, thereby preventing
receptor-mediated signaling (Figure 3). CPIs that block IIRs to
promote immune responses continue to yield clinical success for
many cancer patients (24), as does the blockade of ISR pathways in
patients with autoimmune or inflammatory disease, or those
undergoing transplantation (25-27).

As mentioned above, an agonist therapeutic will promote signal
transduction through a receptor that generally mimics a natural
endogenous ligand, but may also enhance signaling in comparison to
endogenous ligand (Figure 3). Agonists against ISRs have been a focus
of attention in cancer. While an early CD28 super agonist, TGN1412,
famously failed years ago, 4-1BB (CD137), OX40, GITR, CD40, new
CD28 agonists and other ISR agonists have continued to make progress
as therapeutics (28, 29). ISR agonists will not be discussed in detail in
this review and can be review elsewhere (30, 31).

The clinical path for IIR agonist therapeutics, in comparison to ISR
therapeutics, has received less attention until recently. This is partly due
to limitations in clearly understanding the characteristics that make a
good agonist. Of key importance is the spatial requirement of IIRs
(Figure 4). Receptor localization often dictates function (18). This
means the spatial proximity of a sufficient number of IIRs can also
dictate function. As such, an agonist often requires receptor clustering
or crosslinking. In the case of an antibody, this may occur via the
antibody’s multivalent binding regions (Figure 5). Oftentimes clustering
and crosslinking by mAbs requires the IgG Fc region of a mAb to bind
to Fc receptors expressed on immune cell populations. As such, many
agonist mAbs are engineered with IgG Fc regions designed to enhance
their engagement with Fc receptors (FcR) as a key mechanism of
increasing crosslinking and clustering of ITRs (and ISRs) (32).

Importantly, the proximity of IIR and ISR receptors, and the
respective signaling components, is crucial to the ability of IIR-
mediated regulation of ISR stimulatory pathways (Figure 4) (33, 34).
Therefore, in conditions lacking proper stimuli, and where receptor
localization is absent, the activation of phosphatases by an IIR agonist
may be limited (Figure 4). In addition, IIR signaling in the absence of
localization with ISRs may be inconsequential, since phosphatases may
have less effect when spatially distanced from stimulatory components
(Figure 4) (7, 14). Moreover, as mentioned above, it is important to
recognize that while an agonist will most often block endogenous ligand
binding to a cognate receptor due to a shared binding epitope, in some
cases synergy may occur between agonist and endogenous ligand if
both are capable of binding a receptor simultaneously. Finally, because
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FIGURE 1

ISRs interact with ligands leading to activation and effector activity. IIR signaling prevents stimulation, inhibits previously stimulated cells, and may

induce inactivity and cell death.

IIR agonism is inducing signaling, it should be considered an active
process of inhibiting cell activity, rather than the passive method of
removing (blocking) a stimulatory signal to decrease cell activity, as
occurs with antagonism if ISRs. As the repertoire of clinical stage
immunotherapeutics targeting IIRs grows, recognizing mechanistic
differences will be important for designing effective clinical strategies.
The majority of this review will focus on mAb IIR agonists, but we will
also touch upon emerging small molecule IIR agonists.
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IIR agonism at a cellular level: SuSt
or SuSu

The ultimate functional outcome of targeting cell surface
immune receptors is to effect change on a cellular level (15). The
functional outcome of IIR agonists on cellular activity is context-
dependent, as is generally the case with immunity, and generally
results in two over-arching outcomes. The first is the well-
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FIGURE 2

Balance of ISR and IR levels on the cell surface, along with ligand availability and binding kinetics, are important for determining cell phenotype.

understood notion of inducing IIR signaling to suppress stimulated
or stimulatory cell functions (8). These may be called “suppress the
stimulator” (SuSt) agonists (Figure 6). The second outcome is a
more counter-intuitive and speculative concept of suppressing the
suppressive cells. These therapeutics may be called “suppress the
suppressor” (SuSu) agonists (Figure 6). SuSt agonists are commonly
utilized in autoimmune and inflammatory diseases. Whereas a
more novel concept can be considered for SuSu agonists in
contextual conditions, such as cancer, where suppressive cell
populations, including myeloid derived suppressor cells (MDSCs)
and regulatory T cells (Tregs), can actively suppress beneficial anti-
tumor immune responses, and where IIR SuSu agonists could
inhibit key functions of these suppressor cells to restore
proper immunity.

It should be noted that the concept of induced suppression of
suppressive cell mechanisms of action by IIR agonism would be
considered an active process, altogether different from blocking
inhibitory receptors on suppressive cells, which in simple terms is
thought to convert a suppressive cell phenotype into a less
suppressive or stimulatory phenotype. As an example, targeting a
tumor-associated macrophage (TAM) with an IIR antagonist
blocking mAb may promote conversion toward an “M1” like-
state and generate the associated stimulatory cytokines (35).
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However, a SuSu agonist might shut down TAM trafficking,
production of inhibitory cytokines, and potentially induce
apoptosis, rather than converting or reverting the TAM into a
different cell phenotype.

Preclinical and clinical IR
agonist therapeutics

Therapeutic modalities continue to expand, but here we focus on
two major categories of biologics and small molecules. Agonist
monoclonal antibodies (mAbs) against ISRs such as CD28, 4-1BB,
CDA40, and other Tumor Necrosis Family Receptors (INFRs) have
been in clinical testing for cancer for many years and are reviewed
elsewhere (31). Agonist monoclonal mAbs or proteins against IIRs are
now emerging for intervention against inflammatory and autoimmune
disorders (8, 18). Small molecule agonism of IIRs is also advancing
concurrent with progress in the biologics space. The following sections
describing research and clinical development of IIR agonists is broken
down into three sections. The first is biologic agonists in autoimmune
and inflammation-associated diseases. The second section is on small
molecule agonists in autoimmune and inflammation-associated
diseases. The third section is the potential use of IIR agonists in cancer.
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FIGURE 3

Antagonism and agonism of ISRs and IIRs. The effect of endogenous ligand is shown on the left. The middle depicts antagonist activity of non-

activated and activated cells. The right side depicts agonist activity of non-activated and activated cells.
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Biologic IIR agonists in inflammation
and autoimmune disease

The past few decades have seen important advances in

understanding of the biology of IIRs. This knowledge is now being

PD-1/PD-L1

leveraged toward novel agonist treatments for multiple non-oncology

disorders (Table 1) (18, 36). From a cellular, functional outcome point-
of-view, agonist targeting in the inflammation and autoimmune disease
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setting are routinely considered SuSt type agonist therapeutics designed
to suppress aberrantly stimulatory or activated cell populations.

PD-1 remains the most clinically targeted immune checkpoint
molecule across all indications (38). PD-1 is expressed on T cells, is
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FIGURE 4

Localization, proximity and activation state are important for both ligand induced inhibitory receptor function, and agonist therapeutic activity.

associated with T cells with reduced anti-tumor function, and
promotes inhibitory signaling when engaged to PD-L1, which is
expressed on tumor cells and some immune cell subpopulations (1).
Antagonism of the PD-1/PD-L1 interaction has proven successful
in treating cancer. Currently, the inverse strategy of agonizing PD-1
to dampen hyperreactive T cells in certain autoimmune/
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inflammatory conditions has been gaining momentum (39-44).
As mentioned above, an antagonist vs agonist therapeutic depends
on the epitope of PD-1 to which the therapeutic binds. It is beyond
the scope of this review to discuss in detail specific epitopes of
agonists and antagonists, to the extent this is known and in the
public domain, but some detail can be found here (22, 45). While
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FIGURE 5

IIR agonist induction of signaling is dependent on both the receptor ability to signal in monovalent or multivalent fashion, and the agonist ability to
crosslink or cluster receptors. An IIR agonist may synergize with endogenous ligand as shown on the right.

the PD-1 agonist mAb CC-90006 has been tested in psoriasis
patients since 2016 (NCT03337022), the most clinically advanced
PD-1 agonist to date is peresolimab (LY3462817), currently in a
phase II clinical trial for patients with moderately-to-severely active
rheumatoid arthritis (NCT05516758). Similarly, Luu et al. recently
reported that the PD-1 agonist rosnilimab reduced peripheral T cell
proliferation, cytokine secretion, and circulating PD-1"8" T cells in
a Phase 1 safety and tolerability trial (NCT06127043), showcasing
the overall potential of anti-PD-1 agonist therapeutics.

VISTA/PD-1H

V-domain immunoglobulin suppressor of T cell activation
(VISTA), also called Programmed Death-1 Homolog (PD-1H), is

Frontiers in Immunology

a type I transmembrane inhibitory receptor with expression
restricted to immune cells (46-49). VISTA is expressed on both T
cell and myeloid cell compartments and maintains immune cell
quiescence (50). VISTA was first identified as an inhibitory receptor
expressed on T cells (PD-1H). An important difference between
PD-1 and PD-1H is that PD-1 is expressed on activated T cells,
while PD-1H can be expressed on naive T cells and regulatory T
cells, as well post-priming T cells (46-48). As such, while agonist
targeting of PD-1 may target resolution of disease, PD-1H/VISTA
agonist target may potentially prevent, reduce and resolve disease.

To date, human agonist mAbs against VISTA have been
challenging to identify, and no agonist mAbs against VISTA have
been employed in the clinic for treatment of inflammatory disease, but
strong preclinical findings in murine studies have highlighted the
potential for clinical development (51). Specifically, VISTA agonist

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1566869
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lovewell et al.

SuSt: Suppressing
the stimulators

Loss of stimulatory
capacity and
functionality

FIGURE 6

10.3389/fimmu.2025.1566869

SuSu: Suppressing
the suppressors

(KEY

\ 7 agonist
mAb

= inhibitory
receptor

= activated cell

= non-activated,
quiescent and/or
homeostatic cell

= suppressor cell

Loss of suppressive
capacity and
functionality

Agonism of [IRs on stimulated or stimulatory cells results in loss of stimulatory capacity and functionality. Agonism of [IRs on suppressor cells may

result in loss of suppressive capacity and functionality.

antibodies suppressed alloreactive T cells in mouse models of GvHD,
acute inflammation, and acute hepatitis (46-48). Likewise, suppressed
autoimmunity was observed in models of systemic and cutaneous
lupus erythematosus (52), and reduced lung inflammation and disease
severity was observed in experimental asthma models (53). These
findings are further supported by studies showing that mice treated
with VISTA agonists displayed decreased nuclear factor-kB (NF-kB)
signaling, increased survival, and improved disease score in models of
hepatitis, arthritis, and psoriasis (54), as well as decreased pulmonary
fibrosis during bleomycin-induced fibrotic disease (55). Interestingly, a
group has identified at least two FDA-approved small molecules as
agonists of VISTA (further discussed below), which may provide a
viable alternative to developing agonist mAbs (56, 57).

PSGL-1

P-selectin glycoprotein ligand-1 (PSGL-1, CD162), while not
necessarily considered an inhibitory receptor, but rather an

Frontiers in Immunology

adhesion molecule that binds to P selectin to regulate T cell
migration and function (58), also has inhibitory signaling activity.
Moreover, PSGL-1 has been shown to bind to the inhibitory
molecule VISTA, particularly under acidic conditions in tumor
microenvironments, where this interaction appears to play a role in
suppressing anti-tumor immunity (59). Preclinical models of
GvHD and type I diabetes demonstrated that an agonist mAb
against PSGL-1 could promote apoptosis of hyperactivated T cells
without affecting the binding of P selectin (60). These data led to the
development of neihulizumab (ALTB-168) and a phase II clinical
trial in patients with psoriatic arthritis and ulcerative colitis
(NCT03298022). The trial showed promising clinical responses
but unfortunately did not reach completion due to site
operational difficulties associated with the COVID-19 pandemic.
Multivalent antibodies with >2 antigen binding regions have
been shown to form higher-order receptor super-clusters compared
to bivalent counterparts, which can in turn drive better agonist
activity (61-63). The second-generation follow-up to neihulizumab,
leiolizumab (ALTB-268), is a tetravalent molecule with 4 antigen
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TABLE 1 IR targets and agonists therapeutics.

10.3389/fimmu.2025.1566869

Target Agonist Company Indication Highest Stage Achieved
PD-1 Peresolimab Eli Lilly Rheumatoid Arthritis Phase 11
Rosnilimab (ANB030) Anaptysbio Rheumatoid arthritis and Phase II
Ulcerative Colitis
CC-90006 Anaptysbio/ Bristol Myers Squibb Psoriasis Phase IT
(ex Celgene)
PT627 Merck & Co (ex Preclinical
Pandion Therapeutics)
MBI151 Gilead (ex Mirobio) Preclinical
RTX-002 Ibio (ex RubrYc) Preclinical
LAG-3 IMP761 Immutep Phase I
BTLA BTLA AnaptysBio Atopic Dermatitis Phase II
ChemR23 OSE-230 OSE Immunotherapeutics Inflammatory Bowel Disease Preclinical
SIRPou name undisclosed Genentech Rheumatoid Arthritis and Preclinical
Inflammatory Bowel Bisease
PSGL-1 Neihulizumab Altrubio GvHD, Psocriatic Arthritis, Phase I1
Ulcerative olitis
LAIR-1 NC525 NextCure AML, CMML, MDS Phase 1
CD200R LY345738/Ucenprubart Eli Lilly Atopic Dermatitis Phase II
VSTM-1 Name undisclosed NextCure COPD, Inflammatory Preclinical
Bowel Disease
VISTA INX803 Immunext Preclinical
7G1 (37) Sunnybrook Research Institute/ Preclinical
University of Toronto
M351-0056, Imatinib, Nanjing University Autoimmune Disease Preclinical
Baloxavir marboxil

binding domains which promote receptor super-clustering and thus
improve activity over the parent molecule, and currently in a phase
IT study in subjects with moderately-to-severely active ulcerative
colitis (NCT06109441).

LAIR-1

Leukocyte Associated Immunoglobulin Like Receptor 1 (LAIR-
1, CD305) is a hematopoietic cell restricted IIR that binds to
collagen-domain containing ligands to dampen cellular responses
(64). The anti-inflammatory role of LAIR-1 has been well-
documented, yet LAIR-1 has differential functions depending on
the disease setting (16, 65-67). LAIR-1 has similarities to VISTA/
PD-1H in expression pattern; it is expressed on both naive and post-
priming T cells, and is broadly expressed on other immune
populations as well (7, 68). With this in mind, agonists targeting
LAIR-1, as with VISTA, could help to prevent, reduce and resolve
disease, rather than only targeting the resolution phase of disease. A
LAIR-1 agonist IgG1 mAb was developed for the treatment of heme
cancers (clinical trial NCT05787496) based on its role in promoting
leukemic cell apoptosis (67, 69). However, the ligation of LAIR-1 by
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agonist mAbs can also inhibit myeloid cell Toll-like receptor 4
(TLR-4) and Interferon alpha (IFN-o) induced signaling,
phenotypic differentiation, and cytokine expression, as well as NK
cell- mediated cytolysis and B cell receptor-mediated signaling (16,
70, 71). As such, LAIR-1 agonists are a highly promising treatment
for patients with inflammatory and autoimmune disease.

TIGIT

T cell immunoreceptor with Ig and ITIM domains (TIGIT,
VSIGY, VSTM3, WUCAM) is another well-described IIR targeted
in advanced clinical trials, often targeted with blocking antibodies to
restore T cell function in cancer (72). Joller, Kuchroo and colleagues
identified TIGIT and first identified both agonist and antagonist
antibodies (73). While specific mAb clones were identified with
either antagonist, agonist, or both properties, that bound to
different epitopes of TIGIT, the specific binding site of these
mAbs was not elaborated on (74). An agonist antibody decreased
effector T cell proliferation and cytokine production, but also
enhanced IL-10 transcription in Tregs. TIGIT signaling may
reduce protein kinase B (Akt)/mammalian target of rapamycin
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(mTOR) activity and signal transducer and activator of
transcription 4 (STAT4) signaling, and can also act upstream of
TCR signaling to reduce expression of the TCR signaling complex
(75). Because of the multiple effects of TIGIT on effector T cells and
Tregs, agonist targeting of TIGIT appears promising. Studies
continue to emerge linking the expression of TIGIT to
autoimmune disorders, as well as the benefit of agonist targeting
of TIGIT in settings such as systemic lupus erythematosus (SLE),
Sjogren’s syndrome, and transplantation (76-78). In SLE,
specifically, agonism of TIGIT by the ligand protein CD155
delayed progression of disease in a mouse model of SLE through
down-modulation of CD4+ T cells (79). In addition, engineering a
PD-1/TIGIT dual activating nanoparticle with dexamethasone was
demonstrated to act synergistically to treat SLE (80).

LAG-3

Lymphocyte-activating gene-3 (LAG-3, CD223) is an IIR and
well-established checkpoint that has also been broadly targeted for
cancer immunotherapy. Relatlimab (LAG-3 blocking antibody) in
combination with nivolumab has been approved for patients with
advanced melanoma (81). A LAG-3 agonist antibody IMP761 has
been shown to inhibit TCR-mediated nuclear factor of activated T
cells (NFAT) activation, antigen-induced human T cell
proliferation, and, in a cynomolgus macaque model of antigen-
specific delayed-type hypersensitivity (DTH), the antibody
suppressed pathogenic T cell responses (82). IMP761 has
progressed to a Phase I dose escalation study in healthy
volunteers (NCT06637865). It is likely that additional innovative
and engineering strategies will emerge to agonize LAG-3 for the
treatment of autoimmune disease.

BTLA

BTLA is a T and B cell-expressed IIR that is upregulated in
rheumatoid arthritis, and variable expression and/or signaling
capacity is several other autoimmune diseases (83). ANB032 is a
BTLA agonist mAb was in Phase II clinical trials for treatment of
atopic dermatitis (AD) (NCT05935085). In addition to being
expressed on B and T cells, BTLA is also expressed on Dendritic
Cells (DCs). A primary mechanism of ANB032 is agonist inhibition
of DC maturation, thus reducing antigen presentation as well as ISR
ligand expression (84). In addition, ANB032 has also been shown to
induce regulatory T cells, but not effector T cells, thus reducing
multiple T cell produced cytokines associated with autoimmunity
and inflammation. The mAb contains an IgG4 Fc region engineered
to enhance FcR engagement and promote BTLA signal transduction
(32, 84). Although ANB032 did not meet primary or secondary
endpoints in AD and the trial was ended, the agonist mAb was well
tolerated and safe. While the Phase II trial treated patients that were
anti-IL-13 or dupilmab naive or experienced, it is interesting to
speculate if ANB032 would have benefit in combination settings.
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CD200R

CD200R is an inhibitory receptor expressed on several immune
subsets including macrophages, DCs, activated T cell subsets and
mast cells (85). Humans appear to have only one functional
isoform, CD200R1, while rodents may have additional splice
variants (85). Upon CD200R binding to CD200 ligand expressed
on both immune and non-hematopoietic cells, two (human)
cytoplasmic domain tyrosine residues are phosphorylated and
recruit inhibitory adaptor proteins Dokl/2 for downstream
inhibition of Ras/MAPK pathway, although additional pathways
may also exist (85). Interest in agonist targeting of CD200R in AD
comes from data indicating expression on Th2 type cells involved in
allergic responses. However, agonists LY345738 (ucenprubart) is
currently in a Phase II study (NCT05911841) in AD after
demonstrating safety in Phase I proof-of-concept study in healthy
individuals. It is likely that CD200R agonist could be used for other
indications based on expression patterns in disease, including
treating cold urticaria by inhibiting mast cells (86).

VSTM-1

V-set and transmembrane domain containing 1 (VSTM-I,
SIRL-1) is a cell-surface inhibitory receptor highly expressed on
granulocytes and subsets of monocytes (87). VSTM-1 inhibitory
signaling is induced when the receptor binds to amphipathic alpha-
helical damage-associated molecular pattern (DAMP) motifs on
ligands such as cathelicidin and the S100 proteins (88, 89). VSTM-1
thus functions as a regulator of myeloid cell-driven inflammatory
cascades. An agonist monoclonal antibody against VSTM-1
inhibited ERK1/2 signaling to suppress NETosis, production of
reactive oxygen species (ROS), and cytokine release in
inflammatory granulocytes in vitro and ex vivo (88, 90, 91). These
preclinical data indicate that VSTM-1 may be a novel target for
therapeutic intervention of granulocytic inflammatory disorders.
While VSTM-1 is described here as a SuSt cell type therapeutic, it
should be noted that in the context of cancer, where neutrophils and
NETosis are associated with immune suppressive function and
cancer progression, we speculate that agonism of VSTM-1 could
act as a SuSu therapy to restore anti-tumor immunity.

SIRPa

Antagonist blockers of the signal-regulatory protein alpha
(SIRPa)-CD47 “don’t eat me” signal in phagocytic macrophages
have long been pursued as anti-cancer therapeutics. SIRPo
(CD172a) is an IIR shown to inhibit myeloid cell phagocytosis,
migration, and activation (92). The development of SIRPo. agonist
IIRs has lagged significantly behind anti-cancer antagonists, but
may be poised to make a comeback. A preclinical study by Xie et al.
demonstrated increased SIRPo" myeloid cells in inflamed tissue,
and that an agonist mAb against SIRPo inhibited neutrophil and
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monocyte chemotaxis to ameliorate autoimmune joint
inflammation or inflammatory colitis in mouse models of RA or

inflammatory bowel disease (IBD), respectively (93).

CMKLR1

CMKLRI1 (Chemerinl/ChemR23) is a myeloid-expressed G
protein-coupled receptor (GPCR) that binds lipidic resolvin E1
and chemerin to resolve the inflammatory plateau during activated
immune responses (94). In multiple in vitro and in vivo models, an
agonist antibody against CMKLR1 reduced tissue neutrophil
accumulation, reprogrammed macrophage phenotype, and
triggered resolution of chronic inflammation (95, 96).

Taken together, clinical and preclinical data for agonist
antibodies targeting IIRs point to a surge of activity in such an
approach and suggest a strong likelihood of approval of agonist IIR
antibodies for inflammatory and autoimmune diseases. Moreover,
the receptors discussed here comprise only a small number of the
potential inhibitory receptors that have been identified, suggesting
continued growth in this area for years to come.

Small molecule IIR agonists in
inflammation and
autoimmune disease

Small molecule antagonism of ISR pathways (e.g. JAK-STAT
pathways) has been well-documented for treating inflammation-
associated, autoimmune, and fibrotic diseases (97, 98), and will not
be discussed here. Likewise, small molecule antagonism of IIR
pathways (e.g. PD-1, IDO) for treating cancer has been the basis
of many current and developing therapeutics and can be reviewed
elsewhere (99-101).

Studies investigating small molecule agonism of inhibitory
pathways have lagged behind, likely because it is difficult to
develop small molecule agonists for inhibitory receptor
extracellular regions, and fewer specific, targetable intracellular
inhibitory pathways have been identified in comparison to
targetable stimulatory pathways. As such, there are currently no
reported small molecule IIR agonists that are under development
commercially, although this is likely to change, and may benefit
from computational methodologies to predict IIR agonist molecules
as SuSt-type therapeutics for inflammation-associated and
autoimmune diseases.

Small molecules also have the potential to directly target IIRs on
the cell surface and function as agonists, although most small
molecule agonists currently target intracellular molecules (102).
Indeed, extracellular region targeting may be a key for the
advancement of small molecule agonists of IIRs. Functional
specificity is likely to be enhanced by targeting extracellular
regions of IIRs, since intracellular components are often involved
in multiple cellular functions that could lead to broad,
undesirable effects.
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VISTA/PD-1H

As mentioned earlier, Jun Liu’s group screened small molecules
for identification of VISTA agonists by molecular docking, surface
plasmon resonance, and cellular level experiments and discovered
that VISTA agonists M351-0056 and imatinib, the latter an FDA
approved tyrosine kinase inhibitor, alleviated lupus-like disease
progression in chronic GvHD mice and in MRL/lpr mice by
inhibiting activation of interferon I (IFN-I) and the noncanonical
NF-xB pathway in monocytes (56, 103). Liu’s group went on to
show that baloxavir marboxil, an antiviral drug for influenza, bound
to VISTA and functions as an agonist to suppress lung
inflammation in mouse asthma models (57). These studies were
followed by a publication detailing discovery, synthesis and activity
of small molecules targeting VISTA (104). These studies are
significant in a) demonstrating small molecule agonism through
extracellular binding of a cell surface receptor, b) supporting
biologic-based agonism of the VISTA pathway, and finally c) for
providing an additional avenue for targeting of VISTA during
inflammation and autoimmunity, since generation of an anti-
human agonist antibody has been challenging as demonstrated by
the lack of such biologics under therapeutic development. A major
caveat to these results is that imatinib and baloxavir marboxil are
not specific for VISTA, although the above studies did demonstrate
the requirement of VISTA for drug activity in the experimental
settings that were tested.

Intracellular phosphatases

Agonist targeting of IIR intracellular signaling components,
such as phosphatases, as a means to induce immune inhibitory
pathways, is not only challenging to study but has historically been
unsuccessful therapeutically (105). However, small molecule
targeting of phosphatases with antagonists or degraders continues
to be of great interest. In fact, many of the phosphatases considered
as targets for cancer with small molecule antagonists are the same
phosphatases that would be ideal to target with agonists for
inflammation and autoimmune indications. These include Src
homology region-2 domain containing phosphatase-1 and 2
(SHP1 and SHP2, also called PTPN6 and PTPNI11), protein
tyrosine phosphatase 1B (PTB1B), and others reviewed here (105).

SC-43 and SC-78 are examples of orally available, small
molecule agonists of SHP-1 (106). These agonists trigger
conformational changes that inhibit STAT3 signaling. It is
important to note that agonism of SHP-1 dephosphorylates JAK
and STAT proteins, among others, and is thus very different from,
for example, a direct STAT3 antagonist. Indeed, the nuance is that
an SHP-1 agonist will regulate pathways in addition to STAT3 and
thus have a broader effect, while at the same time only eliciting
context dependent activity in the presence of stimulatory pathway
activation. A study by Hong et al. indicated that targeting fibrosis-
associated macrophages with SHP-1 agonists reduced idiopathic
pulmonary fibrosis (107). It is likely that many other autoimmune
and inflammation-associated diseases could benefit from SHP-1
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agonists. It is possible that artificial intelligence initiatives may aid
in the ability to develop potent, highly specific SHP-1 (or possibly
SHP-2) agonist molecules.

Other immune inhibitory signaling molecules that can be
targeted with small molecule agonists include SHIP1 (108) and
PP2A (109). In addition, identification of specific cell surface
receptors that preferentially induce these inhibitory pathways will
allow for development of novel IIRs.

Inhibitory G-o

GPCRs that signal through the inhibitory G-ot (G-0t) subunit to
regulate the adenylyl cyclase (AC), cyclic-AMP (cAMP), and
protein kinase A (PKA) pathways can be considered non-
canonical inhibitors of immune function. For example, small
molecule cannabinoid signaling through cannabinoid receptors,
particularly CB2 expressed on populations of immune cells, is
capable of suppressing immune-mediated inflammation (110).

Immune Inhibitory Antibody
Conjugates (IIACs)

It is also suggested here that, rather than immune stimulatory
antibody conjugates, or ISACs, for the treatment of cancer, conjugating
antibodies to small molecule agonist inhibitors, or immune inhibitory
antibody conjugates (ITACs), should allow for an expanded set of
targetable inhibitory pathways, and a broad new class of therapeutics.
Moreover, utilizing small molecule agonists of phosphatases, G-alphai,
SHIP1 and other pathways, combined with a cell surface antibody
specific for immune cell subsets localized to inflammatory and
autoimmune disease settings could confer highly specific activity to
an inhibitory signaling component that may otherwise have broad
activity, as may be the case with SHP-1 or G-alphai pathways.

Despite the challenges, the development of small molecule
agonists of IIR pathways could be utilized in a variety of disease
settings and would likely yield an improved safety profile in
comparison to immune antagonists. Moreover, we predict that
innovative advancements will take place in this area and look
forward to the development of novel immune inhibitory antibody
conjugate therapeutics.

[IR agonists in cancer

In cancer, tremendous efforts have been made to understand
and antagonize classic T cell checkpoint molecules such as PD-1
and CTLA-4 with the aim of untethering adaptive immune
responses against cancerous cells (111, 112). More recently, the
impact of non-T cell-centric IIRs, and the subsequent patient
responses to immunotherapeutic intervention, have gained greater
appreciation. Beyond Tregs, Myeloid-derived suppressor cells
(MDSCs) are now recognized as major mediators of T cell
suppression within the tumor microenvironment (TME). While
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the mechanisms that drive suppressive phenotypes are complex and
beyond the scope of this review, IIR expression on both Tregs and
MDSCs provide additional avenues for agonist therapeutics.

The concept of SuSu agonist therapeutics is particularly relevant
in the context of the TME. Suppressor cells, including MSDC
subpopulations, Tregs, and other suppressive populations that
actively suppress an effective immune response could be targeted
with IIR SuSu therapeutics to essentially suppress the suppressor
cells, or more precisely, to suppress the suppressive functions of the
suppressor cells. While there is little or no literature to highlight this
concept in the context of agonist therapeutics, a few SuSu targets are
described below that might effectively suppress suppressor cell
function in the TME.

VISTA

VISTA is one example of an IIR that is expressed on myeloid
cells in solid tumor and AML (113, 114). Blockade of VISTA has
demonstrated anti-leukemic effects, and since its initial
characterization in 2011, VISTA has been targeted with blocking
agents in multiple phase I and II clinical trials for the treatment of
cancer (115, 116). However, agonist VISTA antibodies have not
been tested in a cancer setting. Whether such antibodies would have
activity in solid tumors remains to be determined. In particular, the
balance of effects on VISTA agonist ability to suppress suppressive
cell functionality, versus suppressing effector T cell functionality,
would have to be considered in the same way that blockade of
VISTA on effector T cells may also release suppressive cell
functionality. The reason a VISTA agonist may be more
appealing in this setting is that agonist signaling may only occur
on cells expressing high levels of VISTA, where cross-linking is
likely to occur more readily, thus leaving T cells that express lower
levels of VISTA unaffected. In other words, it is possible that a
VISTA agonist may be a more mechanistically specific, targeted
therapeutic in comparison to a blocking VISTA mAb in the context
of cancer.

LAIR-1

Like VISTA, LAIR-1 was described above as a prime candidate
for agonist targeting in inflammatory and autoimmune disease.
However, LAIR-1 is also upregulated on several immune subsets in
the TME of solid tumors (117-120), as well as on AML cells (67).
Antagonist LAIR-1 therapies have been tested in clinical trials for
the treatment of cancer, albeit with limited success to date
(NCT05572684, NCT05215574).

Since LAIR-1 can be expressed on TAMs, MDSCs and other
potentially suppressive subpopulations of immune cells, it is
entirely possible, although untested, that agonist targeting of
LAIR-1 could be a SuSu therapeutic, resulting in removal of
suppressive pathways to strengthen anti-tumor immunity.
Support for this notion comes from studies of LAIR-1 in heme
cancers, as noted above. In leukemic cells LAIR-1 functions to
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suppress aberrant mTOR, NF-kB, and Akt self-renewal activity to
promote apoptosis (67, 69, 121). It is also interesting that several
studies have identified aberrant LAIR-1 expression on solid tumor
cells, indicating that LAIR-1 may not be restricted to immune cells
in the TME (118, 120, 122). It would be interesting to interrogate if
agonist LAIR-1 antibodies could directly suppress tumor cell
growth and potentially induce tumor cell death, as suggested by
overexpressed of LAIR-1 on tumor cells signaling through the
PI3K-AKT-mTOR axis (123).

DR5

While DR5 (TNFRSF10B, TRAIL-R2) is not a canonical IIR, but
rather induces apoptosis of cells through a death domain, some reports
suggest the endogenous DR5 ligand, TRAIL, may also induce tumor
progression, invasion, and metastasis (124). Some therapeutics
targeting IIRs have sought to optimize clustering through multivalent
modalities and FcR anchoring (reviewed in (125). A recent clinical
example of a multivalent agonist mAb is the anti-DR5 antibody IGM-
8444, which is an agonistic IgM antibody with 10 DR5 binding sites
that results in inhibition of cells expressing DR5 (126). This is currently
in a phase I trial for relapsed and/or refractory solid or hematologic
cancers (NCT04553692).

Another interesting modality targeting DR5 is the tetravalent
FAP-DR5 antibody RG7386. This construct utilizes anti-FAP Fab
regions on one end of the molecule’s Fc domain and anti-DR5
domains on the other end, and hyper-clustering of DR5 on tumor
cells can be induced by antibody bridging of DR5 on target cells with
FAP expressed on cancer-associated fibroblasts (127). A Phase 1 dose
escalation study in patients with advanced or metastatic solid tumors
reported a favorable safety profile, 1 partial response, and 6 stable
disease outcomes from 31 evaluated patients (NCT02558140).

[IR agonist therapeutic opportunities
and challenges

The fundamental difference in the IIR agonist approach
compared to canonical antagonist strategies opens new areas of
immunotherapeutic potential with both advantages and challenges.
While it has typically been challenging to generate agonist mAbs,
recent years have seen improvements in mAb generation
technology in combination with a large expansion of companies
utilizing artificial intelligence and machine learning strategies to
optimize antibody constructs, as well as to identify, develop, or
repurpose new small molecule agonist. It is therefore likely that this
hurdle will be more readily overcome in the near future.

While an ideal agonist, whether biologic or small molecule,
would not require molecular crosslinking or clustering, but rather
binding to highly specific epitopes that optimally induce signaling
when receptors are naturally clustered on cell surfaces, this may not
be a therapeutically valid option in many cases where induced
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crosslinking or clustering is needed. Hopefully the concurrent
advancement of biological understanding and engineering
capabilities will allow for the development of novel, safe IIR
agonist strategies that were previously unfeasible.

A potential benefit of agonist therapeutics is that the drug
dosage required to reach efficacy is often much lower for agonist
agents than for blocking agents. This is because, unlike blocking
antagonists, agonist functionality rarely requires drug:receptor
saturation (128-130). Indeed, drug response curves for many
agonist molecules follow a bell curve model, with saturating
concentrations actually decreasing activity, compared to the
classic sigmoidal curve generated by antagonist drugs (131, 132).
With this in mind, a drug may have a wider range of beneficial
activity but may also present a challenge when attempting to
determine the optimal dose based on current drug development
strategies. In following, the therapeutic index for IIR agonists tends
to be highly favorable, as significant efficacy may be observed at
relatively low-dosage levels. Perhaps most importantly, because the
mechanism of action (MOA) of IIR agonists is inhibition, and not
activation, the risk of toxicity is highly mitigated (36). The
counterpoint to the benefits of that IIR agonism that suppress
specific immune function is that this may also leave patients more
susceptible to pathogens or cancer, in some cases.

Conclusion and future directions

Agonist therapeutics targeting IIRs is an exciting area of nascent
therapeutic development with great promise against inflammation-
associated and autoimmune diseases, and potentially in cancer
based on emerging hypotheses and modalities. Advances in
scientific understanding of immune modulatory receptor biology
have increased the scope of therapeutic targets. Understanding not
only biological mechanisms of action, but also therapeutic
mechanisms of action, as well as contextual-based functional
outcomes of agonist targeting of IIRs on a cellular level will open
doors to optimal selection and use of IIR agonists for ideal
indications. As new targets and therapeutics targeting IIRs
emerge, careful preclinical and early clinical evaluation of
biological effects remains paramount. The advancement of agonist
targeting of IIRs in preclinical studies has led to clinical trials, but no
currently approved drugs. Further research should be supported to
develop IIR agonists for the clinic and patient benefit. As we enter
an era of unprecedented technological advancement and the
possibility for tailored drug design, it will be exciting to see how
agonism of IIRs impacts the next generation of therapeutics.
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