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Abstract

Immune checkpoint blockade is a promising approach to activate antitumor immunity and improve 

the survival of patients with cancer. V-domain immunoglobulin suppressor of T cell activation 

(VISTA) is an immune checkpoint target; however, the downstream signaling mechanisms are 

elusive. Here, we identify leucine-rich repeats and immunoglobulin-like domains 1 (LRIG1) as a 

VISTA binding partner, which acts as an inhibitory receptor by engaging VISTA and suppressing 
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T cell receptor signaling pathways. Mice with T cell–specific LRIG1 deletion developed superior 

antitumor responses because of expansion of tumor-specific cytotoxic T lymphocytes (CTLs) 

with increased effector function and survival. Sustained tumor control was associated with a 

reduction of quiescent CTLs (TCF1+ CD62Lhi PD-1low) and a reciprocal increase in progenitor 

and memory-like CTLs (TCF1+ PD-1+). In patients with melanoma, elevated LRIG1 expression 

on tumor-infiltrating CD8+ CTLs correlated with resistance to immunotherapies. These results 

delineate the role of LRIG1 as an inhibitory immune checkpoint receptor and propose a rationale 

for targeting the VISTA/LRIG1 axis for cancer immunotherapy.

INTRODUCTION

Immune checkpoint inhibitors (ICIs) targeting programmed cell death protein 1 (PD-1) and 

cytotoxic T lymphocyte associated protein 4 (CTLA-4) boost antitumor T cell responses and 

improve survival in patients with cancer (1). However, the overall response rate to existing 

ICI therapies remains low; therefore, the identification of alternative immune checkpoints as 

therapeutic targets is required. Recent studies have established the role of “stem-like” tumor-

specific CD8+ T cells that express T cell factor–1 (TCF-1) and respond to ICI therapies by 

exiting quiescent states with a proliferative burst (2–8). The mechanisms that maintain the 

quiescence of TCF-1+ stem-like T cells are not well defined and may underlie the clinical 

resistance to current immunotherapies.

V domain immunoglobulin suppressor of T cell activation (VISTA)—also known as Dies1, 

Gi24, PD-1H, or DD1α—is a B7 family immune checkpoint protein and a next-generation 

immunotherapy target (9–14). Previous studies have indicated that VISTA inhibits T cell 

activation by two modes of action: VISTA expressed on antigen-presenting cells (APCs) 

mediates the “trans” suppression by engaging its cognate receptor on T cells, whereas 

VISTA expressed on T cells elicits “cis” intrinsic suppression (9, 11, 15). In preclinical 

tumor models, blocking VISTA boosted antitumor immune responses by augmenting the 

expansion and effector function of cytotoxic T cells (12, 13, 16). Despite the report of 

PSGL-1 as an acidic pH-dependent binding partner of VISTA (17), other studies have 

shown that VISTA inhibits T cell activation at neutral pH, possibly through alternative 

unidentified receptors (9, 15, 18). VSIG3, another binding partner of VISTA, is minimally 

expressed in normal tissues and absent in immune cell types, rendering it unable to mediate 

the immunoregulatory function of VISTA under a steady state or during an immunization 

process (19). Although these studies support VISTA as a potent regulator of antitumor 

immunity, its elusive signaling mechanisms hinder the development of VISTA inhibitors 

with precise actions and prevent the identification of biomarkers related to VISTA biology. 

In this study, we identify leucine-rich repeats and immunoglobulin like domains 1 (LRIG1) 

as an inhibitory receptor that engages VISTA and controls antitumor immunity by impairing 

the expansion, survival, and effector function of tumor-specific CD8+ cytotoxic T cells.
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RESULTS

VISTA engages LRIG1 on activated T cells in tumors

To identify VISTA-binding receptors at neutral pH, we performed a selective proteomic 

labeling proximity ligation assay using tyramide (SPPLAT) in activated wild type (WT) 

versus VISTA knockout (KO) murine splenic T cells (20). After mass spectrometry 

proteomic analysis, we identified LRIG1, a type-I transmembrane protein with 1092 

amino acids as a binding partner of VISTA (fig. S1, A and B) (21, 22). The binding 

between VISTA and LRIG1 was confirmed in human embryonic kidney (HEK) 293 

cells coexpressing VISTA and LRIG1 by using SPPLAT (fig. S1C) and by using an 

antibody-based co-immunoprecipitation (Co-IP) assay (fig. S1D). The interaction between 

endogenous VISTA and LRIG1 in murine splenic T cells was validated by the SPPLAT 

assay (Fig. 1A).

The extracellular domain (ECD) of LRIG1 contains 15 repeats of the leucine-rich domains 

and three Ig-like domains. To determine whether the ECDs of VISTA and LRIG1 are 

sufficient to mediate their interactions, we performed surface plasmon resonance (SPR) 

assays using recombinant murine or human ECD proteins of VISTA and LRIG1. Binding 

sensorgrams showed dose-dependent binding of soluble VISTA.ECD protein to LRIG1.ECD 

immobilized on the chip at neutral pH 7.4 (Fig. 1B) and acidic pH 6.0 (Fig. 1C) conditions. 

The binding affinity (KD) was estimated to be 1.20 nM (pH 7.4) and 3.44 nM (pH 6.0) 

between murine ECD proteins and 1.86 nM (pH 7.4) and 0.23 nM (pH 6.0) between human 

ECD pairs. These results indicate that VISTA engages LRIG1 via ECD binding.

To validate the direct interaction between VISTA and LRIG1 on the cell surface, we 

used a luciferase-based binding assay. VISTA may engage LRIG1 either in cis (i.e., when 

coexpressed in the same cells) or in trans (i.e., when VISTA on APCs engages LRIG1 

on T cells). To measure the cis interaction, each protein was tagged at the N terminus 

with a luciferase subunit (i.e., SmBiT.VISTA and LgBiT.LRIG1) and coexpressed in an 

ovalbumin (OVA)–specific CD8+ T cell line (CD8OVA) (23). VISTA/LRIG1 coexpression 

induced a specific luminescent signal compared with the background signal from single 

receptors (Fig. 1D). To discern the role of the LRIG1 ECD during the cis interaction, 

we expressed a mutant LRIG1 lacking the entire ECD (LgBiT.DeltaECD.LRIG1) and 

confirmed the surface expression by flow cytometry (fig. S2). Deleting the LRIG1 ECD 

significantly diminished the luminescence signal, affirming the involvement of LRIG1 ECD 

in the cis binding with VISTA (Fig. 1D). To validate that the cis interaction occurs in the 

tumor microenvironment (TME), we injected LRIG1+VISTA+ T cells into the B16.OVA 

melanoma tumors and visualized the cis interaction by IVIS bioluminescence imaging (fig. 

S3A). A positive luminescent signal was induced in T cells coexpressing LgBiT.LRIG1 and 

SmBiT.VISTA compared with control cells expressing LgBiT.LRIG1 alone. Next, to detect 

trans interactions, LgBiT.LRIG1+ CD8OVA T cells were mixed with a dendritic cell (DC) 

cell line (DC2.4) (24) or B16OVA tumor cells expressing SmBiT.VISTA. Luciferase activity 

was detected only when both VISTA- and LRIG1-expressing cells were present together 

(Fig. 1E). We noted that antigen recognition was not required for the trans interaction 

because DCs were not loaded with peptides. Deleting the LRIG1 ECD diminished the trans 
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interaction (Fig. 1E). To measure trans interactions in vivo, LgBiT.LRIG1+ CD8OVA T cells 

were injected into the B16OVA tumor tissues. Luminescence was detected only in tumors 

expressing SmBiT.VISTA but not in VISTA-negative tumors (fig. S3B). Because VSIG3 is 

a known VISTA binder at neutral pH (19), we compared the cis binding of VISTA/VSIG3 

versus VISTA/LRIG1 in HEK293 cells and found a similar magnitude of binding (fig. S3C). 

Together, these results indicate that both cis- and trans-VISTA could engage LRIG1 and that 

these interactions occur in vitro and within tumor tissues.

Expression of LRIG1 has been reported in stem cells of normal tissues and cancer cells (22, 

25–27). LRIG1 expression in lymphocytes has not been investigated. We found that LRIG1 

was undetectable on APCs (i.e., DCs and B cells), CD11b+ myeloid cells, and NK cells in 

naïve mice (fig. S4). In T cells, LRIG1 was not detected on naïve CD4+and CD8+ T cells 

or Foxp3+ CD4+ regulatory T cells (Tregs) but was induced after anti-CD3/CD28 stimulation 

(Fig. 1H). Similar expression levels were seen on in vitro generated T helper 0 (TH0), TH1, 

TH2, and TH17 CD4+ T helper subsets (Fig. 1H). VISTA and LRIG1 were coexpressed on 

in vitro activated CD8+ T cells, and the higher LRIG1 expression was driven by stronger T 

cell receptor (TCR) stimulation (Fig. 1I). In human peripheral T cells from healthy donors, 

LRIG1 expression was not detected at steady state but was induced after ex vivo activation 

(Fig. 1J). Thus, LRIG1 is highly expressed in both murine and human T cells after TCR 

activation.

Coexpression of LRIG1 and VISTA in T cells intrinsically inhibits TCR signaling

Having identified that LRIG1 expression is inducible upon T cell activation, we next sought 

to dissect its functional role. We first examined proximal TCR signaling in a murine T cell 

line D10.G4.1 stably expressing VISTA, LRIG1, or both proteins. VISTA or LRIG1 alone 

was functionally inert, but coexpression of both inhibited the phosphorylation of proximal 

signaling molecules, including linker for activation of T cells (LAT), phospholipase C–γ 
(PLC-γ), SLP76, AKTS473, and extracellular signal–regulated kinase 1/2 (ERK1/2) (Fig. 

2A). Because LRIG1’s cytoplasmic domain is known to transmit intracellular signaling and 

modulate receptor tyrosine kinase signaling and bone morphogenic protein (BMP) signaling 

in stem cells and cancer cells (22, 25–28), we expressed a truncated LRIG1 mutant protein 

lacking its cytoplasmic domain (fig. S5) and examined its suppressive function. We found 

that the mutant LRIG1 failed to suppress TCR signaling when coexpressed with VISTA 

(Fig. 2B). Thus, the cytoplasmic domain of LRIG1 is required for its inhibitory function 

when engaging VISTA.

Next, we investigated the role of LRIG1 in controlling the responses of primary T cells. 

To specifically delete LRIG1 in T cells, we generated mice carrying floxed Lrig1 alleles 

(Lrig1fl/fl) and crossed them with CD4Cre mice. Lrig1fl/flCD4 Cre (Lrig1−/−) mice were 

born with normal frequency, size, maturation, and fertility. The cellularity of thymocytes 

and splenocytes was similar in naïve Lrig1−/− mice and WT littermates at 7 to 8 weeks 

of age (fig. S6, A and B). A moderate reduction of CD4+ T cells was seen in the thymus 

and spleen, whereas numbers of CD8+ T cells and Tregs were unaltered (fig. S6, C to 

E). Lrig1−/− splenic T cells did not accumulate CD44hi CD62Llo effector memory-like 

subsets, indicating normal peripheral T cell tolerance. We also crossed Lrig1fl/flCD4Cre 
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mice with OT1 TCR transgenic mice, permitting us to examine the responses of the 

same TCR after LRIG1 deletion. We stimulated naïve WT and Lrig1−/− OT1 CD8+ 

T cells mice by plate-immobilized anti-CD3/CD28 antibodies. LRIG1-deficient CD8+ T 

cells exhibited augmented TCR signaling compared with WT T cells, as evidenced by 

elevated phosphorylation of LAT, PLC-γ, SLP76, AKTS473, and ERK1/2 (Fig. 2C). We 

also examined the TCR signaling in VISTA KO (Vsir−/−) CD8+ T cells and showed that 

VISTA deletion in T cells augmented proximal and distal TCR signaling that mirrored the 

phenotype of Lrig1−/− T cells (Fig. 2D). Thus, these results support the hypothesis that the 

VISTA/LRIG1 cis complex inhibits TCR signaling.

LRIG1 inhibits T cell proliferation, survival, and effector function by engaging VISTA

The broad effects of LRIG1 on TCR signaling prompted us to examine its impact on T cell 

expansion and effector functions. Naïve WT and Lrig1−/− OT1 CD8+ T cells were stimulated 

with plate-bound anti-CD3/CD28 antibodies and examined after 96 hours. Lrig1−/− T cells 

had greater expansion (Fig. 3A), higher cytokine production (Fig. 3B), and decreased cell 

death (Fig. 3C), and this was correlated with higher expression of anti-apoptotic proteins 

such as Bcl-xL and X-linked inhibitor of apoptosis protein (XIAP) (Fig. 3D). In addition 

to TCR crosslinking, we tested antigen-specific responses by coculturing OT1 cells with 

splenic DCs and OVA peptides. Hyper-expansion and cytokine production occurred in 

Lrig1−/− OT1 cells after DC and peptide stimulation (Fig. 3E). Lrig1−/− T cells expressed 

significantly higher levels of CD28 (Fig. 3F), which is known to promote superior cell 

expansion and survival through its costimulatory signaling (29). These results support the 

hypothesis that LRIG1 functions as an inhibitory receptor that impairs the proliferation, 

survival, and effector function of T cells.

Previous studies in preclinical models and human cancer tissues have shown that VISTA is 

highly expressed within the TME, either on tumor-associated myeloid APCs or aberrantly 

expressed on tumor cells (12–14, 30–32). The abundance of VISTA in tumor tissues 

indicates the potential role of trans-VISTA in driving T cell dysfunction. We postulate 

that within the TME, the combined effects of cis-VISTA on T cells and trans-VISTA from 

myeloid APCs or tumor cells maximally impair T cell function by engaging LRIG1 (Fig. 

3G, condition 1). Lacking either trans-VISTA (condition 2) or cis-VISTA (condition 5) 

partially elevates T cell responses. LRIG1 deficiency on T cells would abolish both cis- 

and trans-VISTA function (conditions 3 and 4) and resemble complete VISTA deletion 

(condition 6), where T cells may exhibit the most heightened responses (Fig. 3G). To 

discern the effects of the trans-VISTA versus cis-VISTA, we used DC2.4 cells that lack 

the endogenous VISTA and generated a VISTA-overexpressing isogenic cell line (VOE). 

WT versus Lrig1−/− OT1 T cells were cocultured with VOE versus control (Vneg) DC2.4 

cells (Fig. 3H) and OVA peptides for 96 hours. We found that the expansion of WT OT1 

cells stimulated with VOE DCs was significantly reduced compared with cells stimulated 

with Vneg DCs (Fig. 3H, sample 1 versus sample 2), which reflected the inhibitory effect 

of trans-VISTA. Lrig1−/− T cells were not sensitive to trans-VISTA–mediated suppression 

(Fig. 3H, sample 3 versus sample 4), affirming that LRIG1 is the receptor mediating the 

effects of trans-VISTA. In the absence of trans-VISTA, Lrig1−/− T cells demonstrated better 

expansion than WT T cells (Fig. 3H, sample 4 versus sample 2), which reflected the effects 
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of T cell–intrinsic VISTA/LRIG1 cis interactions. Given that VISTA KO T cells expressed 

normal levels of LRIG1 as in WT T cells (fig. S7), we determined whether VISTA KO T 

cells remained sensitive to trans-VISTA. We found that the expansion of VISTA KO T cells 

was potently inhibited by trans-VISTA on DCs (Fig. 3H, sample 5 versus sample 6). In the 

absence of trans-VISTA, VISTA KO T cells exhibited a hyperproliferative response similar 

to the Lrig1−/− cells (Fig. 3H, sample 6 versus sample 2).

Cell accumulation can occur as a result of cell expansion and survival. To dissect these 

aspects, we examined cell death in OT1 cells after 96 hours of culture. Trans-VISTA induced 

substantial cell death in WT OT1 cells (Fig. 3I, sample 1 versus sample 2). Lrig1−/− OT1 

T cells were resistant to trans-VISTA–induced apoptosis (Fig. 3I, samples 3 versus sample 

4). VISTA KO OT1 T cells were partially sensitive to trans-VISTA–induced cell death (Fig. 

3I, samples 5 versus sample 6). In addition to cell death, we examined the proliferative 

responses of OT1 cells by monitoring dye dilution (Fig. 3J). We found that the proliferation 

of WT OT1 T cells was impaired by trans-VISTA from DCs, whereas Lrig1−/− OT1 T cells 

were resistant. Together, these results substantiate the role of LRIG1 in controlling T cell 

proliferation and survival by engaging VISTA in cis and trans.

Because other VISTA-binding partners such as PSGL-1 may be abundant within tumor 

tissues, it is important to determine whether VISTA suppresses T cells in an LRIG1-

dependent manner within the TME. To address this, we examined the impact of trans-VISTA 

from tumor cells by generating isogenic MC38OVA tumor cell lines that overexpress VISTA 

(VOE) versus control cells (Vneg). Congenically marked WT and Lrig1−/− OT1 T cells were 

mixed at a 1:1 ratio and adoptively transferred into mice bearing MC38OVA Vneg or VOE 

tumors. The accumulation of OT1 cells in tumor tissues was enumerated on day 9 after 

transfer (Fig. 3K). WT (Lrig1fl/fl) OT1 T cells were significantly diminished in VOE tumors 

when compared with Vneg tumors. In contrast, Lrig1−/− OT1 T cells accumulated similarly 

within Vneg and VOE tumors, affirming their resistance toward trans-VISTA–mediated 

suppression. Together, these results indicate that LRIG1 is a T cell inhibitory receptor that 

mediates the suppressive effects of VISTA in vivo.

LRIG1 is induced on activated tumor-specific CD8+ T cells and impairs their expansion and 
survival

The effects of LRIG1 in controlling T cell expansion prompted us to examine the additional 

phenotypes of tumor-reactive T cells. The expression of LRIG1 and VISTA on adoptively 

transferred OT1 T cells was detected in the tumor-draining lymph node (TDLN) as early 

as 48 hours after tumor inoculation and gradually reduced (Fig. 4A and fig. S8A). LRIG1+ 

OT1 T cells within tumor tissues were detected as early as 72 hours after tumor inoculation 

and sustained for several days. In addition to T cells, we examined the expression of VISTA 

and LRIG1 on tumor-infiltrating myeloid cells. We observed that VISTA was abundantly 

expressed on DCs and CD11b+ myeloid cells, but LRIG1 was absent (fig. S8B).

Next, to monitor the expansion kinetics of WT and Lrig1−/− T cells, congenically marked 

WT (Thy1.1) and Lrig1−/− (CD45.1) OT1 T cells were cotransferred at a 1:1 ratio into 

naïve CD45.2 mice followed by B16.OVA tumor inoculation (Fig. 4B). We observed an 

increase in the ratio of Lrig1−/− OT1 cells to WT cells within TDLN and tumor tissues as 
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time progressed. By day 14, Lrig1−/− OT1 T cells accumulated with at least 10-fold higher 

abundance than WT OT1 T cells within the tumor tissues (Fig. 4, C to E).

To understand the mechanisms that promoted the expansion and accumulation of Lrig1−/− T 

cells, we examined the gene expression of OT1 T cells that were sorted out of tumor tissues 

on day 7. Gene set enrichment analysis (GSEA) revealed multiple up-regulated pathways in 

Lrig1−/− T cells, including G2M checkpoint, mitotic spindle, E2F targets, notch signaling, 

apical junction, myogenesis, and PI3K/AKT MTOR signaling (Fig. 4F and data file S1). 

Genes involved in cell cycle regulation [e.g., kinesin family genes, nucleoporins (Nup), 

Numa1, Espl1, Anapc1, Mki67, and Ccnf] were significantly up-regulated (Fig. 4G), which 

was consistent with the superior expansion of Lrig1−/− T cells (Figs. 3 and 4D). We further 

validated the elevated expression of several genes, including ccnf, E2f2, Mapk3, Prc1, Rptor, 
and Ki67 (fig. S9). These gene expression signatures collectively support the hypothesis that 

LRIG1 controls the activation, proliferation, and survival of tumor-specific T cells.

The superior persistence and survival of Lrig1−/− OT1 T cells may allude to an 

augmented CD28 signaling. CD28-mediated costimulation plays a critical role in activating 

the phosphatidylinositol 3-kinase (PI3K)–AKT–mammalian target of rapamycin (mTOR) 

pathway and promoting T cell metabolism, proliferation, and survival (29). Consistent 

with this notion, higher CD28 expression was seen in Lrig1−/− T cells (Fig. 3F). Lrig1−/− 

OT1 TILs purified from tumor tissues showed less cell death than WT OT1 cells (Fig. 

4H). Corroborating the better survival, LRIG1 KO OT1 cells expressed higher levels of 

phosphorylated AKT (Ser473 and Thr308), which was likely the result of CD28-mediated 

costimulation (Fig. 4I). Together, these results indicate that LRIG1 impairs the expansion 

and survival of tumor-specific cytotoxic T lymphocytes (CTLs) partly by down-regulating 

CD28-mediated costimulation.

T cell–specific LRIG1 deficiency improves antitumor T cell responses by augmenting the 
expansion, persistence, and effector function of tumor-specific CD8+ T cells

After identifying superior expansion and survival of Lrig1−/− T cells, we next investigated 

the role of LRIG1 in regulating antitumor immunity. We have previously shown that VISTA 

blockade augmented antitumor T cell responses and transiently delayed the growth of 

B16OVA tumors (16). Similarly, B16OVA tumors grew slower in Lrig1−/− mice (Lrig1fl/fl 

CD4 Cre) than in WT littermates (Fig. 5A). The delayed tumor growth was associated with 

reduced cell death (Fig. 5B), increased expansion (Fig. 5C), and improved effector function 

(Fig. 5D) of Lrig1−/− CD8+ TILs. Lrig1−/− CD8+ TILs also expressed more CD28 (Fig. 5E), 

which may have contributed to their superior performances.

Despite the augmented antitumor T cell responses, Lrig1−/− mice did not completely 

reject tumors. We reasoned that the endogenous T cell responses may be boosted by a 

TLR agonistic peptide vaccine, which improved tumor control in VISTA KO mice (13). 

Supporting this hypothesis, TLR/peptide vaccine treatment resulted in more effective tumor 

inhibition in Lrig1−/− mice (Fig. 5F). A combined treatment with peptide vaccine and anti–

CTLA-4 blocking antibody further boosted tumor-free survival in ~80% of Lrig1−/− mice, 

whereas most WT mice succumbed to tumor outgrowth (Fig. 5, G and H). Mice that rejected 

primary tumors were resistant to secondary tumor challenge (13 of 17 remained tumor free), 
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indicating the presence of tumor-specific memory responses (Fig. 5I). In addition to B16bl6 

melanoma, tumor regression was observed in the MC38 colon cancer model in Lrig1−/− 

mice after treatment with a TLR/peptide vaccine (fig. S10, A and B). Most of the tumor-free 

mice were protected (7 of 11) from a secondary challenge (fig. S10C).

We postulated that the survival benefit in Lrig1−/− mice reflected the persistence of vaccine-

boosted antitumor T cell responses. To understand the molecular characteristics of persistent 

CTLs, we examined the gene expression of WT and Lrig1−/− CD8+ TILs isolated on 

day 18 after vaccine treatment (fig. S11, A to C, and data file S2). GSEA analysis 

revealed molecular pathways that were enriched in Lrig1−/− CTLs, including E2F targets, 

G2M checkpoint, mitotic spindle, MYC targets, unfolded protein response, and MTORC1 

signaling. This gene expression signature indicates a sustained proliferative response of 

Lrig1−/− T cells within the TME.

Next, we performed flow cytometry analysis to validate the superior proliferation and 

function of Lrig1−/− T cells. Lrig1−/− TILs showed an enrichment of CD8+ T cells among 

CD45+ immune infiltrates (Fig. 5J) and an elevated ratio of CD8+/Foxp3+ Tregs (Fig. 5K). 

Lrig1−/− CD8+ T cells were more viable (Fig. 5L) and hyperproliferative (indicated by 

higher Ki67 expression) in both exhausted (TCF1− TIM3+) and progenitor/stem-like (TCF1+ 

TIM3−) subsets (Fig. 5M). Lrig1−/− CD8+ T cells expressed less TIM3 (Fig. 5N) but 

higher levels of interferon-γ (IFN-γ), tumor necrosis factor–α (TNF-α), and de-granulation 

marker CD107a (Fig. 5O), indicating less exhaustion and improved effector function. 

Using a tyrosinase related protein-2 (TRP2)–specific dextramer, we detected a significantly 

higher abundance of tumor-specific Lrig1−/− CD8+ TILs compared with WT TILs (Fig. 

5P). Furthermore, TRP2-specific Lrig1−/− CTLs expressed more CD28, as shown by the 

percentage and expression intensity (Fig. 5Q). These results collectively provide strong 

evidence that LRIG1 impairs the expansion, survival, and effector function of tumor-specific 

CD8+ CTLs.

LRIG1 promotes the quiescence of tumor-specific CD8+ T cells and reduces the 
abundance of the TCF1+ PD-1+ progenitor-like CTLs

Studies have shown that the relative abundance of TCF1-expressing progenitor-like subsets 

among tumor-specific CTLs may dictate the longevity of the antitumor responses and 

responses to current immunotherapies (33). To dissect the heterogeneity of TILs, we isolated 

CD3+ WT and Lrig1−/− TILs and performed single-cell transcriptomic profiling. After 

quality control, we identified 7338 WT and 4140 LRIG1 KO TILs (table S1). Unsupervised 

clustering gave rise to 17 clusters (11,247 cells), with gene markers indicating their identity 

as CD4+Foxp3+ Tregs (C2), CD4+ T helper cells (C4), and CD8+ CTLs (C0, C1, C3, C5, 

C8, C9, C10, C12, C13, and C15) (fig. S12, A to F). Next, we removed CD4+ T cells 

and Tregs and reclustered all CD8+CTLs (2333 WT and 1457 Lrig1−/− CD8+ T cells) into 

12 subsets (Fig. 6A and fig. S12, G to I). Cluster identities were defined on the basis of 

markers associated with T cell activation and functional states. Multiple clusters (C1, C2, 

C0, C8, C9, and C10) expressed Tcf7, a gene associated with T cell stemness (7, 34). 

Both C1 and C2 displayed naïve/memory-like gene signatures (e.g., Tcf7, Il7r, Sell, Ccr7, 
Klf2, Lef1, S1pr1, and Slamf6) (Fig. 6B and fig. S12, G to I). C1 lacked expression of 
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activation and effector function genes (e.g., Cd69, Pdcd1, Klrc1, Klrk1, klrg1, Ifng, and 

Gzmb) and inhibitory receptors (e.g., Hacvr2, Lag3, and Tigit), thus resembling quiescent 

“naïve-like” cells as described in a previous study (4). C2 expressed memory-related genes 

as in C1 but up-regulated activation and effector function genes (e.g., Klrk1, Cd69, Pdcd1, 

Klrc1) and gained Tox expression, thus resembling the progenitor exhausted cells (Tpex) 

described in cancers and chronic viral infections (5, 7, 34, 35). Compared with C2, C0 

expressed lower levels of Tcf7 and Cd69 and lost several naïve/memory-related genes 

(e.g., Sell, Ccr7, and Lef1), thus resembling an effector-like Tpex subset (Tpex-2) (35). 

Compared with C0/C1/C2, C9 expressed a higher level of Tox, activation marker Klrc1, 

and co-inhibitory receptors (Pdcd1 and Lag3), as well as higher Lrig1 expression. Thus, C9 

resembled a distinct type of Tpex cells that appeared to be highly activated. C8 and C10 

showed similarity to tissue-resident memory cells that expressed Itgae and Cd69 (36). C10 

expressed gamma delta (γδ) TCRs and is distinct from TCRαβ T cells.

The remaining CTL clusters lost Tcf7 expression, indicating their terminally differentiated 

states. C3 (exhausted cells, Tex) expressed higher levels of Tox and Nr4a2, effector function 

genes (e.g., Ifng, Gzmb, and Prf1), and co-inhibitory receptors (Pdcd1, Lag3, Havcr2, 

and Ctla4) (37). C11 (early Tex) showed an intermediate exhaustion state (early Tex) and 

expressed high levels of Tox and effector function genes (e.g., Ifng, Tnfa, and Gzmb) but 

low levels of Lag3 and no Havcr2. C4 and C5 are proliferative cytotoxic effectors expressing 

Mki67 and effector genes (Gzmb, Prf1, and Ifng). C6 are cytotoxic effector cells that 

displayed cytotoxicity genes (Gzmb and Prf1) and IFN-stimulated genes (e.g., Isg15 and 

Ifit1/3) but lacked exhaustion genes (Pdcd1, Havcr2, and Tox). C7 (transitory Tex) did not 

express any naïve/memory-related genes but expressed activation genes (e.g., Cd69, Klrg1, 

and Cx3cr1) that align with the “transitory Tex” phenotype as described previously (38).

By quantifying the proportion of each cluster within the CD8+ CTLs, we found that in 

comparison with WT CTLs, Lrig1−/− CTLs displayed a significant reduction of the C1 

subset (from 22% in WT to 13% in KO), which resembled quiescent naïve-like cells with 

the gene expression profile of Tcf7+ Il7r+ Klf2+ Ccr7+ Sell+ Pdcd1neg (Fig. 6, B to D and 

fig. S12I). To validate this finding, we performed flow cytometry analysis to enumerate the 

quiescent (TCF1+ CD62Lhi PD-1neg) CD8+ CTLs (fig. S13A; gating strategy). Although 

the TCF1 expression was not altered, the abundance of TCF1+ Lrig1−/− CD8+ TILs was 

significantly higher than the WT counterparts, affirming the role of LRIG1 in suppressing 

T cell expansion (Fig. 6E). Consistent with the single-cell RNA sequencing (scRNA-seq) 

results, the percentage of quiescent CTLs was significantly reduced, both within the 

TCF1+ subsets or among total Lrig1−/− CD8+ TILs (Fig. 6F). We also examined tumor-

specific T cells by using TRP2/major histocompatibility complex dextramer staining and 

confirmed that Lrig1−/− TRP2-specific CTLs contained a reduced proportion of quiescent 

cells (CD62Lhi PD-1neg) compared with those in WT cells (Fig. 6G).

Because quiescent T cells resemble naïve T cells, we wondered whether the quiescent cells 

originated from activated tumor-specific T cells rather than from circulating naïve T cells. To 

address this, we examined the differentiation of melanocyte protein PMEL transgenic CD8+ 

T cells that recognize a melanoma-associated antigen, gp100 (39). Congenically marked 

WT (Thy1.1+ Thy1.2−) and Lrig1−/− (Thy1.1+ Thy1.2+) PMEL T cells were pre-activated 
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ex vivo for 48 hours, cotransferred at a 1:1 ratio into hosts (Thy1.1− Thy1.2+) bearing 

established B16 melanoma, and examined on day +7 after transfer (Fig. 6, H to K). Similar 

to polyclonal CD8+ TILs, LRIG1 deficiency did not alter the total expression of TCF1 (Fig. 

6H) but significantly reduced the quiescent proportion (TCF1+ CD62Lhi PD-1neg) within the 

TCF1+ subset and among total CD8+ TILs (Fig. 6, I and J). The reduction of quiescence was 

accompanied by a reciprocal increase of Tpex cells (TCF1+ PD-1+/low) (Fig. 6K).

TCF1+ PD-1+ Tpex cells are capable of self-renewal and differentiating into effector 

cells (3, 5, 33). It is unclear whether quiescent CTLs may gain effector function upon 

restimulation; therefore, we next sorted via fluorescence-activated cell sorting quiescent 

CD8+ TILs (SLAMF6+ CD62Lhi PD-1neg) and Tpex subsets (SLAMF6+ PD-1+) (fig. S13B; 

sorting strategy) and examined their responses after ex vivo stimulation. Tpex cells showed 

robust expression of IFN-γ, whereas quiescent CTLs remained nonresponsive (Fig. 6L). The 

expression pattern of IFN-γ protein also mirrored the Ifng gene expression in the quiescent 

C1 and Tpex (C0, C2, C8, and C9) subsets. Together, these results substantiate the role of 

LRIG1 in promoting the quiescence of CD8+ T cells, thereby limiting the abundance of 

progenitor/memory-like cells that can differentiate into functional effectors.

It has been reported that LRIG1 is expressed in Foxp3+ CD4+ Tregs and modulates the 

suppressive function of Tregs in autoimmune disease models (40). To substantiate the direct 

role of LRIG1 in regulating tumor-specific CD8+ T cells, we generated and examined CD8+ 

T cell–specific Lrig1−/− mice (Lrig1fl/fl E8iCre) (fig. S14). B16OVA tumor growth was 

delayed in Lrig1fl/fl E8iCre mice (fig. S14A). This tumor control was associated with an 

expansion of tumor-specific CD8+ TILs (fig. S14B), a reduced abundance of quiescent CTLs 

(fig. S14C), and augmented effector function as evidenced by higher IFN-γ production (fig. 

S14D). These results have solidified the role of LRIG1 in directly controlling the antitumor 

responses of CD8+ T cells.

LRIG1 is expressed in activated human CD8+ TILs and correlated with resistance to cancer 
immunotherapies

We next explored LRIG1 expression in human cancers. In melanoma tissues, LRIG1 

expression was low in unstimulated CD8+ TILs but was up-regulated upon TCR stimulation, 

particularly on TCF1+PD-1+ Tpex cells and TCF1−PD-1+–exhausted CTLs (Fig. 7A), 

indicating that LRIG1 may regulate their expansion and survival. In contrast, VISTA was 

abundantly expressed on CD8+ TILs both at steady state and after stimulation. Expression 

of LRIG1 and VISTA was also detected on activated TILs from endometrial tumors and 

lung cancer tissues (Fig. 7B). Next, we examined a public scRNA-seq dataset of tumor-

associated lymphocytes from melanoma patients treated with ICIs (6). Multiple CD8+ 

TIL subsets were identified on the basis of the authors’ original definitions, including 

“Cytotoxicity_ lymphocytes,” “Exhausted_CD8,” “Exhausted_Heatshock (HS)_CD8,” 

“Lymphocytes,” “Lymphocytes_exhausted,” and “Memory_T cells” (Fig. 7B). We noted 

that the Lymphocytes subset up-regulated the expression of naïve/memory genes (e.g., IL7R, 

CCR7, TCF-7, etc.) and anti-proliferative genes (e.g., BTG1, TSPYL2, CDKN1A, etc.) 

while reducing the expression of inhibitory receptors and effector function genes such as 

GZMB and PRF1 (fig. S15A). GSEA analysis confirmed that when compared with other 
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CTLs, the Lymphocytes subset exhibited a quiescent gene signature and significantly down-

regulated genes regulating metabolism, proliferation, and cellular responses to inflammatory 

cytokines, thus resembling quiescent TILs seen in our murine models (fig. S15, B and 

C). Next, we enumerated LRIG1+ cells within each CTL subset (Fig. 7C). In responder 

patients, LRIG1 gene expression was enriched in “Exhausted_ Lymphocytes.” In contrast, 

in nonresponder patients, LRIG1 gene expression was more widely distributed to all 

subsets. Comparing the percentages of LRIG1+ cells within each CD8+ T cell subset, we 

noted that in post-ICI tissues, several CTL subsets (i.e., lymphocytes, “memory_T cells,” 

and “exhausted_HS_CD8”) contained more LRIG1-expressing cells in nonresponders than 

responders (Fig. 7C). Accordingly, a significantly higher proportion of CD8+ TILs expressed 

LRIG1 in nonresponders than responders post-ICI therapy (Fig. 7D). Distinct from LRIG1, 

higher TCF7 expression was associated with clinical responders in pre-ICI specimens but 

not in post-ICI tissues. VISTA (Vsir) or TOX expression was not prognostic. These results 

collectively support the conclusion that LRIG1 is a T cell–inhibitory receptor and that 

elevated LRIG1 expression in CD8+ T cells is associated with resistance to ICI therapies.

DISCUSSION

Despite a decade of research, how VISTA suppresses T cell activation remains incompletely 

understood. Several studies using recombinant VISTA protein or VISTA-expressing APCs 

have suggested that VISTA acts as an inhibitory ligand that engages an inhibitory receptor 

on T cells at neutral pH (9, 11, 12, 15, 41). Here, we identified and characterized a T cell 

co-inhibitory receptor LRIG1 that interacts with VISTA, an established immune checkpoint 

protein. Unlike PSGL-1, which is an acidic pH-specific VISTA binder, LRIG1 binds VISTA 

at both neutral and acidic pH. The interaction of VISTA and LRIG1 could occur within 

the same cell (cis interaction) or from different cells (trans interaction). Both forms of 

interaction are detectable within the TME.

A study by Flies et al. (15) has suggested that VISTA may function as an inhibitory receptor. 

However, given the lack of signaling adaptors, it remains unclear how VISTA functions. Our 

current study demonstrates that VISTA exerts both T cell–intrinsic and extrinsic effects by 

engaging LRIG1, either in cis (in T cells) or in trans (i.e., VISTA-expressing APCs or tumor 

cells). VISTA-deficient T cells expressed normal levels of LRIG1 and remained sensitive to 

the suppressive effects of trans-VISTA, whereas LRIG1 KO T cells were largely resistant, 

thereby supporting the role of VISTA as a “trans” ligand for LRIG1.

LRIG1 belongs to a family of three homologous proteins: LRIG1, LRIG2, and LRIG3. In 

mice, LRIG1 expression is detected in multipotent epidermal, intestinal, and neural stem 

cells and is known to play a role in maintaining stem cell quiescence (22, 25–27, 42). 

In cancer cells, LRIG1 interacts with several receptor tyrosine kinases (i.e., ErbB family 

and MET) and promotes their lysosomal degradation (43–45). LRIG1 also promotes BMP 

signaling and adipogenesis in mouse embryonic fibroblasts (46). Global LRIG1 deletion 

in mice resulted in psoriasiform epidermal hyperplasia (47). Another study has shown that 

LRIG1 promotes the function of Foxp3+ regulatory T cells in autoimmune colitis and lupus 

nephritis disease models (40). However, before the present work, the role of LRIG1 in 

regulating the function of CD8+ T cells and antitumor immunity had not been investigated.
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This study reports that LRIG1 exerts a broad impact on TCR signaling and T cell activation: 

LRIG1 deficiency affected multiple proximal and distal TCR signaling pathways, resulting 

in augmented CD28-mediated costimulation, hyperproliferative responses, improved 

survival, reduced exhaustion, and better effector function of CD8+ T cells within the TME. 

Consequently, mice with T cell– specific LRIG1 deletion developed superior antitumor 

T cell responses and reached long-term survival after therapeutic vaccine treatment. The 

phenotypes in LRIG1-deficient tumor-infiltrating T cells mirrored those of VISTA-deficient 

T cells in VISTA KO mice and after treatment with VISTA-blocking antibodies (10, 16). 

These results provide a mechanistic underpinning for the T cell–inhibitory function of 

VISTA and indicate that LRIG1 is an immune checkpoint receptor (ICR) that critically 

controls antitumor immunity.

Tumor-specific T cells develop exhausted phenotypes, which are associated with therapeutic 

resistance to cancer immunotherapies (48, 49). Previous studies have identified a subset of 

progenitor-like Tpex cells that express markers SLAMF6+ TCF1+ PD-1+ and differentiate 

into exhausted T cells through a multistep process (35). Our single-cell transcriptome 

analysis identified SLAMF6+ TCF1+ PD-1+ Tpex cells, which consisted of multiple 

subpopulations such as the CD62Lhi central memory–like cells, CD62Llow progenitor-like 

cells, and LAG3+ Tpex that exhibited high LRIG1 expression. LRIG1 deletion increased the 

abundance of the TCF1+ PD-1+ Tpex cells, which may contribute to a superior antitumor T 

cell response.

In addition to expanding Tpex cells, LRIG1 deficiency reduced the quiescent subset of CTLs 

with a naïve-like phenotype. By monitoring the trajectory of adoptively transferred PMEL 

CD8+ T cells, we observed that quiescent CTLs originated from pre-activated tumor-reactive 

T cells rather than from circulating naïve T cells. In this context, the role of VISTA in 

regulating T cell quiescence has been implicated. For example, T cell–intrinsic VISTA 

expression was shown to maintain the quiescence of naïve CD4+ T cells (50). A second 

study reported that treatment of VISTA-blocking antibodies reduced the expression of 

several quiescence genes in CD8+ TILs (51). However, how VISTA regulates the quiescence 

of tumor-specific CD8+ T cells was not elucidated. Because VISTA controls myeloid 

cell differentiation, global VISTA blockade by antibodies may induce proinflammatory 

myeloid cell activation and indirectly affect the phenotypes of TILs (13, 52). In light of 

this study, we propose that VISTA engages its receptor LRIG1, which exerts inhibitory 

signaling and drives the quiescence of tumor-reactive CTLs, while reciprocally reducing 

the abundance of Tpex cells. Because quiescent CTLs have a naïve-like phenotype and do 

not express inhibitory receptors such as PD-1 and CTLA-4, existing ICI therapies could 

not directly target these cells. They may also be mistakenly considered as nonspecific 

bystander cells. We have ascertained that the quiescent tumor-specific CTLs originated from 

activated LRIG1+ precursors. These results warrant future studies to therapeutically target 

LRIG1, which may reduce T cell quiescence, improve CTL function, and improve antitumor 

immunity.

This study has some limitations. The molecular mechanisms by which LRIG1 transmits 

inhibitory signals remain to be determined. Future studies are needed to dissect the roles of 

intracellular subdomains of LRIG1 and identify signaling intermediates. The mechanisms 
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by which LRIG1 promotes T cell quiescence also warrant further investigation. LRIG1-

deficient T cells showed elevated CD28 expression and augmented AKT activation. CD28-

dependent activation of the PI3K/AKT/mTOR axis has a well-documented role in driving T 

cell exit from quiescence and clonal expansion (29, 53–55). Future studies need to elucidate 

the molecular connections between LRIG1 and CD28-mediated costimulatory signaling.

The identification of LRIG1 as a VISTA-interacting co-inhibitory receptor in T cells may 

lead to the development of new cancer therapeutics. ICIs have become breakthrough cancer 

therapies, but the overall response rate remained suboptimal (1). VISTA is considered a 

nonredundant immune checkpoint protein, and VISTA expression in human cancer tissues 

is associated with resistance to immunotherapy or poor overall survival (32, 56–61). Our 

findings demonstrate that LRIG1 is a new ICR that engages ligand VISTA and impairs 

antitumor T cell responses. LRIG1 expression is detected on TILs from several human 

cancers and is correlated with resistance to ICI therapies in human melanoma. Therefore, 

selectively blocking the VISTA/LRIG1 axis may be an effective immunotherapeutic 

approach for the treatment of cancer.

MATERIALS AND METHODS

Study design

This study aimed to identify binding partners of the immune checkpoint VISTA and 

describes the identification and characterization of LRIG1, a binding partner and VISTA 

co-inhibitory receptor in T cells. We demonstrated the binding of VISTA and LRIG1 

by using complementary biochemical assays. We interrogated the function of LRIG1 by 

examining the phenotypes of LRIG1 KO T cells in vitro and in tumor-bearing mice. We 

characterized the molecular signaling, cellular expansion and survival, effector function, and 

transcriptomic profiles of LRIG1-deficient tumor-reactive CD8+ T cells. We investigated the 

prognostic role of LRIG1 in human cancers by mining the public gene expression database. 

Preclinical experiments used sex- and age-matched mutant mice and WT littermates at 7 

to 8 weeks of age and without investigator blinding. Both male and female mice were 

studied. Five to 10 mice per group were analyzed on the basis of power analysis using 

previous studies in similar animal models. All data points reflect the biological replicates. 

All experiments were repeated at least two or three times.

Mice

C57BL/6N (H-2b, CD45.1) and congenic C57BL/6N (H-2b, CD45.2) mice were purchased 

from Charles River Laboratories. Vsir−/− mice were obtained from Mutant Mouse Regional 

Resource Centers (www.mmrrc.org; stock no. 031656-UCD) (10, 11). Conditionally 

targeted Lrig1 mutant mice on a C57BL/6N background (KO-first Tm1a allele) were 

obtained from European Mouse Mutant Archive (EMID 05375; strain name: B6Brd;B6N-

Tyrc-Brd Lrig1tm1a(EUCOMM)Wtsi/WtsiCnbc). Lrig1fl/fl mice were generated by crossing with 

an FLPe deleter strain (JAX strain 019100). OT-1 (JAX strain 003831) and Cd4-Cre (JAX 

strain 022071) mice were from the Jackson Laboratory. All experiments were performed 

using mice aged 6 to 8 weeks. Both female and male mice were examined in independent 
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repeat experiments and showed similar results. When comparing between WT versus Vsir−/

− or Lrig1−/− mice, age- and gender-matched littermate controls were used. For adoptive 

transfer experiments, age- and sex-matched donor and recipient mice were used. Animals 

were maintained in a specific pathogen–free facility at the Lerner Research Institute (LRI), 

Cleveland Clinic Foundation, Cleveland, OH. All animal protocols were approved by the 

Institutional Animal Care and Use Committee of LRI at Cleveland Clinic Foundation.

SPR assay

VISTA.Fc recombinant proteins were purchased from Sino Biological, Wayne, PA. 

LRIG1.ECD.His recombinant proteins were purchased from R&D Systems (human) and 

Sino Biological (mouse). Human immunoglobulin G1 (IgG1)–Fc (C103S) recombinant 

protein was purchased from Sino Biological (catalog no. 10702-HNAH). All SPR 

measurements were performed using a Biacore S200 instrument (Cytiva) at 25°C. 

LRIG1.ECD.His protein was covalently immobilized on a Series S sensor chip CM5 

(Cytiva) using standard amine-coupling chemistry. The sensor chip surface was activated 

with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and N-hydroxysuccinimide according 

to the manufacturer’s protocol. LRIG1.ECD.His protein was diluted in 10 mM acetate (pH 

4.5) and injected onto the activated surface to create an interaction surface. Any remaining 

unmodified activated surface was deactivated by injecting 1 M ethanolamine (pH 8.5; 

Cytiva). The blank control surface was similarly processed but without any protein injection. 

Both control and active surfaces were primed with running buffer [10 mM Hepes (pH 7.4), 

0.15 M NaCl, 0.05% (v/v) P20 (HBS-P +, Cytiva), and 5 μM ZnCl2]. To quantify protein 

interaction, twofold serial dilutions of VISTA.Fc in running buffer were injected to flow 

over the chip surfaces for 180 s at a flow rate of 30 μl/min and allowed to dissociate for 

600 s. The sensor chip surfaces were regenerated at the end of each interaction cycle by 

injecting 1 M ethanolamine (pH 8.5) at the same flow rate for 30 s. The kinetic parameters

—including on-rate (Kon), off-rate (Koff), and equilibrium dissociation constant (KD)—were 

determined by global fitting of control-corrected SPR data to the 1:1 binding model using 

Biacore S200 BIAevaluation software (Cytiva).

Luciferase-based protein binding assay

NanoLuc luciferase-based protein binding assay was performed on the basis of the 

manufacturer’s protocol (Promega Inc., Madison, WI). Briefly, VISTA and LRIG1 were 

fused at their N terminus with subunits of luciferase SmBiT and LgBiT, respectively. 

To measure the cis interactions of transiently coexpressed proteins, HEK293T cells were 

cotransfected with plasmids expressing SmBiT.VISTA and LgBiT.LRIG1, LgBiT.VSIG3, or 

LgBiT alone as a negative control. At 24 hours after transfection, the Nano-Glo Live Cell 

Assay System was used to measure luminescence produced from the functional luciferase 

following the manufacturer’s instructions.

To measure the cis interaction between VISTA and LRIG1, SmBiT. VISTA and 

LgBiT.LRIG1 proteins were coexpressed in CD8OVA T cells by retroviral transduction. 

Cells were plated with a seeding density of 50,000 cells per well in 100 μl of RPMI 

medium in a black 96-well plate (Greiner-Bio-One, Frickenhausen, Germany). After 24 

hours of incubation to allow adherence, cells were washed once with phosphate-buffered 
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saline (PBS). The nano-luciferase substrate hydrofurimazine (HFz) (GlpBio Inc., Montclair, 

CA) was added at a final concentration of 10 μM in 100 μl of RPMI. After 10 min, 

bioluminescence was measured in a luminometer (PerkinElmer, Waltham, MA, USA) for 

10 s with a 10-s delay. To measure the trans interaction between VISTA and LRIG1, 

DC2.4 cells or B16OVA tumor cells expressing SmBiT.VISTA (1,000,000) were mixed with 

CD8OVA T cells expressing LgBiT.LRIG1 (500,000) and incubated at 37°C in a 5% CO2 

incubator for 4 hours. Cells were then washed with PBS and incubated with the luciferase 

substrate HFz for 10 min before being analyzed in the luminometer. To detect the cis protein 

interaction within tumor tissues, T cells expressing LgBiT.LRIG1 alone or together with 

smBiT.VISTA (500,000) were resuspended in PBS buffer containing substrate HFz [50 mM 

in 50 μl of 1x Hanks’ balanced salt solution (HBSS)] and injected into the B16bl6 tumor 

tissues (8 to 10 mm in diameter). Mice were imaged after 5 min at 37°C using an IVIS 

Spectrum (PerkinElmer) with open filter binning at medium and a 3-min exposure time. To 

detect the trans protein interaction within tumor tissues, T cells expressing LgBiT. LRIG1 

were resuspended in PBS containing the substrate HFz (50 mM in 50 μl of 1x HBSS) and 

injected into the B16OVA.smBiT. VISTA tumor tissues (8 to 10 mm in diameter). Mice were 

imaged by IVIS after 5 min.

Examination of TCR signaling

D10 cell lines stably expressing VISTA, LRIG1, or both receptors, or empty vector 

control, were rested in RPMI media supplemented with 1% fetal bovine serum (FBS), 2 

mM l-glutamine, and 50 μM 2-mercaptoethanol for 16 hours. Cells were then stimulated 

with biotinylated anti-CD3 antibody (5 μg/ml; clone 2C11) followed by streptavidin 

(1 μg/ml) cross-linking. At indicated time points, cells were harvested and lysed in 

radioimmunoprecipitation assay buffer [50 mM tris (pH 7.4), 150 mM NaCl, 1.0% NP-40, 

0.5% deoxycholic acid, 0.1% SDS, 1 mM EDTA, 1 mM EGTA, 5 mM sodium pyro-

phosphate, 50 mM NaF, and 10 mM β-glycerophosphate] supplemented with protease and 

phosphatase inhibitors. Phosphorylated and total levels of LAT, PLC-γ, SLP76, AKT, and 

ERK1/2 were examined by Western blotting. Antibodies used for Western blotting were 

summarized in table S2. Protein bands were quantified using ImageJ. To examine the 

TCR signaling in primary T cells, CD8+ splenic T cells were isolated using the CD8a+ 

Microbeads kit (Miltenyi Biotec, Gaithersburg, MD). Purity was confirmed as >95%. 

Purified T cells were prestimulated with plate-bound anti-CD3 (1 μg/ml) and anti-CD28 

(1 μg/ml) for 16 hours, followed by resting for 5 hours, then restimulated with plate-bound 

anti-CD3 (0.5 μg/ml) and anti-CD28 (0.25 μg/ml) for the indicated time points. Total cell 

lysates were generated and examined by Western blotting.

In vitro activation and analyses of murine T cells

Naïve WT (Lrig1fl/fl) and Lrig1−/− OT1 T cells were isolated from splenocytes using a 

CD8α+ Microbeads kit (Miltenyi Biotec, Gaithersburg, MD) and stimulated with varying 

concentrations of plate-bound anti-CD3/CD28, at low (0.5/0.25 μg/ml), intermediate 

(1/0.25 μg/ml), and high (2/0.5 μg/ml) concentrations. Cells were cultured in RPMI-1640 

supplemented with 10% FBS, sodium pyruvate, 0.1% b-ME, and antibiotics. Viable cells 

were counted after 96 hours of culture using flow cytometry. Cell death was quantified 

using an annexin V apoptosis detection kit with propidium iodide (catalog no. 640932) from 
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BioLegend. For antigen-specific stimulation, WT (Lrig1fl/fl), Lrig1−/−, or Vsir−/− OT T cells 

were cocultured with either splenic DCs purified using a DC isolation kit from Miltenyi 

or with DC2.4 cells (parent or cells overexpressing VISTA). Ovalbumin peptides (257 

to 264) were added at 200 pg/ml concentration. To measure cytokine production, culture 

supernatants were harvested at 48 hours and examined by enzyme-linked immunosorbent 

assay (ELISA). To examine the expression of anti-apoptotic proteins, total cell lysates were 

prepared after 96 hours of culture and examined by Western blotting.

Murine tumor models, vaccine treatments, and examination of TILs

B16bl6 (30,000) melanoma cells or MC38 colon cancer cells (100,000) were inoculated 

intradermally in the flanks of mice of 7 to 9 weeks of age. Similar numbers of female 

and male mice were examined in multiple independent experiments. The peptide vaccine 

mixture contains CpG (ODN1826, 30 μg), R848 (50 μg), and peptides. For the B16bl6 

model, melanocyte antigen peptide TRP1 (106 to 130; 10 μg) and a mutated TRP2 peptide, 

DeltaV-TRP2 (180 to 188; 50 μg), were used (13). For the MC38 model, neo-epitopes from 

Rpl18 and Adpgk proteins were used (32). The vaccine mixture was injected subcutaneously 

on day +3 and day +10 after tumor inoculation. In some experiments, mice were also treated 

with anti-CTLA4 antibody (clone 9H10, Bio X Cell, Lebanon, NH) at 100 μg per mouse by 

subcutaneous injection on day 4 and day 8. Tumor size was measured with a caliper every 2 

to 3 days. Tumor-free mice that survived for 80 days were rechallenged with the same tumor 

cells at a dose of 10,000 to 25,000 cells and at a distant site away from the initial tumor site.

For analyzing TILs, tumor tissues were harvested at indicated time points. Single-cell 

suspensions were obtained after digestion with a cocktail of Liberase TL (150 μg/ml) 

and deoxyribonuclease I (120 μg/ml) (Sigma-Aldrich, St. Louis, MO) for 20 min at 37°C 

followed by passing cells through 70-mm strainers. To detect intracellular cytokines, TILs 

were stimulated in RPMI medium containing TRP1/TRP2 peptides (10 μg/ml) in the 

presence of monensin or brefeldin A (BioLegend, San Diego, CA) for 6 to 15 hours 

before antibody staining. LIVE/DEAD staining was done using fixable near-infrared or 

aqua dead cell staining kits (Thermo Fisher Scientific). Antibodies used for flow cytometry 

are summarized in table S2. Cells were analyzed on BD LSRFortessa cell analyzer (BD 

Biosciences, San Jose, CA) or MACSQuant cytometer (Miltenyi Biotec, Gaithersburg, MD). 

Data were analyzed with FlowJo software (Tree Star, San Carlos, CA).

For studies of OT1 CD8+ T cells in vivo, naïve Thy1.1 WT (Lrig1fl/fl) and Ly5.1 Lrig1−/

− OT1 CD8+ T cells were purified from splenocytes using a T cell negative selection 

kit (MojoSort Mouse CD8 T Cell Isolation Kit, BioLegend, San Diego, CA), mixed at 

a 1:1 ratio (validated by flow cytometry), and adoptively transferred (500 cells for each 

genotype) into syngeneic C57BL/6 mice. At 24 hours after transfer, mice were inoculated 

with B16.OVA tumor cells (4 × 106) split into four injection sites. Tumor tissues and TDLNs 

were harvested on indicated days and examined by flow cytometry. For PMEL CD8+ T cells, 

splenocytes from naïve PMEL mice were stimulated with anti-CD3 (1 μg/ml) and anti-CD28 

(1 μg/ml) for 48 hours. An aliquot of cells was examined by flow cytometry to confirm 

activation on the basis of up-regulated CD44 and PD-1 expression. Cells were washed with 

PBS and adoptively transferred into mice bearing established B16l6 melanoma (~5 mm 
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in diameter). Tumor tissues were harvested on day 7 after transfer and examined by flow 

cytometry.

Graphs and statistical analysis

All graphs and statistical analysis were generated using Prism 7 (GraphPad Software Inc., 

San Diego, CA). Statistical significance for comparing two groups was determined by 

unpaired two-tailed t test or Mann-Whitney U test. One-way analysis of variance (ANOVA) 

was used for comparing three or more groups. Survival differences of tumor-bearing mice 

were assessed using Kaplan-Meier curves and analyzed by log-rank testing. A P value less 

than 0.05 is considered statistically significant. *P < 0.05, **P < 0.025, ***P < 0.005, and 

****P < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The interactions of LRIG1 and VISTA and the expression of LRIG1 on activated T cells.
(A) Western blots of immunoprecipitated biotin-labeled proteins from WT and Vsir−/− 

splenic T cells pre-activated with anti-CD3/CD28 antibodies and analyzed by SPPLAT. 

(B and C) SPR sensorgrams show the binding of VISTA.ECD or IgG-Fc control protein 

to LRIG1.ECD at neutral pH 7.4 (B) and acidic pH 6.0 (C). (D) Detection of VISTA/

LRIG1 cis interactions in CD8 OVA-expressing T cells by bioluminescence emission. 

Quantification of luminescence intensity is shown. n = 4. Representative from two 

independent experiments is shown. (E) Detection of trans interactions between VISTA+ DCs 

or tumor cells and LRIG1+ T cells. n = 4. Representative of two independent experiments 

is shown. (F) LRIG1 expression on murine T cells. Splenic T cells were activated with 

anti-CD3 for 24 hours or cultured under TH0, TH1, TH17, or TH2 skewing conditions for 

96 hours before analysis. (G) LRIG1 and VISTA expression on splenic CD8+ T cells that 

were stimulated with anti-CD3 alone or together with anti-CD28. (H) LRIG1 expression 

on unstimulated and anti-CD3–activated human peripheral CD4+ and CD8+ T cells from 

healthy donors. Results are shown as means ± SEM. All experiments were repeated at least 

two or three times, and the representative results are shown. Unpaired t test was used for (D) 

and (E). *P < 0.05, ***P < 0.001, and ****P < 0.0001.
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Fig. 2. Coexpression of LRIG1 and VISTA in T cells intrinsically inhibits multiple TCR signaling 
pathways.
(A) D10 cells expressing LRIG1 (L), VISTA (V), both (VL), or control vector (−) were 

stimulated with anti-CD3 for 0, 5, and 30 min. Phosphorylation of LAT, PLC-γ, SLP76, 

AKT473, and Erk1/2 in cell lysates was examined by Western blotting. The ratios of 

phosphorylated versus total protein levels were quantified and are shown. (B) D10 cells 

expressing WT LRIG1 alone (lane 1), WT LRIG1 with VISTA (lane 2), or the cytoplasmic 

domain truncated LRIG1 together with VISTA (lane 3) were stimulated with anti-CD3 and 

examined as in (A). (C and D) To examine the TCR signaling in splenic CD8+ T cells, WT 

(Lrig1fl/fl), Lrig1−/− CD8+ T cells (C), or Vsir−/− CD8+ T cells (D) were stimulated with 

anti-CD3 and anti-CD28 for the indicated time. Total cell lysates were examined by Western 

blotting. All experiments were repeated at least three times, and the representative results are 

shown.
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Fig. 3. LRIG1 impairs T cell expansion, survival, and cytokine production and is required for the 
T cell inhibitory effects of VISTA.
(A to D) WT and Lrig1−/− OT1 splenic T cells were stimulated with varying amounts of 

plate-bound anti-CD3/CD28 antibodies. (A) OT1 T cell numbers were enumerated after 96 

hours. n = 4. (B) Secreted cytokines [(IFN-γ and interleukin-2 (IL-2)] at 48 hours were 

examined by ELISA. n = 4. (C) Apoptosis in OT1 T cells was examined by annexin V 

and PI staining. n = 5. (D) Expression of Bcl-xL and XIAP was examined by Western 

blotting and quantified using ratios over laminin B. (E) WT and Lrig1−/− OT1 T cells were 

stimulated with splenic DCs and OVA257–264 peptides. OT1 cell expansion and IFN-γ 
production after 96 hours were examined. n = 4. (F) WT and Lrig1−/− OT1 splenocytes 

were stimulated with OVA257–264 peptides for 48 hours. CD28 expression was examined, 

and the mean fluorescence intensity (MFI) was quantified. n = 3. (G) Graphic illustration 

describes the trans and cis interaction between VISTA and LRIG1. For simplicity, WT 

T cells were shown as expressing both VISTA and LRIG1. In TILs, the expression of 
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VISTA and LRIG1 may be heterogeneous, and the trans or cis interactions may not occur 

simultaneously on the same T cells. (H) WT, Lrig1−/−, and Vsir−/− OT1 T cells were 

cocultured with VISTA-expressing (VOE) or parental (Vneg) DC2.4 cells and peptides. OT1 

T cell numbers were enumerated after 96 hours. n = 4. (I) Cell death in OT1 T cells 

was examined by staining with a viability dye at 96 hours as in (H). n = 5. (J) WT and 

Lrig1−/− OT1 T cells were labeled with a CellTrace Violet dye and stimulated with DC2.4 

cells and peptides as indicated. Cell division was analyzed after 72 hours. (K) Congenically 

marked WT (Thy1.1+) and Lrig1−/− (CD45.1+) OT1 T cells were cotransferred at a 1:1 ratio 

(1000 cells each) into naïve mice (CD45.2+ Thy1.2+). Mice were inoculated with either 

MC38OVA control tumor (Vneg) or VISTA-expressing (VOE) tumor cells (500,000) the next 

day. Tumor-infiltrating OT1 cells were analyzed by flow cytometry on day 9 and are shown 

as the percentage of host CD8+ TILs. n = 6 or 7. The cartoon describes the experimental 

design. Representative from at least two independent experiments is shown for all panels. 

Unpaired t test was used for (A) to (F). One-way ANOVA was used for (H), (I), and (K). *P 
< 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant.
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Fig. 4. LRIG1 expression is induced early on tumor-specific T cells and impairs T cell persistence 
by inhibiting cell expansion.
(A) Congenically marked WT OT1 cells were transferred into mice bearing B16OVA 

tumors. Tumor tissues and TDLNs were harvested on day 2 and day 6. The expression 

of LRIG1 and VISTA on OT1 T cells was examined by flow cytometry. n.d indicates “not 

detected.” Representative from two independent experiments is shown. (B) Co-adoptive 

transfer experimental design: Congenically marked WT (Thy1.1) and Lrig1−/− (CD45.1) 

OT1 T cells were co-transferred at a 1:1 ratio (500 cells each) into mice (CD45.2). B16OVA 

tumor cells were inoculated the next day. Tumor tissues and TDLNs were analyzed at 

indicated time points. (C) Representative flow cytometry plots show the identification of 

WT versus Lrig1−/− OT1 cells. (D and E) Percentages of OT1 cells among CD8+ T cells 

in tumor tissues and tumor-draining lymph node (LN) are shown. Representative from two 

independent experiments is shown. (F) Gene expression analysis of WT and Lrig1−/− OT1 

TILs isolated on day 7. Shown are the volcano plot of differentially expressed genes (P value 
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cut-off of 0.01), the enrichment scores of up-regulated pathways, and a graphic view of 

GSEA leading edge analysis. (G) Genes involved in cell cycle regulation were up-regulated 

in Lrig1−/− OT1 T cells. (H) Cell death, measured as percentage of cells stained positive 

by the viability dye, was reduced in Lrig1−/− OT1 TILs on day 7. Representative of two 

independent experiments is shown. (I) Levels of phosphorylated AKT473 and AKT308 in 

OT1 TILs on day 7. Unpaired t test was used for (D), (E), and (H). *P < 0.05, **P < 0.01, 

***P < 0.001, and ****P < 0.0001. NES, normalized enrichment score.
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Fig. 5. T cell–specific deletion of LRIG1 boosts antitumor T cell responses and long-term tumor 
control in combination with therapeutic vaccine treatment.
(A to E) Antitumor T cell responses in the B16OVA model: Lrig1−/− mice and WT 

littermates (Lrig1fl/fl) were inoculated with B16OVA tumor cells (100,000). Tumor growth 

was monitored by a caliper. Tumor tissues from separate cohorts of mice were examined by 

flow cytometry. (A) Tumor growth curve. n = 9 (Lrig1fl/fl) and 12 (Lrig1−/−). (B) Viability 

of CD8+ TILs. n = 6. (C) Ki67 expression. n = 6. (D) IFN-γ expression in CD8+ TILs. 

n = 6. (E) MFI of CD28 expression on CD8+ TILs. n = 6. (F to I) Tumor growth in the 

B16bl6 melanoma model. Lrig1−/− mice and WT littermates (Lrig1fl/fl) were inoculated 

with B16bl6 melanoma cells. On day +3, mice were treated with peptide vaccine (F) or 

vaccine together with anti–CTLA-4 antibodies (I). Tumor growth curves (F and G) and 

tumor-free survival after combined therapy (H) were shown. (I) Survived Lrig1−/− mice 

were rechallenged with B16bl6 tumor cells and monitored for secondary tumor growth. 

Naïve Lrig1−/− mice were analyzed as parallel control. n = 15 (naïve) and 17 (surviving 
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mice). (J to Q) Antitumor T cell responses. Tumor tissues were harvested on day 18 after 

vaccine treatment, and CD8+ CTLs were examined by flow cytometry. (J) Percentages of 

CD8+ CTLs among CD45+ immune infiltrates and the numbers of CD8+ CTLs normalized 

to total tumor cells. n = 13 (Lrig1fl/fl) and n = 9 (Lrig1−/−). (K) Ratio of CD8+ CTLs 

to Foxp3+ Tregs. n = 9 (Lrig1fl/fl) and n = 9 (Lrig1−/−). (L) Cell death in PD-1 +CD8+ 

CTLs. n = 13 (Lrig1fl/fl) and n = 9 (Lrig1−/−). (M) Ki67 expression in progenitor/memory-

like (TCF1+ TIM3−) and exhausted (TCF1− TIM3+) CTLs. n = 11 (Lrig1fl/fl) and n = 

10 (Lrig1−/−). (N) Proportion of TIM3+ exhausted CTLs among PD1+CD8+ TILs. n = 6 

(Lrig1fl/fl) and n = 8 (Lrig1−/−). (O) Expression of IFN-γ, TNF-α, and CD107a in CD8+ 

TILs after ex vivo stimulation with TRP2 peptides. n = 8 (Lrig1fl/fl) and n =7 (Lrig1−/−). (P) 

Enumeration of tumor-specific CD8+ CTLs that were identified by TRP2/MHC dextramer 

staining, compared with fluorescence minus one (FMO) control. n = 5 (Lrig1fl/fl) and n = 

5 (Lrig1−/−). (Q) CD28 expression on TRP2-specific CD8+ CTLs. n = 7 (Lrig1fl/fl) and n = 

6 (Lrig1−/−). All experiments were repeated at least two times. Unpaired t test was used for 

(A) to (E) and (J) to (Q). Mann-Whitney test was used for (F) and (G). Log-rank test was 

used for (H). *P < 0.05, **P < 0.01, and ***P < 0.001.

Ta et al. Page 30

Sci Immunol. Author manuscript; available in PMC 2024 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Loss of LRIG1 reduces the quiescence of tumor-specific CD8+ CTLs and increases the 
abundance of progenitor/memory-like subsets.
CD3+ TILs were sorted from tumor tissues (pooled from 10 mice for each genotype) 

on day 18 after vaccine treatment and analyzed by scRNA-seq. (A) Uniform Manifold 

Approximation and Projection (UMAP) clusters of CD8+ TILs. (B) Expression of marker 

genes enriched in naïve-like and progenitor/memory-like T cells is illustrated in UMAP 

space. (C) Expression of genes Tcf7, Sell, and Pdcd1 distinguishes the quiescent C1 

cluster from progenitor/memory-like clusters (i.e., C0, C2, C8, and C9). (D) Percentages 

of quiescent naïve-like C1 cluster versus progenitor/memory-like cells (combined clusters 

C0/C2/C8/C9) among total CD8+ TILs. (E to G) Flow cytometry analyses to quantify the 

subsets of CD8+ TILs. Shown are the percentages and numbers of TCF1+CD8+ TILs (n 
= 9) (E), percentages of quiescent (TCF1+ CD62Lhi PD-1−) cells among TCF1+ CD8+ 

TILs or total CD8+ TILs (n = 10 and 9) (F), and percentages of quiescent cells (CD62Lhi 

PD-1−) among TRP2/MHC dextramer-specific CTLs (n = 8 and 6) (G). (H to K) Studies 
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of adoptively transferred PMEL T cells. Pre-activated WT (Thy1.1+ Thy1.2−) and Lrig1−/− 

(Thy1.1+ Thy1.2+) PMEL T cells were mixed at a 1:1 ratio (200,000 each) and adoptively 

transferred into mice (Thy1.1−Thy1.2+) bearing established B16bl6 tumors. Tumor tissues 

were harvested on day 7 after transfer and examined by flow cytometry. (H) Total TCF1 

expression. n = 9. (I) Representative plots show the quiescent (TCF1+ CD62Lhi PD-1neg) 

and Tpex (TCF1+ PD-1+) subsets among TCF1+ PMEL cells. Percentages of quiescent and 

Tpex subsets were shown in (J) and (K), respectively. n = 9. (L) Polyclonal quiescent and 

Tpex subsets of CD8+ TILs were sorted from B16bl6 tumor tissues and restimulated ex 

vivo by anti-CD3/CD28 for 16 hours. IFN-γ expression was examined by flow cytometry. 

The Ifng gene expression from CD8+ TILs is shown as a comparison. All experiments were 

repeated at least two times. Unpaired t test used for (E) to (H) and (J) and (K). *P < 0.05, 

**P < 0.01, and ***P < 0.001.
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Fig. 7. Expression of LRIG1 in human melanoma tumor infiltrating CD8+ T cells is associated 
with resistance to immunotherapy.
(A) LRIG1 and VISTA expression in human melanoma infiltrating CD8+ TILs. Single-cell 

suspensions from melanoma tissues were stimulated with anti-CD3 and CD28 antibodies for 

24 hours. LRIG1 and VISTA expression on subsets of CD8+ TILs was analyzed by flow 

cytometry and shown. (B) LRIG1 and VISTA expression on TILs from human endometrial 

cancer and lung cancer specimens following stimulation with anti-CD3/CD28. (C to F) 

Analysis of a scRNA-seq dataset from studies by Sade-Feldman et al. (6). CD8+ TILs 

were clustered, visualized with UMAP, and shown in (C). Clusters were named according 

to the original author’s definition. Expression of LRIG1 and VSIR genes were visualized 

and shown in (D). Percentages of LRIG1+ cells in each CTL cluster in post-ICI tissues 

were shown in (E). Percentages of CD8+ TILs that express LRIG1, TCF1, VSIR (VISTA), 

and TOX genes were enumerated in pre-ICI and post-ICI biopsies and shown in (F). Games-
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Howell’s multiple comparison statistical analysis test was used. *P < 0.05 and **P < 0.01. 

R, responder; NR, nonresponder.
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