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Abstract

Belatacept-based immunosuppression in kidney transplantation confers fewer off-target toxicities 

compared to calcineurin inhibitors but comes at a cost of increased incidence and severity of acute 

rejection, potentially due to its deleterious effect on both the number and function of Foxp3+ 

Treg. TIGIT is a CD28 family coinhibitory receptor expressed on several subsets of immune 

cells including Treg. We hypothesized that coinhibition through TIGIT signaling could function 

to ameliorate costimulation blockade-resistant rejection. Results demonstrate that treatment with 

an agonistic anti-TIGIT antibody, when combined with costimulation blockade by CTLA-4Ig, can 

prolong allograft survival in a murine skin graft model compared to CTLA-4Ig alone. Further, 

this prolongation of graft survival is accompanied by an increase in the frequency and number 

of graft-infiltrating Treg and a concomitant reduction in the number of CD8+ T cells in the 

graft. Through the use of Treg-specific TIGIT conditional knockout animals, we demonstrate 

that the TIGIT-mediated reduction in the graft-infiltrating CD8+ T cell response is dependent on 

signaling of TIGIT on Foxp3+ Treg. Our results highlight both the key functional role of TIGIT on 

Foxp3+ Treg under conditions in which CTLA-4 is blocked and the therapeutic potential of TIGIT 

agonism to optimize costimulation blockade-based immunosuppression.

1. Introduction

Calcineurin inhibitors, the current standard of care immunosuppression for organ transplant 

recipients, are effective but associated with numerous off target toxicities1–4. Belatacept, a 

CTLA-4Ig fusion protein, inhibits cell-mediated graft rejection by binding CD80 and CD86 

on antigen presenting cells (APC), subsequently preventing costimulatory signaling through 

CD28 on T cells5, and has been associated with fewer off-target toxicities and improved 

long-term graft survival and kidney function compared to calcineurin inhibitors 1–4. Despite 

these benefits, belatacept is associated with higher incidence and severity of acute cellular 

rejection following transplantation 6.

Alterations in two main immune cell subsets have been implicated in belatacept-resistant 

rejection: Foxp3+ Treg and CD8+ memory T cells. First, numerous studies have shown 

that the CTLA-4-mediated suppressive function of Treg is compromised in the setting of 
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belatacept7. Second, studies in mice, non-human primates, and humans have identified 

CD8+ alloreactive memory T cells as mediating costimulation blockade-resistant rejection8, 

demonstrated by the findings that distinct CD8+ memory T cell populations exhibit reduced 

requirements for CD28 costimulation8–10. As such, identifying alternate pathways to both 

augment Treg-mediated suppression and inhibit CD28-independent memory CD8+ T cell 

populations is a clinically relevant goal in transplantation.

TIGIT is a T cell immune receptor with immunoglobulin and ITIM motifs with inducible 

expression on subsets of NK cells, CD4+ and CD8+ T cells11, and B cells12,13, and 

constitutive expression on a subset of regulatory T cells (Treg) 11,14. Analogous to 

the CTLA-4/CD28 checkpoint axis, coinhibitory TIGIT competes with the costimulatory 

adhesion molecule DNAM-1 (CD226) for binding to the ligands CD155 and CD112 on 

APC. TIGIT was first described to function by binding to its ligands and inducing the 

secretion of suppressive cytokines by APC, secondarily resulting in inhibition of T cell 

responses 11. However, both Treg-mediated 14–17 and CD8+ T-cell autonomous inhibitory 

mechanisms of TIGIT have recently been described 18. Both antagonistic and agonistic 

αTIGIT antibodies have been shown to modulate this immune checkpoint in vitro and in 
vivo in mice 15,19. In models of cancer, blocking TIGIT revived cytokine production in 

CD8+ T cells18, while TIGIT agonism promoted exhaustion of CD8+ T cells in models 

of cancer and chronic infection18–20. Recently, our group has shown that in vitro TIGIT 

agonism induces apoptosis of human memory T cell subsets associated with costimulation 

blockade-resistant rejection (CoBRR) in a Treg-dependent manner21.

Given its reported ability to both enhance Treg function and inhibit memory CD8+ T 

cell function, we aimed to determine the potential role of TIGIT agonism in ameliorating 

CoBRR in transplantation. Our results highlight the therapeutic potential of TIGIT agonism 

to function in combination with CTLA-4Ig to inhibit alloimmune responses within the graft 

and prolong allograft survival.

2. Methods

2.1 Mice

Male C57BL/6 (H-2b), BALB/c (H-2d), and B6/Ly5.2 mice (H-2b) (all 6–8 weeks) were 

obtained from the National Cancer Institute (Frederick, MD). OT-I 22 and OT-II 23 

transgenic mice were purchased from Taconic Farms (Germantown, NY) and bred to 

Thy1.1+ mice at Emory. Transgenic mice expressing membrane-bound chicken ovalbumin 

under the control of the beta-actin promoter (C57BL/6 background, H-2b)24 were a 

generous gift from Dr. Marc Jenkins (University of Minnesota, Minneapolis, MN). Female 

B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr mice were purchased from Jackson Laboratories 25 (Stock 

No: 016959, Farmington, CT) and bred to TIGITfl/fl mice, a generous gift from Dr. 

Jane Grogan (Genentech). Recipients were either male or female, and donor animals for 

adoptive transfers and skin transplantation were sex matched to the recipient. This study was 

carried out in accordance with the recommendations in the Guide for the Care and Use of 

Laboratory Animals. The protocol (PROTO201700558) was approved by the Institutional 

Animal Care and Use Committee of Emory University.
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2.2 Adoptive cell transfers and skin grafts

Thy1.1+ congenic OVA-specific OT-I (CD8+) and OT-II (CD4+) TCR transgenic cells were 

harvested from spleen and mesenteric lymph nodes. Cells were counted using a Nexcelom 

Cellometer Auto T4 (Nexecelom Bioscience, Lawrence, MA) and stained with CD8, CD4, 

Thy1.1, Vα2, and Vβ5 antibodies (Supplemental Table 1). Frequencies of OT-I and OT-II T 

cells were determined via Vα2 and Vβ5 TCR co-expression. 1e6 OT-I and 1e6 OT-II cells 

were resuspended in 1X PBS and co-adoptively transferred into naïve hosts 24 h prior to 

skin transplantation. Skin transplantation was performed using 1cm × 1cm full-thickness ear 

and tail skin from OVA expressing mice (or fully allogenic BALB/c skin where indicated) 

on the dorsal thorax and wrapped with bandages for 7 days 26. Where indicated, mice were 

treated intraperitoneally with 250ug CTLA-4Ig (abatacept, Bristol Myers-Squibb) on days 0, 

2, 4, and 6; 250ug of anti-TIGIT antibody (Clone: 1G9, BioXCell, West Lebanon, NJ) on 

days 0, 2, 4, and 6; or the two combined. Grafts were considered rejected when less than 

10% of viable graft remained.

2.3 Flow cytometry

Where indicated, OT-I T cells were labeled with 5uM CellTrace Violet (CTV) dye (Life 

Technologies, Invitrogen) and then adoptively transferred into naïve hosts. Spleens and 

draining lymph nodes (DLN, axial and brachial) were homogenized into single cell 

suspensions prior to antibody staining (Supplemental Table 1). The entire remaining skin 

grafts were removed from the mouse and cut into 2mm pieces. The tissue was then digested 

using 2 mg/mL collagenase-P in HBSS + Ca2+ and Mg2+ for 30 minutes at 37°C prior 

to homogenization and antibody staining. Capturing the entire area of the remaining graft 

permits assessment of the absolute number of lymphocytes infiltrating what was initially 

a 1cm2 size-standardized graft. For transcription factor staining, cells were fixed and 

permeabilized using the Foxp3/transcription factor staining kit from eBiosciences. For active 

caspase 3/7 and 7-AAD staining, CellEvent Caspase kit (Thermofisher) was used following 

the manufacturer’s instructions. All flow cytometry samples were acquired on a Fortessa 

cytometer (BD Biosciences), and data were analyzed using FlowJo (v10.8.1 Tree Star, San 

Carlos, CA) and Prism (v9 for Mac, GraphPad Software). Absolute cell numbers were 

calculated using CountBright Beads (Life Technologies).

2.4 RNA sequencing

Fully MHC-mismatched (Balb/c, H-2d) skin was grafted onto H-2b B6.129(Cg)-

Foxp3tm4(YFP/icre)Ayr xTIGITfl/fl recipients or wild type littermate controls. Animals were 

treated on days 0, 2, 4, and 6 with CTLA-4Ig + TIGIT agonist and sacrificed on day 

10. DLN were recovered, homogenized and CD4+ T cells were negatively selected for 

using MACS enrichment (Miltenyi) prior to sorting on CD25+YFP+GITR+ (conditional 

knock-out) or CD25+YFP−GITR+ (WT) Treg. 5,000 purified Treg from 7 cKO and 7 

WT animals were lysed using QIAshredder columns (Qiagen) and mRNA was extracted 

(RNeasy Micro extraction kit, Qiagen). Library preparation (TakaraBio’s SMART-Seq v4 

Ultra Low Input RNA Kit with Illumina’s Nextera XT DNA Library Preparation Kit) 

and sequencing (Illumina NovaSeq 6000 and Illumina MiSeq) were performed by the 

Genomics Core at Emory University. Data was analyzed in R using the DESeq2 package 
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from Bioconductor27, Gene Set Enrichment Analysis (v4.2.3 for Mac GSEA) and Morpheus 

(both publicly available from the Broad Institute). Gene ontology analysis of differentially 

expressed genes was performed using PANTHER28,29 and GORILLA30 software.

2.5 In vitro Treg suppression assays

Treg were isolated from naïve wildtype C57BL/6 mice or Foxp3tm4(YFP/icre)Ayr xTIGITfl/fl 

mice using the Miltenyi CD4+CD25+ regulatory T cell isolation kit (product # 130-091-041) 

following manufacturer’s instructions, purity of enrichment was confirmed by flow 

cytometry. Splenocytes were obtained from naïve OT-I mice and labeled with Cell Trace 

Violet according to manufacturer’s instructions. The proportion of CD8+ OT-I T cells 

of total splenocytes was determined by cell counting and flow cytometry, this number 

was used to determine the appropriate number of Treg to plate in each well with 3e5 

total OT-I splenocytes. Treg/OT-I co-cultures were stimulated with the OVA peptide 

SIINFEKL (10nM) in the presence of 100μg/mL TIGIT agonist (clone 1G9), CTLA-4Ig, 

or CTLA-4Ig+TIGIT agonist for 3 days at 37°C. Flow cytometry was used to assess OT-I 

T cell proliferation and quantify Treg after culture (antibodies in Supplemental Table 1). 

Percent suppression was calculated using the following equation:

# cellsNoTregs − # cellswitℎTregs
#cellsNoTregs ∗ 100

3. Results

3.1 TIGIT agonism alleviates costimulation blockade-resistant rejection and attenuates 
graft-infiltrating CD8+ T cell responses

We assessed the ability of TIGIT agonism to attenuate costimulation blockade-resistant 

allograft rejection in a minor antigenic mismatch model of murine skin transplantation. To 

do this, we performed an adoptive transfer of 1e6 Thy1.1+ TCR transgenic CD8+ (OT-I) and 

CD4+ (OT-II) T cells that specifically recognize OVA peptides presented on MHC class I 

and class II respectively one day prior to giving full thickness ear and tail skin grafts from 

donor mice expressing the membrane-bound OVA protein (mOVA) under the control of the 

β-actin promoter. Recipient mice were then treated with an agonistic anti-TIGIT antibody 

either alone or in combination with the costimulation blocker CTLA-4Ig (abatacept) on 

days 0, 2, 4, and 6 after grafting (Figure 1A). TIGIT agonism alone had no influence on 

graft survival compared to the PBS treated control group (median survival time, MST = 

20 days), while CTLA-4Ig treatment modestly extended the MST to 30 days. In contrast, 

the combination of CTLA-4Ig and the TIGIT agonist significantly prolonged graft survival 

compared to either treatment alone, with 50% of mice in the study experiencing long-term 

graft survival extending beyond 80 days (log-rank Mantel-Cox P value of 0.0007, Figure 

1B).

To understand the cellular mechanisms underlying the prolonged graft survival observed 

in animals treated with the combination of CTLA-4Ig and TIGIT agonist compared to 

CTLA-4Ig treatment alone, we assessed T cell populations within the grafted tissue 10 

days post-transplant and treatment with CTLA-4Ig or CTLA-4Ig + TIGIT agonist as 
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described above. Results showed no difference in the frequency or absolute number of 

graft-infiltrating CD4+ T cells between CTLA-4Ig-treated animals and animals treated with 

CTLA-4Ig + TIGIT agonist (Figure 1C, D). However, there was a significant reduction in 

the absolute number of graft-infiltrating CD8+ T cells in animals treated with the TIGIT 

agonist compared to animals treated with CTLA-4Ig alone (p=0.0326, Figure 1C, E). 

The number of graft-infiltrating donor-specific Thy1.1+ OT-I T cells in CTLA-4Ig+TIGIT 

agonist-treated animals was also significantly reduced compared to animals treated with 

CTLA-4Ig alone (p=0.0173, Figure 1F, G). Interestingly, higher frequencies (p=0.0136) and 

numbers (p=0.0046) of Foxp3+ Treg cells were detected in skin grafts of animals treated 

with CTLA-4Ig + TIGIT agonist compared to animals treated with CTLA-4Ig alone (Figure 

1H, I). Surprisingly, these data were not recapitulated in the graft draining lymph nodes 

(Supplemental Figure 1A–I). Because naïve CD8+ T cell responses to allograft are primed 

in the graft draining lymph node31,32, and no difference in the magnitude of the antigen-

specific response in the lymph nodes was observed, our data suggest that TIGIT agonism 

does not affect the T cell priming event. Instead, these data suggest that the combination of 

CTLA-4Ig + TIGIT agonist attenuates the immune response in the graft by simultaneously 

decreasing infiltration of donor-reactive CD8+ T cells and increasing infiltration of Treg 

within the graft.

Experiments to test the impact of global TIGIT knockout on graft survival were 

performed and revealed that there was no impact of global TIGIT deficiency on graft 

survival in the context of CTLA-4Ig. Likewise, global TIGIT deficiency in the absence 

of immunosuppression had no impact on graft survival (data not shown). From these 

experiments we concluded that during normal rejection responses, insufficient TIGIT 

coinhibitory signals are received to negatively regulate alloreactive T cells and the use of a 

pharmacologic TIGIT agonist can therefore function to provide these signals and synergize 

with CD28 blockade in prolonging allograft rejection (Figure 1B).

3.2 TIGIT on Treg is required for prolonged allograft survival and reduction of graft-
infiltrating CD8+ T cells afforded by TIGIT agonism

Because TIGIT is expressed on convention CD4+ and CD8+ T cells as well as Treg 

(Supplemental Figure 2A–D) and is well-known to be expressed on NK cells11,33–35. We 

first determined that the magnitude of the NK cell population was not affected by treatment 

with the TIGIT agonist in our model, in that no significant change in the quantity of 

NK cells between CTLA-4Ig-treated and CTLA-4Ig+TIGIT agonist-treated animals was 

observed (Supplemental Figure 3A–B). Further, NK cells were not required for TIGIT 

agonist-induced graft survival, in that no significant difference in graft survival was observed 

between NK cell-depleted vs. non-depleted mice in the context of CTLA-4Ig+ TIGIT 

agonist (Supplemental Figure 3C). Thus, the ability of TIGIT agonism to prolong graft 

survival and reduce CD8+ graft-infiltrating T cells could be a direct effect of TIGIT on 

CD8+ effectors, or an indirect effect via a TIGIT+ Treg-dependent mechanism. Therefore, 

to determine whether the observed effect of TIGIT agonism on donor-reactive CD8+ T cells 

is Treg-dependent, we generated Treg-specific TIGIT conditional knockout mice. Foxp3Cre 

mice 25 were crossed with TIGITfl/fl mice, thus generating progeny in which TIGIT is 

knocked out on Treg. TIGIT expression remains intact on other lymphocyte populations 
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(Supplemental Figure 4A–B). Genetic deletion of TIGIT from Treg had no effect on 

the size of the CD8+, CD4+, or Treg population in naïve mice (Supplemental Figure 

4C–D). Foxp3CreTIGITfl/fl (cKO) mice and wildtype (WT) littermate controls adoptively 

transferred with 1e6 donor-reactive Thy1.1+ OT-I T cells, grafted with OVA-expressing 

skin grafts, and treated with CTLA-4Ig+TIGIT agonist (Figure 2A). Results indicated that 

CTLA-4Ig+TIGIT agonist-treated Foxp3CreTIGITfl/fl cKO animals exhibited accelerated 

allograft rejection compared to WT controls (Figure 2B, MST for WT animals >100 days 

compared to MST of 60 days in cKO animals, p=0.0107). Moreover, analysis of donor-

reactive CD8+ T cells in these animals showed that TIGIT agonism failed to reduce the 

accumulation of donor-reactive Thy1.1+ T cells in the graft when TIGIT is not expressed by 

Treg (Figure 2C, D). These data show that the ability of TIGIT agonism to limit CD8+ T cell 

infiltration into the graft is dependent on the presence of TIGIT+ Treg.

We also assessed the frequency of graft-infiltrating Treg by quantifying YFP expression by 

flow cytometry since both TIGIT cKO animals and wildtype littermate controls expressed 

YFP under the Foxp3 promotor in these experiments. We observed that TIGIT cKO mice 

exhibited a decrease in the frequency of graft-infiltrating Treg compared to wildtype mice 

after treatment with CTLA-4Ig+TIGIT agonist (p=0.0357, Figure 2E, F). Taken together, 

TIGIT cKO animals experience a significant reduction in the Treg: CD8 ratio and a modest 

reduction in the Treg: OT-I ratio within the graft tissue compared to WT animals after 

treatment with CTLA-4Ig+TIGIT agonist (p=0.036 Figure 2G, 2H).

To corroborate these results obtained in a minor mismatch model in a model of full MHC 

disparity, TIGIT cKO mice and WT littermate controls were grafted with fully MHC- 

mismatched BALB/c skin grafts and graft survival was assessed following treatment with 

CTLA-4Ig+ TIGIT agonist (Figure 2I). Like observations in the minor antigen mismatch 

model, WT recipients of a fully MHC-mismatched BALB/c allograft exhibited a significant 

graft-survival advantage (MST= 24 days) over TIGIT cKO recipients of a BALB/c graft 

(MST = 17 days, p=0.0165). Together with the data in the minor mismatch model, these 

data confirm that TIGIT expression on Treg is required to achieve the prolonged allograft 

survival afforded by TIGIT agonist treatment in the context of CTLA-4Ig.

3.3 WT Treg treated with TIGIT agonist express a gene profile enriched with a Treg 
phenotypic profile

Given that we observed a Treg-dependent reduction of donor-reactive Thy1.1+ CD8+ T 

cells in the skin graft tissue after treatment with CTLA-4Ig+TIGIT agonist, we sought 

to interrogate qualitative, transcriptomic differences between WT and TIGIT cKO Treg. 

BALB/c skin was transplanted onto Foxp3CreTIGITfl/fl cKO mice vs. WT littermate 

controls. Mice were treated with CTLA-4Ig+TIGIT agonist on days 0, 2, 4, and 6 and 

sacrificed on day 10. Treg were isolated from the draining lymph nodes by first enriching 

for CD4+ T cells using negative selection magnetic-activated cell sorting followed by FACS 

sorting for CD25+YFP+GITR+ (cKO) or CD25+YFP−GITR+ (WT) Treg (Figure 3A, B). 

Flow cytometry analysis confirmed that TIGIT cKO Treg exhibit reduced CD25 expression 

relative to WT Treg (p=0.035 Figure 3B). mRNA was then isolated from sorted cells and 

Illumina sequencing was performed. Over 14,000 genes were identified in the sorted Treg; 
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of those, 67 were differentially expressed between TIGIT cKO Treg and WT Treg with an 

adjusted p value <0.05 (Figure 3C). Gene set enrichment analysis (GSEA) was performed 

on the entire gene set using the ImmuneSigDB database; of the 20 established gene sets 

with the highest enrichment scores within our data, 6 associated our data with a Treg (vs. 

Tconv) lineage in WT vs. cKO Treg. For example, GSE7852_Treg_vs_Tconv_LN_UP is 

a dataset curated by Feuerer et al. that is enriched in our transcriptome data (Figure 3D, 

normalized enrichment score= 2.26, p<0.01)36. Leading edge genes that contributed to this 

phenotype enrichment in WT vs cKO Treg treated with TIGIT agonist +CTLA-4Ig include 

genes related to Treg survival and stability (Figure 3E). These include IL2ra and IL2rb37, 

the SOCS family genes Socs538 and Cish39, as well as Dusp440,41, Penk42, and others. We 

also saw differential mRNA expression of genes related to cell survival between WT and 

TIGIT cKO Treg. Fam129a is a gene that has been shown to regulate protein translation 

and promote cell survival43 and is significantly enriched in WT Treg after treatment with 

CTLA-4Ig+TIGIT agonist compared to cKO Treg (p=0.019, Figure 3F). Only 25 genes 

were significantly upregulated in TIGIT cKO Treg compared to WT Treg. Of these, 

Brap44, Cables245, Dnaj346, and Usp447,48 are all reported to be involved in preventing 

cell cycle progression or promoting apoptosis (Figure 3F). We also quantified Foxp3 protein 

expression by flow cytometry in the grafts and draining lymph nodes of WT and TIGIT 

cKO mice after BALB/c allograft challenge and treatment with CTLA-4Ig + TIGIT agonist. 

Foxp3 expression was significantly higher in WT Treg compared to TIGIT cKO Treg in the 

graft (p=0.0286 Figure 3G), LAG3 was minimally expressed on Treg in the dLN and graft 

tissue, and expression within the graft was not different between the two groups (Figure 

3H). The discrepancy between RNA and protein level data for LAG3 could be due to the 

reported cleavage of LAG3 from the cell surface as well as mechanisms of recycling and 

endosomal storage of the molecule49. We next performed gene ontology (GO) analysis on 

genes that were differentially expressed (DEG) between WT vs. cKO Treg. Genes that 

were upregulated in WT Treg relative to TIGIT cKO Treg were significantly enriched 

in pathways related to negative regulation of the adaptive immune response (Figure 3I, 

Supplemental Figure 5, Supplemental Table 2). These data demonstrate that Treg receiving 

TIGIT signaling in the context of CTLA-4Ig exhibit increased expression of transcripts 

associated with increased stability and survival of Treg compared to Treg where TIGIT has 

been genetically deleted.

We next assessed the expression of genes associated with Treg function in WT vs. TIGIT 

cKO Treg. No difference in the mRNA expression of Ctla4, Tfgb, Fgl2, Helios, 4–1BB, 

Cd28, Icos, Il10, or Cd39 between WT and TIGIT cKO Treg was observed (Figure 4A), 

suggesting that the suppressive function of TIGIT cKO Treg was not demonstrably impaired 

as compared to WT Treg. To confirm these transcriptomic findings at a functional level, we 

performed Treg suppression assays using Treg from WT vs. TIGIT cKO mice, stimulated 

in the presence of CTLA-4Ig, TIGIT agonist, or the combination of CTLA-4Ig+TIGIT 

agonist. While each of the immunosuppressive treatments impaired in vitro proliferation of 

OT-I T cells compared to untreated OT-I responder cells (Supplemental Figure 6A), there 

was no difference in the percent suppression between WT and TIGIT cKO Treg in any 

of the treatment conditions (Figure 4C). This is consistent with our RNAseq findings that 

there were no differences in the expression of genes related to Treg function. Moreover, 
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we did not observe an impact of either CTLA-4Ig, TIGIT agonist, or the combination on 

the suppressive capacity of Treg (Supplemental Figure 6B). However, we did measure a 

significant increase in the number of Foxp3+ Treg in cell culture wells after treatment with 

CTLA-4Ig+TIGIT agonist compared to CTLA-4Ig alone (p=0.0045). Together, these data 

demonstrate that in the context of CTLA-4Ig, TIGIT agonism does not affect the functional 

suppressive capacity of Treg on a per cell basis, but instead suggest that TIGIT agonism in 

the context of CTLA-4Ig improves Treg survival and/or differentiation.

4. Discussion

The data presented here demonstrate that an agonistic anti-TIGIT antibody improves 

allograft survival in the setting of CTLA-4Ig costimulation blockade as compared to 

CTLA-4Ig alone. This increase in graft survival is underpinned by an increase in graft-

infiltrating Treg, a cell subset well known for its ability to regulate alloimmune responses 

and create a tolerogenic immune landscape after transplantation50,51. However, most of the 

strategies for immunosuppression that are used clinically have a detrimental effect on the 

survival and function of Treg6,52,53. The data we present describe a potentially therapeutic 

strategy to promote the ability of the Treg that remain after costimulation blockade therapy 

to survive and access the allograft.

Our data show that TIGIT agonism in combination with CTLA-4Ig resulted in a decrease 

in graft-infiltrating CD8+ T cells and an increase in graft-infiltrating Treg compared to 

CTLA-4Ig treatment alone. This resulted in a 2.4-fold increase in the Treg:CD8+Teff cell 

ratio in the grafted tissue compared to CTLA-4Ig treatment alone. The long held notion 

has been that during the alloimmune response, Treg migrate to the draining lymph nodes 

and execute their suppression function on the antigen-specific response within the node7. 

However, our data suggest that a favorable Treg: Teff ratio within the graft may also 

contribute to the suppression of alloresponses. This is consistent with recent studies showing 

that Treg infiltration into allograft tissue can be a biomarker of rejection-free survival54–56.

Our data reveal that TIGIT expression and signaling is important for regulating gene 

expression in Treg. Foxp3 was a highly expressed gene in the Treg isolated from both 

the TIGIT cKO mice and WT littermate Treg, indicating that both groups of animals have 

Treg that express high amounts of the Foxp3 gene. Despite high expression in WT and 

cKO Treg, Foxp3 was the most significantly differentially expressed gene between WT 

and cKO Treg after allograft challenge and treatment with CTLA-4Ig + TIGIT agonist. 

This is consistent with recent literature showing that blocking CD226, the costimulatory 

counterpart to TIGIT, increased the expression of Foxp3 by providing more access for 

TIGIT to bind their shared ligand, CD15557. Our baseline analysis of the TIGIT conditional 

knockout mice compared to WT littermate controls showed that these animals possess 

similar frequencies and numbers of Treg in the blood, spleen and mesenteric lymph nodes 

at 6–8 weeks of age (Supplemental Figure 2G). Genes related to defects in cell cycle 

progression and mitochondrial regulation are upregulated in the TIGIT cKO Treg based on 

our RNA sequencing data, and experiments in WT mice +/−TIGIT agonism revealed no 

effects of TIGIT agonism on pro- or anti-apoptotic activity (Supplemental Figure 6C–E). 

Together, these data show that TIGIT cKO animals do not have a defect in the frequency 
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and number of Treg at baseline or an increased propensity for apoptosis, but TIGIT signaling 

induced by the TIGIT agonist increases the expression of Foxp3 and supports Treg survival. 

Prior studies evaluating the function of TIGIT agonism have shown that TIGIT agonism 

leads to the production of IL-10 and the suppressive molecule Fgl2 by Treg14. Our RNA seq 

and in vitro ELISA data (data not shown) did not support this. Further, our in vitro assays 

show that there is no difference in the ability of WT or TIGIT cKO Tregs to suppress OT-I 

T cell proliferation in the presence of CTLA-4Ig+TIGIT agonist. While TIGIT agonism 

had a mild effect on Treg suppression compared to untreated wildtype T cells in culture 

(data not shown), this effect was not present between cells treated with CTLA-4Ig vs 

CTLA-4Ig+TIGIT agonist. Together, these data suggest that agonistic anti-TIGIT in the 

absence of CTLA-4 and CD28 signaling, as is the case in our studies, may not function 

through an IL-10 or Fgl2-dependent mechanism.

While we have identified a T cell intrinsic effect of TIGIT signaling on Treg, TIGIT is 

also expressed activated CD8+ T cells, and others have reported a CD8+ T cell intrinsic 

effect of TIGIT agonism20. Our study used novel Foxp3-Cre × TIGITfl/fl conditional 

knockout animals to show that reduction of graft-infiltrating CD8+ T cells was dependent 

on the presence of TIGIT+ Treg, but this does not eliminate the possibility of a CD8+ T 

cell-dependent role for TIGIT agonism For example, the median graft survival time for 

the TIGIT cKO mice treated with CTLA-4Ig + TIGIT agonist is >10 days longer than 

the MST observed when WT mice are treated with CTLA-4Ig alone (Figure 1B-green, 

Figure 4B-blue). However, the reduction of donor-specific graft-infiltrating CD8+ T cells we 

measured as a result of TIGIT agonism + CTLA-4Ig treatment are ablated when TIGIT is 

not expressed on Treg. Overall, these data further illuminate the Treg-autonomous role of 

TIGIT signaling in reducing graft-associated CD8+ T cell responses and improving allograft 

survival. These results provide a foundation for exploring TIGIT agonism as a therapeutic 

strategy to supplement belatacept treatment for transplant patients to reduce the incidence of 

CoBRR.
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Figure 1: TIGIT agonism combined with CTLA-4Ig prolongs allograft survival, increases graft-
infiltrating Treg while reducing graft-infiltrating CD8+ T cells
. (A) Schematic of experimental design. Thy1.1+ TCR transgenic OT-I and OT-II 

T cells are adoptively transferred into naive C57BL/6 hosts 24 h prior to grafting 

with OVA expressing skin. Animals are subsequently treated with PBS, TIGIT agonist 

(250ug), CTLA-4Ig (250ug) or a combination of CTLA-4Ig + TIGIT agonist on days 

0, 2, 4, and 6 after transplant. Allograft survival was monitored after skin graft and 

cessation of immunosuppression (B). Skin graft tissue was also collected 10 days after 

allograft challenge and digest to determine the infiltrating lymphocyte populations (C-I). 

Representative flow cytometry plots and summary data for the bulk CD4+ T cell population 

(C, D left panel) bulk CD8+ T cell population (C, E right panel) from skin graft tissue 

are shown. Thy1.1+ OT-I T cells within the CD8+ T cell compartment were detected and 

quantified (representative flow F, summarized G). Treg were detected within the CD4+ 

T cell compartment off the grafted tissue (represented in H, summarized I). Summary of 
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graft survival data pooled from three independent experiments. Flow cytometry data are 

representative of 3 independent experiments (n=20 per group) mean ± SEM is shown. 

Non-parametric Mann-Whitney T tests were performed (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001).
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Figure 2: TIGIT on Treg is required for prolonged allograft survival and the cellular responses 
conferred by treatment with CTLA-4Ig + TIGIT agonist.
Foxp3tm4(YFP/icre)Ayr mice were crossed to TIGITfl/fl mice prior to adoptive transfer of OT-I 

T and OT-II T cells and OVA allograft challenge (schematic, A) and treatment CTLA-4Ig 

+ TIGIT agonist. Skin graft survival was assessed comparing TIGITfl/fl WT littermate 

controls to Foxp3-Cre × TIGITfl/fl mice, all treated with the combination of CTLA-4Ig + 

TIGIT agonist (B). (C) Graft infiltrating lymphocytes were assessed 10 days after adoptive 

transfer of OT-I T cells and allograft challenge and treatment with CTLA-4Ig (Foxp3-Cre 

× TIGITWT/WT WT littermate controls) or CTLA-4Ig + TIGIT agonist (Foxp3-Cre × 

TIGITfl/fl cKO and Foxp3-Cre × TIGITWT/WT WT littermate controls). The frequency and 

number of Thy1.1+ cells within the CD8+ T cell compartment (C) were determined. Graft-

infiltrating Treg were measured by gating on Live, CD45+CD4+ T cells and determining 

the Foxp3+ cell population within the CD4+ parent gate (E). Summary data is representative 

of 2-independent replicates (F) mean ± SEM is shown. The ratio of Treg: graft-infiltrating 
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CD8+ T cells (G) and Treg: OT-I T cells (H) was calculated and is summarized for two 

independent replicates. (I) Foxp3-Cre × TIGITfl/fl cKO and Foxp3-Cre × TIGITWT/WT 

WT littermate controls were grafted with BALB/c skin and treated with 4 doses of 

CTLA-4Ig + TIGIT agonist, grafts were monitored for survival (n=5 per group, p=0.0165). 

Non-parametric Mann-Whitney T tests were performed (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001).
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Figure 3: Expression profile of WT vs. TIGIT cKO Treg after treatment with CTLA-4Ig + 
TIGIT agonist.
(A)Treg were isolated from the draining lymph nodes of WT (TIGITfl/fl) or TIGIT 

cKO (Foxp3-Cre × TIGITfl/fl) mice 10 days after fully allogenic mismatch skin graft 

challenge and treatment with CTLA-4Ig + TIGIT agonist. Cells were sorted (gating scheme 

and CD25 expression quantification, B) and mRNA from purified Treg was prepared 

for Next-Gen RNA sequencing analysis. 64 of the identified genes were significantly 

differentially expressed between WT and cKO Treg with an adjusted p value < 0.05 

(represented in the heatmap, C). Differential expression by RNAseq of genes with the 

highest enrichment scores contributing to the leading edge within gene set GSE7852 are 

shown (D, E). Differentially expressed genes relating to cell survival, apoptosis, and cell 

cycle progression are highlighted in (F). Foxp3 protein expression was quantified using the 

mean fluorescence intensity (MFI) in the graft-infiltrating Treg population in of WT (Foxp3-

Cre × TIGITWT/WT) and TIGIT cKO (Foxp3-Cre × TIGITfl/fl) mice after Balb/c allograft 
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challenge and treatment with CTLA-4Ig+ TIGIT agonist (G, n=4 per group, p=0.0286). 

LAG3 protein expression was quantified by MFI in LAG3+ Treg population of the grafts 

of these animals (H, n=4 per group, p=0.886). Log2 normalized read counts, p values, and 

adjusted p values were calculated using DESeq2 from Bioconductor (C-F).
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Figure 4: TIGIT on Treg does not affect Treg suppressive function in the context of CTLA-4Ig.
Differential gene expression was calculated for genes related to Treg function (A). Treg 

suppressor function was measured by Treg suppression assays where Treg were isolated 

from spleens of naïve WT (Foxp3-Cre × TIGITWT/WT) or TIGIT cKO (Foxp3-Cre × 

TIGITfl/fl) mice by MACS enrichment prior to plating with Cell Trace Violet (CTV) labeled 

splenocytes from OT-I mouse spleens. Cells were stimulated with SIINFEKL peptide and 

treated with 100μg/mL CTLA-4Ig, 100 μg/mL TIGIT agonist, or CTLA-4Ig+TIGIT agonist 

in culture for 3 days. Dilution of CTV was measured and the percent suppression was 

calculated (representative flow B, summarized for 2 independent experiments in C). Treg 

were cultured with naïve splenocytes and quantified by flow cytometry after 3 days in 

culture (summarized D), data are from 2 independent experiments. Non-parametric Mann 

Whitney T-tests were performed to determine p values in C, D. Non-parametric paired t-test 

was performed in E.
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