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Leukemia relapse is a major cause of death after allogeneic hematopoietic cell transplantation (allo-HCT). We tested the 
potential of targeting T cell (Tc) immunoglobulin and mucin-containing molecule 3 (TIM-3) for improving graft-versus-leukemia 
(GVL) effects. We observed differential expression of TIM-3 ligands when hematopoietic stem cells overexpressed certain 
oncogenic-driver mutations. Anti–TIM-3 Ab treatment improved survival of mice bearing leukemia with oncogene-induced TIM-
3 ligand expression. Conversely, leukemia cells with low ligand expression were anti–TIM-3 treatment resistant. In vitro, TIM-3 
blockade or genetic deletion in CD8+ Tc enhanced Tc activation, proliferation, and IFN-γ production while enhancing GVL effects, 
preventing Tc exhaustion, and improving Tc cytotoxicity and glycolysis in vivo. Conversely, TIM-3 deletion in myeloid cells did 
not affect allogeneic Tc proliferation and activation in vitro, suggesting that anti–TIM-3 treatment–mediated GVL effects are Tc 
induced. In contrast to anti–programmed cell death protein 1 (anti–PD-1) and anti–cytotoxic T lymphocyte–associated protein 
4 (anti–CTLA-4) treatment, anti–TIM-3-treatment did not enhance acute graft-versus-host disease (aGVHD). TIM-3 and its 
ligands were frequently expressed in acute myeloid leukemia (AML) cells of patients with post–allo-HCT relapse. We decipher 
the connections between oncogenic mutations found in AML and TIM-3 ligand expression and identify anti–TIM-3 treatment as 
a strategy for enhancing GVL effects via metabolic and transcriptional Tc reprogramming without exacerbation of aGVHD. Our 
findings support clinical testing of anti–TIM-3 Ab in patients with AML relapse after allo-HCT.
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lar receptor 2 [Havcr2] gene) and its ligands. We observed that the 
TIM-3 ligands Gal-9 (encoded by Lgals9) and carcinoembryonic 
antigen–related cell adhesion molecule 1 (Ceacam1) were differ-
entially expressed when compared with empty vector control 
depending on the oncogene that was introduced into hematopoi-
etic stem cells (HSCs) of BALB/c mice, with FLT3-ITD showing 
the greatest upregulation of both ligands. c-KIT-D816V oncogen-
ic-driver mutation led to a significant increase of Lgals9 in HSCs 
(Figure 1, A and B). Conversely, we found no association between 
oncogenes and TIM-3 or TIM-3 ligand high-mobility group box 1 
(Hmgb1) expression (Supplemental Figure 1, A and B; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI177460DS1). Consistent with the findings in primary HSCs, 
the transduction of the myeloblast-like murine cell line 32D with 
FLT3-ITD caused enhanced secretion of Gal-9, while less Gal-9 
was secreted upon overexpression of FIP1L1-PDGFRα (Supple-
mental Figure 1C). We then transferred HSCs previously trans-
duced with different oncogenes in mice undergoing allo-HCT and 
allogeneic Tc transfer and compared the efficacy of anti–TIM-3 
treatment after FLT3-ITD or FIP1L1-PDGFRα Tg HSC injection. 
Mice were treated i.p. every 3 days from day 7 to day 28 with 150 
μg of anti–TIM-3 or isotype Abs. Anti–TIM-3 treatment was effi-
cient in mice undergoing allo-HCT carrying FLT3-ITD Tg HSCs or 
c-KIT-D816V Tg HSCs, but not in mice carrying FIP1L1-PDGFRα 
Tg HSCs (Figure 1, C–E). We observed a higher expression of TIM-
3 ligands in FLT3-ITD and c-KIT-D816V Tg HSCs compared with 
FIP1L1-PDGFRα Tg HSCs, which is in agreement with the concept 
that anti–TIM-3 therapy sensitivity is associated with the expres-
sion of TIM-3 ligands.

TIM-3, Gal-9, and CEACAM1 expression levels were increased 
on CD8+ Tc at days 17 and 24 in mice injected with FLT3-ITD MLL-
PTD AML cells and undergoing allo-HCT with allogeneic Tc trans-
fer compared with untreated control mice (Supplemental Figure 
1D). This increase likely reflects the activation of alloreactive Tc. 
Conversely, gene expression levels of Havcr2 and Ceacam1 did not 
differ on leukemia cells at different time points after allo-HCT as 
compared with untreated controls. Lgals9 gene expression was only 
increased on day 10 after allo-HCT (Supplemental Figure 1E).

We further tested the effect of anti–TIM-3 treatment on the 
GVL effect in additional models using WEHI-3B AML and the 
previously described FLT3-ITD MLL-PTD–driven AML model 
(5). In all models, donor Tc are infused 2 days after allo-HCT to 
reproduce clinical conditions where DLI is administered during 
low leukemia burden, as shown previously (5, 20). FLT3-ITD 
MLL-PTD–driven AML cells exhibited higher TIM-3 and ligand 
expression compared with WEHI-3B AML cells (Figure 1, F–I). 
Anti–TIM-3 treatment improved the survival in both models, with 
a more prominent effect observed in FLT3-ITD MLL-PTD–driv-
en AML, consistent with previous observations (Figure 1, J and 
K). Notably, mice treated with anti–TIM-3 Ab without allogeneic 
Tc transfer were not protected from FLT3-ITD MLL-PTD–driven 
AML (Figure 1J), indicating that anti–TIM-3 Ab requires allo-HCT 
to exert its effects. Anti–TIM-3 treatment also reduced the leuke-
mia burden in FLT3-ITD MLL-PTD–driven AML, as evidenced 
by decreased AML cell frequency in the BM at day 23 after allo-
HCT (Figure 1L). Additionally, mice treated with anti–TIM-3 Ab 
in the absence of allo-HCT were not protected from FLT3-ITD 

Introduction
Acute myeloid leukemia (AML) relapse is the main cause of death 
after allogeneic hematopoietic cell transplantation (allo-HCT) (1). 
Mechanisms promoting relapse include MHC class II downregula-
tion (2, 3), loss of mismatched HLA (4), immune checkpoint ligand 
upregulation (3), reduced IL-15 production (5), and leukemia-de-
rived lactic acid release (6) among others (reviewed in ref. 7). A 
longstanding approach to addressing relapse is treatment with 
cellular therapy, such as donor lymphocyte infusions (DLI), either 
alone or with hypomethylating agents (HMA) (8, 9). A retrospec-
tive analysis on response to DLI reported complete response (CR) 
rates of 17% for patients with AML (10), and another large retro-
spective, multicenter study reported a 2-year overall survival (OS) 
upon DLI treatment of 20% versus 9% upon chemotherapy-only 
treatment (9). These reports indicate that donor T cells (Tc) can 
exert graft-versus-leukemia (GVL) effects, but also demonstrate 
the high unmet medical need for therapies that enhance GVL 
effects. Current pharmacological approaches for prevention and 
treatment of AML relapse include the use of FMS-like tyrosine 
kinase 3 (FLT3) kinase inhibitors (5, 11, 12), immune checkpoint 
inhibitors (ICIs) (13–17), HMA (8, 18), B cell lymphoma 2 (BCL-2) 
inhibitors (19), mouse double minute 2 (MDM2) inhibition (20), 
and others (21).

T cell immunoglobulin and mucin-containing molecule 3 
(TIM-3) has recently emerged as an inhibitory receptor (22, 23) 
and, more broadly, as a marker for Tc dysfunction in cancer (24). 
It was recently described that TIM-3 may also play an important 
role in regulating immune responses in solid tumors, as evidenced 
by recent data from mouse models of melanoma (23).

In addition to its role in immune cells, TIM-3 is a promising 
target in AML because it is highly expressed on leukemic stem 
cells (LSCs) (25). Functionally, TIM-3 and its ligand, galectin-9 
(Gal-9), induce an autocrine loop that is essential for LSC self-re-
newal and AML development (26). Additionally, refractoriness to 
treatment correlated with TIM-3 expression in AML (27). Early 
clinical trials testing TIM-3 blockade using the humanized IgG4 
anti–TIM-3 Ab (sabatolimab, MBG453, Novartis) in combination 
with decitabine in 60 evaluable patients with AML outside of the 
allo-HCT setting reported CR rates of 35.3% (28). The contribu-
tion of TIM-3 in LSCs contrary to Tc for clinical activity of anti–
TIM-3 Ab remains unclear.

Using an anti–TIM-3 blocking Ab, we observed that TIM-3 
inhibition enhanced the survival of leukemia-bearing mice after 
allo-HCT and reduced exhausted TIM-3+PD-1+ (where PD-1 indi-
cates programmed cell death protein 1) Tc frequencies. Important-
ly, we report that cell-specific TIM-3 deletion in CD8+ Tc (Havcr2fl/

fl;E8icre/+) caused enhanced Tc proliferation, activation, effector 
phenotype, and antileukemia immunity.

Results
Differential TIM-3 ligand expression in hematopoietic stem cells upon 
oncogene activation confers susceptibility to anti–TIM-3 Ab therapy in 
multiple AML models. We previously reported that the JAK2-V617F 
oncogenic mutation enhances the expression of the immunosup-
pressive programmed death-ligand 1 (PD-L1) (29) and sought to 
investigate connections between oncogenes found in AML and 
the expression of TIM-3 (encoded by the hepatitis A virus cellu-
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Figure 1. TIM-3 inhibition enhances GVL effects in different AML models. Murine primary HSCs (C57BL/6) were transduced with the indicated onco-
genes or gene fusions. RNA expression of (A) Lgals9 and (B) Ceacam1 was determined by quantitative PCR (qPCR). Gene expression was normalized 
to Hprt. Fold change was calculated in comparison with empty vector (dotted line). Results are represented as mean ± SEM from 3 independent 
experiments. P values were calculated using Kruskal-Wallis 1-way ANOVA multiple-comparisons test. (C–E) Kaplan-Meier plots showing mouse 
survival in the indicated groups. BALB/c recipient mice were injected i.v. with 7 × 104 oncogene-transduced HSCs and 5 × 106 allogeneic BM and/or 
Tc when indicated. All mice were treated i.p. with isotype Ab or anti–TIM-3 Ab as indicated. P values were calculated using 2-sided Mantel-Cox test. 
(F–I) RNA expression of (F) Havcr2, (G) Lgals9, (H) Ceacam1, and (I) Hmgb1 in WEHI-3B (n = 13) and in FLT3-ITD MLL-PTD cells (n = 6) was analyzed 
by qPCR. Gene expression is shown as percentage of Hprt. P values were calculated using an unpaired Student’s t test. (J and K) Kaplan-Meier 
plot showing mouse survival in the indicated groups. Recipient mice were injected i.v. with FLT3-ITD MLL-PTD (J) or WEHI-3B cells (K) and 5 × 106 
allogeneic BM and/or Tc and treated with either isotype Ab or anti–TIM-3 Ab, as indicated. P value was calculated using 2-sided Mantel-Cox test. (K) 
Kaplan-Meier plots showing mouse survival in the indicated groups. BALB/c recipient mice were injected with WEHI-3B cells and 5 × 106 allogeneic 
BM and Tc and treated with isotype Ab (n = 10) or anti–TIM-3 Ab (n = 10). Data are represented as 2 independent experiments. P value was calculated 
using 2-sided Mantel-Cox test. (L) Data are represented as mean ± SEM of CD45+H-2Kb+ cell frequency in the BM at day 23 after allo-HCT. C57BL/6 
recipient mice were injected with FLT3-ITD MLL-PTD cells and allogeneic BM and/or Tc and treated with isotype Ab (n = 10) or anti–TIM-3 Ab (n = 10). 
P values were calculated using 1-way ANOVA followed by Tukey’s multiple-comparisons test.
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anti–TIM-3 Ab compared with isotype-treated mice (Supplemen-
tal Figure 4, A and B). Taken together, these findings indicate that 
anti–TIM-3 treatment enhances glycolytic activity in Tc following 
allo-HCT in leukemia-bearing mice.

Using high-dimensional spectral FC, we next examined the 
impact of anti–TIM-3 Ab treatment on the myeloid lineage pheno-
type in FLT3-ITD MLL-PTD AML–bearing mice that had under-
gone allo-HCT and Tc transfer on day 2 after allo-HCT (Figure 
2I). Analysis of the spleen at day 23 after allo-HCT revealed a 
decreased frequency of leukemic blasts, in line with a more potent 
GVL effect, and a higher frequency of neutrophils upon anti–TIM-
3 treatment (Figure 2, J–L). Consistent with a potential role for 
neutrophils in ICI-mediated GVL effects, recent evidence has 
suggested that neutrophils contribute to ICI-induced antitumor 
immune responses (36, 37). Additionally, we found an increased 
frequency of type-1 conventional DCs (cDC1s) and macrophages 
upon anti–TIM-3 compared with the isotype Ab treatment (Figure 
2, M and N). cDC1s have been described as providing an essential 
niche to promote memory precursor Tc maintenance and differ-
entiation in the context of anti–PDL-1 therapy (38). Furthermore, 
we found that the expression of TIM-3 and Gal-9 was significant-
ly enriched in distinct myeloid cell types upon anti–TIM-3 treat-
ment. Notably, expression of TIM-3 was increased in cDC1s and 
macrophages, while monocytes and macrophages were enriched 
for Gal-9 (Supplemental Figure 5B).

Consistent with the effects of anti–TIM-3 treatment observed 
in vivo, we observed similar effects following in vitro anti-CD3/
CD28–mediated Tc activation. When the isotype Ab was added 
to the culture, more than 30% of CD4+ and CD8+ Tc subsets dis-
played a phenotype of exhaustion (based on the coexpression of 
PD-1 and TIM-3 on Tc) after 14 days of culture (Figure 3A). Con-
sistent with our in vivo studies, addition of anti–TIM-3 Ab in vitro 
resulted in reduced frequencies of exhausted Tc in both CD4+ 
and CD8+ subsets (Figure 3, A–E). Additionally, we observed a 
decreased expression of the exhaustion-associated transcription 
factor thymocyte selection–associated HMG BOX (TOX) in CD4+ 
and CD8+ Tc when the anti–TIM-3 Ab was added to the culture 
(Figure 3, F–I).

These findings indicate that anti–TIM-3 Ab treatment induces 
several changes in both Tc and myeloid cell populations. We found 
phenotypic features of Tc exhaustion to be reduced in vitro and 
in vivo. Accordingly, we observed increased effector functions in 
different Tc subsets in vivo, which is in line with a more effective 
elimination of AML blasts.

Genetic TIM-3 deletion in CD8+ Tc enhances Tc activation, 
proliferation, and IFN-γ production as well as GVL effects. Since 
the anti–TIM-3 Ab will block TIM-3 on multiple cell types, we 
next used TIM-3 conditional KO mice (Havcr2cKO) generated 
previously via Cre/lox-based gene deletion (23) to identify the 
cell types relevant for the anti–TIM-3 Ab–mediated effects. To 
test the role of TIM-3 for alloantigen-driven Tc activation, Tc 
were exposed in vitro to allogeneic stimulating Tc-depleted 
PBMCs. We observed that specific TIM-3 deletion in CD8+ Tc 
(Havcr2fl/fl;E8icre/+) caused increased proliferation compared 
with Havcr2fl/fl Tc (Figure 4A). Conversely, TIM-3 deletion in 
all DCs (Havcr2fl/fl;Cd11ccre/+) or cDC1 (Havcr2fl/fl;Zbtb46cre/+) 
subsets used for allogeneic stimulation did not affect Tc pro-

MLL-PTD–driven AML (Supplemental Figure 2A), supporting 
the hypothesis that anti–TIM-3 Ab have no direct cytotoxic effect 
against AML cells, but require allo-HCT. These results highlight 
that oncogene-driven expression of TIM-3 and its ligands contrib-
utes to disease progression and targeting TIM-3 in the presence of 
donor allogeneic Tc enhances the GVL effect.

Anti–TIM-3 Ab treatment after allo-HCT reduces Tc exhaustion, 
increases glycolytic capacity of Tc, and enhances immune responses. 
Since Ab-dependent cell-mediated cytotoxicity (ADCC) of the 
anti–TIM-3 Ab on AML cells was unlikely based on the lack of 
efficacy against AML cells in vivo in the absence of Tc (Figure 1J), 
we investigated the effect of anti–TIM-3 Ab treatment on Tc phe-
notype in both WEHI-3B and FLT3-ITD MLL-PTD AML models. 
Tc exhaustion, characterized by the coexpression of PD-1 and 
TIM-3, has been observed in AML patients relapsing after allo-
HCT (30). Using WEHI-3B cells with allo-HCT and Tc transfer 
followed by anti–TIM-3 or isotype Ab treatment, we found a low-
er frequency of exhausted TIM-3+PD-1+ donor Tc in CD4+ and 
CD8+ Tc subsets, in the spleen and in the BM isolated on day 23 
after allo-HCT, upon anti–TIM-3 treatment compared with iso-
type Ab treatment (Figure 2, A and B, and Supplemental Figure 
3, A–C). Importantly, this reduction in TIM-3+ Tc was not due to 
steric hindrance by the anti–TIM-3 blocking Ab, as the Ab used 
for flow cytometry (FC) detection recognize different epitopes, 
and TIM-3 staining was unaffected by anti–TIM-3 Ab treatment 
(Supplemental Figure 3, D and E). To extend our analysis of Tc 
exhaustion, we conducted high-resolution spectral FC-based 
analysis on Tc isolated from spleens at day 23 after allo-HCT in 
FLT3-ITD MLL-PTD AML–bearing mice. The analysis revealed 
several CD4+ and CD8+ Tc subsets (Figure 2C and Supplemen-
tal Figure 5A). By investigating both phenotypic and functional 
markers, we observed that anti–TIM-3 Ab treatment profoundly 
remodeled both CD4+ and CD8+ Tc subsets when compared with 
isotype Ab treatment. Notably, we found an increased expres-
sion of granzyme B in the CD8+ effector Tc (Teff) subset upon 
treatment with anti–TIM-3 Ab as well as an increased expression 
of CD38 and the ectonucleoside triphosphate diphosphohydro-
lase-1 (CD39) in precursor exhausted CD8+ Tc (Figure 2, D and 
E), which have been described as tumor-specific CD8+ Tc that 
exhibit potent antitumor activity against different solid cancers 
(31–34). Following our previous work showing that reduced gly-
colytic activity of Tc is associated with impaired GVL effects 
(6), we next utilized a single-cell FC-based assay to measure the 
metabolic response in donor Tc by quantifying protein-synthesis 
levels across different immune cells (35). Tc were isolated from 
spleens of FLT3-ITD MLL-PTD AML–bearing mice after allo-
HCT and Tc transfer because of the improved survival of anti–
TIM-3 Ab–treated mice in this model (Figure 1J). We observed a 
higher glycolytic capacity of CD4+ and CD8+ Tc upon anti–TIM-3 
Ab treatment compared with isotype Ab treatment (Figure 2, F 
and G). Additionally, nontargeted metabolomics analysis using 
liquid chromatography–mass spectrometry (LC-MS) revealed ele-
vated levels of all identified members of the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) module “glycolysis” in Tc from 
anti–TIM-3 Ab–treated mice (Figure 2H). The analysis of the 10 
most significantly enriched pathways revealed an enrichment of 
the pathway “glycolysis and gluconeogenesis” in Tc isolated from 
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Figure 2. Anti–TIM-3 Ab treatment after allo-HCT reduces Tc exhaustion, increases glycolytic capacity of Tc, and induces changes in myeloid subsets. (A 
and B) BALB/c recipient mice were injected with WEHI-3B cells, 5 × 106 allogeneic BM, and Tc and treated with isotype (n = 12) or anti–TIM-3 Ab (n = 13). The 
proportion of TIM-3+PD-1+ cells within CD4+ (A) or CD8+ Tc (B) in the indicated organ was determined by FC at day 23. Data are represented as mean ± SEM, 
and P values were calculated using Mann-Whitney U test. (C–N) C57BL/6 recipient mice were injected with FLT3-ITD MLL-PTD cells, 5 × 106 allogeneic BM, 
and Tc and treated with isotype Ab or anti–TIM-3 Ab. Donor Tc were isolated from the spleen at day 23 after allo-HCT. (C) Analysis using high-resolution 
spectral FC allows UMAP visualization of the immune landscape. (D and E) Scaled expression of 25 phenotypic or functional markers using the FlowSOM 
algorithm among 6 CD4+ or 4 CD8+ Tc subsets. Log fold change of isotype Ab (n = 6) compared with anti–TIM-3 Ab (n = 8) treatment is shown (blue color 
depicts higher expression in isotype, red color higher expression in anti–TIM-3). Differentially expressed proteins with P < 0.05 tested with moderated t 
test of limma are presented. (F and G) Glycolytic capacity of Tc subsets at day 23 assessed by FC-based single-cell metabolism. Data are represented as 
mean ± SEM of n = 9 biological replicates for each condition. P values were calculated using Mann-Whitney U test. (H) Volcano plot of 1,249 metabolic 
features from nontargeted LC-MS analysis. Features that were identified as members of the KEGG module “glycolysis” are highlighted. Results show n = 5 
isotype and n = 8 anti–TIM-3-treated mice. DHAP, dihydroxyacetonphosphate; PGA, phosphoglyceric acid; PEP, phosphoenolpyruvate; G6P, glucose-6-phos-
phate; F6P, fructose-6-phosphate; FBP, fructose-bisphosphate. (I) Analysis using high-resolution spectral FC allows UMAP visualization of immune cells. 
(J) Proportion of each cell subset among total cells in the respective condition. Proportion of leukemia blasts (K), neutrophils (L), cDC1s (M), and macro-
phages (N) among total cells (%). P values were calculated using unpaired Student’s t test.
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liferation (Supplemental Figure 6, A and B). Additionally, upon 
coculture with allogeneic stimulating cells, Havcr2fl/fl;E8icre/+ Tc 
exhibited elevated expression of activation markers CD25 and 
CD69 compared with Havcr2fl/fl Tc (Figure 4, B–E), which is con-
sistent with the increased proliferation of CD8+ Tc. In contrast, 
TIM-3 deficiency in the stimulating cells did not induce CD25 
and CD69 upregulation in Tc (Supplemental Figure 6, C–F).

To analyze the contribution of recipient DCs, we pretreated 
the mice with anti–TIM-3 Ab at day –4 and day –1 before allo-HCT. 
The Ab would bind to the recipient’s antigen-presenting cells 

(APCs) and therefore induce blockade of TIM-3 on these. Howev-
er, we found no survival advantage in mice pretreated with anti–
TIM-3 Ab before allo-HCT (Supplemental Figure 6G), confirming 
our hypothesis that anti–TIM-3 Ab treatment acts on allogeneic Tc 
to reinvigorate CD8+ Tc and thus reduce Tc exhaustion.

Consistent with enhanced activation, IFN-γ production was 
increased in Havcr2fl/fl;E8icre/+ Tc compared with Havcr2fl/fl Tc 
upon stimulation with allogeneic APCs in vitro for 2 days (Figure 
4F) or 4 days (Figure 4G). Next, we aimed to investigate Tc func-
tion in vivo by injecting both TIM-3 cKO (Havcr2cKO, C57BL/6) 

Figure 3. Anti–TIM-3 Ab treatment reduces Tc exhaustion in vitro. (A–G) Tc iso-
lated from spleens (C57BL/6 mice) were continuously exposed to TCR stimula-
tion (αCD3/CD28 beads) in vitro for 14 days in RPMI medium supplemented with 
10% FBS, 1% penicillin/streptomycin, and 30 U/mL of mIL-2 to obtain highly acti-
vated/exhausted Tc. Cells were treated every second day with 10 μg/mL of isotype 
or anti–TIM-3 Ab. (A) Representative plots showing the proportion of TIM-3+PD-1+ 
cells among viable CD4+ and CD8+ Tc treated with isotype or anti–TIM-3, determined 
by FC. Relative TIM-3 protein expression in CD4+ Tc (B) and in CD8+ Tc (C) based on 
MFI for n = 6 replicates for each condition. P values were calculated using Wilcoxon’s 
signed-rank test. (D and E) Proportion (%) of TIM-3+PD-1+ within all CD4+ Tc (D) and 
within all CD8+ Tc (E). Data are represented as mean ± SEM for isotype Ab (n = 6) 
and anti–TIM-3 Ab (n = 6). P values were calculated using Mann-Whitney U test. (F) 
Relative TOX protein expression as relative MFI determined by FC in CD4+ Tc and (G) 
representative FC staining of TOX expression in CD4+ Tc for both isotype Ab (blue 
line) and anti–TIM-3 Ab treatment (red line). (H) Relative TOX protein expression 
as relative MFI determined by FC in CD8+ Tc and (I) representative staining of TOX 
expression in CD8+ Tc for both isotype Ab (blue line) and anti–TIM-3 Ab treatment 
(red line). Data are represented as mean ± SEM of n = 5 isotype treatment or n = 5 
anti–TIM-3 treatment. P values were calculated using Wilcoxon’s signed-rank test.
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BM and Tc into WEHI-3B–bearing allogeneic BALB/c recipient 
mice. We observed that transfer of Tc caused improved survival 
of AML-bearing mice after allo-HCT when TIM-3 was deleted in 
CD8+ Tc compared with Havcr2fl/fl Tc (Figure 4H). Moreover, using 
Havcr2fl/fl;Cd4cre/+ mice as donors for allogeneic BM and Tc led to 
improved survival of AML-bearing mice after allo-HCT compared 
with Havcr2fl/fl Tc (Figure 4I). Supporting our findings in vivo, 
Havcr2fl/fl;Cd4cre/+ Tc exhibited higher cytotoxic capacity against 
WEHI-3B cells compared with Havcr2fl/fl Tc in vitro (Figure 4J).

We analyzed the phenotype of Tc from the spleens of Havcr2cKO 
mice under steady-state conditions and observed no difference 
with respect to CD4+ and CD8+ Tc frequencies (Supplemental Fig-

ure 7, A and B) and phenotype (Supplemental Figure 7C) among 
the 3 different genotypes. We assessed the development of acute 
graft-versus-host disease (aGVHD) by histological scoring of the 
liver, small intestines (SI), and colon and found no significant 
difference between mice that had received Havcr2fl/fl;E8icre/+ or 
Havcr2fl/fl;Cd4cre/+ compared with Havcr2fl/fl Tc (Supplemental Fig-
ure 8, A–C). Additionally, we found a reduction of the leukemia 
burden in allo-HCT mice that had received Havcr2fl/fl;E8icre/+ or 
Havcr2fl/fl;Cd4cre/+ Tc compared with Havcr2fl/fl Tc (Supplemental 
Figure 8D). We also observed a reduced frequency of TOX+ cells 
and an increased frequency of transcription factor 7 (TCF-7+) cells 
among CD8+ Tc in allo-HCT mice that had received Tc isolated 

Figure 4. Genetic TIM-3 deletion in CD8+ Tc enhances Tc activation, proliferation, and IFN-γ production as well as GVL effects. (A–E) Tc labeled with CTV 
(responders, C57BL/6) were cocultured for 6 days with allogeneic non-CD3 cells (stimulators, BALB/c). Responder cells were isolated from mice carrying 
TIM-3 deletion in CD8+ Tc (Havcr2fl/fl;E8icre/+) as described (23). (A) Proportion of proliferative cells was quantified at day 6 as the percentage of CTVlo cells 
in Havcr2fl/fl;E8icre/+ CD3+ responder Tc. (B) CD25 expression in proliferative CD3+ responder cells was quantified at day 6 by FC. (C) Representative staining 
of CD25 expression in Havcr2fl/fl (blue line) and in Havcr2fl/fl;E8icre/+ cells (red line). (D) CD69 expression in proliferative CD3+ responder cells was quantified 
at day 6 by FC. (E) Representative staining of CD69 expression in Havcr2fl/fl (blue line) and in Havcr2fl/fl;E8icre/+ cells (red line). (F and G) Production of IFN-γ 
in the supernatant of the culture analyzed at the indicated time points by ELISA. P values were calculated using an unpaired Student’s t test. (H and I) 
Kaplan-Meier plots showing survival of mice in the indicated groups. BALB/c recipient mice were injected i.v. with WEHI-3B AML cells (BALB/c background) 
and (H) allogeneic Havcr2fl/fl (n = 10) or Havcr2fl/fl;E8icre/+ (n = 10) BM and Tc or (I) allogeneic Havcr2fl/fl (n = 10) or Havcr2fl/fl;Cd4cre/+ (n = 10) BM and Tc. Data 
were pooled from 2 independent experiments, and P values were calculated using the 2-sided Mantel-Cox test. (J) Percentage of specific lysis of αCD3/
CD28-activated Tc isolated from Havcr2cKO mice in contact with WEHI-3B cells. E:T (effector [Tc] to target [WEHI-3B cell]) ratio was titrated between 5:1 and 
1:1, as indicated. Individual values are shown and mean ± SD of Havcr2fl/fl (n = 6) or Havcr2fl/fl;Cd4cre/+ (n = 6). P values were calculated using 2-way ANOVA 
followed by Šidák’s multiple-comparisons test.
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Figure 5. Deletion of TIM-3 in CD8+ Tc leads to TPEX expansion. (A–E) BALB/c recipient mice were 
injected i.v. with WEHI-3B AML cells (BALB/c background) and 5 × 106 allogeneic Havcr2fl/fl (n = 2) 
and Havcr2fl/fl;E8icre/+ (n = 2) BM and Tc. Tc were isolated at day 23 and stained with an oligo-tagged 
H-2Kb (donor) Ab allowing scRNA-Seq analysis of FACS-sorted donor Tc. (A) UMAP visualization 
of 10 clusters of CD8+ Tc. (B) Feature plots showing the expression levels of different marker genes 
relevant for the characterization of the respective cluster. (C) Bar diagram representing the frequency 
of the different CD8+ Tc clusters. Adjusted P values were calculated using Fisher’s test. (D) Expression 
levels of key genes differentially expressed in Tc from AML-bearing mice receiving Havcr2fl/fl (left) and 
Havcr2fl/fl;E8icre/+ (right) BM/Tc in cluster 6. (E) Score of the functional signature enriched in Tc from 
AML-bearing mice receiving Havcr2fl/fl;E8icre/+ BM/Tc compared with Havcr2fl/fl BM/Tc in cluster 7. Gene 
expression analysis of genes within the “memory precursor” signature.
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Havcr2fl/fl and Havcr2fl/fl;E8icre/+ conditions, albeit in different pro-
portions (Figure 5C and Supplemental Figure 10, B and C), and 
the numbers of cells that were present in each CD8+ Tc cluster are 
shown in Supplemental Table 1.

In particular, cluster 6 containing TPEX cells was more abun-
dant in Havcr2fl/fl;E8icre/+ Tc compared with Havcr2fl/fl Tc. In con-
trast, cluster 2, which represents TTEX cells, was less abundant in 
Havcr2fl/fl;E8icre/+ Tc. Additionally, cluster 8 and 9, identified as 
short-term effector CD8+ Tc, were less abundant in Havcr2fl/fl Tc 
(Figure 5C). Moreover, Tc in cluster 6 expressed higher levels of 
Tcf7 and Slamf6 in Havcr2fl/fl;E8icre/+ Tc (Figure 5D), and cluster 7 
was strongly enriched for a transcriptomic signature of memory 
precursor Tc (Figure 5E), indicating an enriched TPEX signature for 
these 2 clusters of CD8+ Tc in Havcr2fl/fl;E8icre/+ Tc. Additionally, we 
performed analysis of gene-set enrichment in CD8+ Tc clusters, 
revealing significant transcriptional differences between Havcr2fl/

fl;E8icre/+ and Havcr2fl/fl groups (Supplemental Figure 10D). In par-
ticular, TPEX subsets in the Havcr2fl/fl;E8icre/+ group showed enrich-
ment in the “IL-2/Stat5 signaling pathway” and “inflammatory 
response.” Notably, cluster 7 (TPEX subset) was enriched for the 
“Wnt/β-catenin signaling” pathway, crucial for Tc differentiation, 
effector functions, and migration (45). Furthermore, several stud-
ies have described the importance of Wnt/β-catenin signaling in 
the activation and maintenance of TPEX, which display indispens-
able antitumor capacities (46, 47), confirming an enriched signa-
ture for memory Tc in the Havcr2fl/fl;E8icre/+ group. These results 
demonstrate that TIM-3 deletion in CD8+ Tc promotes the expan-
sion of polyfunctional TPEX and effector Tc, contributing to the 
enhanced GVL effects observed in mice receiving Havcr2fl/fl;E8icre/+ 
Tc compared with those receiving Havcr2fl/fl Tc.

Within CD4+ Tc subclusters, we identified 6 distinct cell 
types, including a Treg cluster (cluster 5), and 5 clusters of 
effector/memory CD4+ Tc (Supplemental Figure 11, A and 
B). Clusters 0 and 2, containing Tem/Teff, were more abun-
dant in TIM-3–deficient CD8+ Tc. Cluster 4, identified as res-
ident-memory–like CD4+ Tc, was more abundant in Havcr2fl/

fl Tc (Supplemental Figure 11C). Cluster 1, characterized by 
high Tcf7 and Slamf6 expression, described precursor effec-
tor memory Th1 cells, required for long-term and heightened 
antitumor immunity (48), including in the context of allo-HCT 
(49). We found that cells in cluster 1 exhibited an enriched tran-
scriptomic signature for memory precursor Tc in the Havcr2fl/

fl;E8icre/+ group (Supplemental Figure 11D). Additionally, cluster 
3 was strongly enriched for a transcriptomic signature of ear-
ly activated cytotoxic CD4+ Tc in Havcr2fl/fl;E8icre/+ Tc (Supple-
mental Figure 11E). The top 6 genes in each cluster of CD4+ Tc 
is shown in Supplemental Figure 12A. All clusters were repre-
sented in both Havcr2fl/fl and Havcr2fl/fl;Cd4cre/+ Tc (Supplemen-
tal Figure 11C and Supplemental Figure 12, B and C), and the 
numbers of cells that are present in each CD4+ Tc cluster are 
shown in Supplemental Table 1. Additionally, analysis of gene-
set enrichment in CD4+ Tc clusters revealed enriched signa-
tures for interferon responses and an enriched “inflammatory 
response” pathway in the Havcr2fl/fl;E8icre/+ group, indicating a 
more efficient immune response (Supplemental Figure 12D). 
These results demonstrate that TIM-3 deletion in CD8+ Tc con-
tributes to the expansion of precursor effector memory Th1-

from Havcr2fl/fl;E8icre/+ or Havcr2fl/fl;Cd4cre/+ mice compared with 
Havcr2fl/fl mice (Supplemental Figure 8, E–G). TCF-7 is a transcrip-
tion factor known to be critical for the generation of the CD8+ Tc 
memory response (39). Accordingly, we observed a significant 
expansion of phenotypic CD8+ effector memory Tc (Tem), as seen 
by the increased frequency of IFN-γ+TNF-α+ cells among TCF-
7+CD8+ Tc in allo-HCT mice that had received Havcr2fl/fl;E8icre/+ or 
Havcr2fl/fl;Cd4cre/+ Tc compared with Havcr2fl/fl Tc (Supplemental 
Figure 8H). These results suggest a more efficient and sustainable 
CD8+ Tc immune response, which could explain the benefit in the 
survival outcomes observed when TIM-3 is deleted in all donor Tc 
compared with the deletion of TIM-3 in CD8+ Tc only.

Overall, deleting TIM-3 in both CD4+ and CD8+ Tc has an 
additive effect compared with deletion in CD8+ Tc alone, poten-
tially because CD4+ Tc support CD8+ Tc function by producing 
IFN-γ. TIM-3 may inhibit CD4+ Tc activity. Conversely, deletion of 
TIM-3 in CD4+ Tc may lead to their consecutive activation, which 
may further enhance CD8+ Tc effector function against AML cells.

Taken together, these results indicate that genetic deletion of 
TIM-3 in CD8+ Tc enhances Tc activation, proliferation, and IFN-γ 
production in vitro. In vivo deletion of TIM-3 in CD8+ Tc or all Tc 
improves GVL effects. Conversely, TIM-3 deletion in DCs did not 
affect allogeneic Tc responses in vitro.

Single-cell RNA-Seq reveals that genetic TIM-3 deletion in CD8+ 
Tc expands CD8+ stem-like Tc and promotes features of Teff. To deci-
pher the mechanism underlying the enhanced GVL effect seen 
when deleting TIM-3 in CD8+ Tc, we performed single-cell RNA-
Seq (scRNA-Seq) on donor Havcr2fl/fl and Havcr2fl/fl;E8icre/+ Tc iso-
lated from the spleen of WEHI-3B–bearing BALB/c recipient mice. 
We prepared scRNA-Seq libraries from CD3+ Tc for 4 samples (n = 
2 Havcr2fl/fl and n = 2 Havcr2fl/fl;E8icre/+). Data integration revealed 
21 distinct clusters (Supplemental Figure 9A) before exclusion of 
non-CD3+ cells (Supplemental Figure 9B). The analysis was then 
subclustered into CD4+ and CD8+ Tc (Supplemental Figure 9C).

Clustering analysis of CD8+ Tc revealed 10 populations of Tc, 
including 2 clusters of progenitor cells (clusters 4 and 5), 5 subsets 
of Teff (clusters 0, 1, 3, 8, and 9), and 3 populations of exhausted 
Tc (clusters 2, 6, and 7) (Figure 5A). The top 6 genes in each clus-
ter of CD8+ Tc are shown in Supplemental Figure 10A. All clusters 
of exhausted Tc expressed characteristic genes, including those 
encoding for TOX (40), PD-1, and lymphocyte-activation gene 3 
(LAG-3). However, in contrast with cluster 6 and cluster 7, cells in 
cluster 2 also expressed high levels of the genes encoding for the 
transcription factors eomesodermin (Eomes) and nuclear receptor 
4A2 (Nr4a2), which have been reported to be strongly associated 
with exhaustion (41). Moreover, cluster 6 and cluster 7 were the 
only clusters to express transcription factor 7 (Tcf7) and the signal-
ing lymphocytic activation molecule family member 6 (Slamf6), 
allowing us to identify cluster 6 and 7 as precursor exhausted 
(TPEX) and cluster 2 as terminally exhausted (TTEX) CD8+ Tc (Figure 
5B and Supplemental Figure 10A). TPEX are non–fully functional 
CD8+ Tc displaying a stem-like profile that persist long term and 
differentiate into the TTEX subset. Consequently, TPEX have been 
described as better controlling tumor growth than TTEX in sev-
eral solid cancers. Additionally, it has been shown that Tcf7 and 
Slamf6 expressing CD8+ Tc contribute to ICI-mediated antitumor 
immune responses (42–44). All clusters were represented in both 
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To evaluate the impact of anti–TIM-3 treatment on aGVHD, 
we examined SI, colon, and liver tissues from mice treated with 
anti–PD-1, anti–cytotoxic T lymphocyte–associated protein 4 
(anti–CTLA-4), or anti–TIM-3 Ab after allo-HCT. All Abs (150 μg) 
were given daily, from day 1 to day 5. Histopathological analysis 
revealed increased aGVHD severity in all organs from mice treat-
ed with anti–PD-1 or anti–CTLA-4 compared with their respective 
isotype Ab treatment (Figure 6, B and C). Conversely, anti–TIM-
3 treatment did not exacerbate aGVHD severity in these organs 
compared with the isotype Ab (Figure 6D).

The clinical-grade humanized anti–TIM-3 Ab sabatolimab enhanc-
es the GVL effect. To further explore the potential of TIM-3 block-
ade in improving GVL effects against human leukemia, we used a 
humanized mouse model. Immunodeficient Rag2–/–Il2rg–/– mice 
were injected with the human FLT3-ITD mutant AML cell line 
MOLM-13luc+ and allogeneic human Tc (18). These Rag2–/–Il2rg–/– 
mutant mice lack T, B, and NK cells and are therefore suitable 
hosts for transplanted human immune cells. Mice were treated i.p. 
with 150 μg of the humanized anti–TIM-3 Ab (MBG453) or vehicle 
every 3 days from day 7 to day 28. Anti–TIM-3 Ab treatment resulted 
in improved survival (Figure 7A) and reduced leukemia burden, as 
assessed on day 21 after allo-HCT by luciferase imaging (Figure 7, B 
and C) compared with vehicle-treated mice. Additionally, Rag2–/–Il-
2rg–/– mice receiving CD3-depleted human primary AML blasts and 
donor Tc from HLA-mismatched healthy donors and treated with 
sabatolimab showed improved survival (Figure 7, D and E). We also 
investigated whether FLT3-ITD mutational status affects TIM-3. We 
treated human-derived MOLM-13 cells with different FLT3 inhibi-
tors (crenolanib, quinzartinib, and t andutinib) to prevent FLT3 sig-
naling and observed a decreased expression of Gal-9, CEACAM1, 
and TIM-3 in FLT3-ITD mutant AML cells, but not in Kasumi-1 cells 
(FLT3 WT) (Figure 7, F–I), indicating that oncogenic FLT3-ITD sig-
naling upregulates TIM-3 and its ligands in human AML.

Expression of TIM-3 and its ligands in different cell populations 
isolated from patients with AML relapse after allo-HCT. To clarify 
whether our results in mice could be related to the human context, 
we evaluated the expression of TIM-3 (HAVCR2) and its ligands 
(CEACAM1, HMGB1, LGALS9, and PTDSS1) in primary patient 
samples. First, we interrogated published scRNA-Seq data sets of 
human BM samples in the setting of newly diagnosed AML (50, 
51), transplant-naive (52, 53) or posttransplant AML relapse (53), 
and physiologic hematopoiesis (50–52, 54). To enable comparison 

like and early activated cytotoxic CD4+ Tc subsets, highlighting 
TIM-3’s complex role in Tc subpopulations.

Anti–TIM-3 treatment results in immune recall against AML cells 
without enhancing aGVHD. We assessed the potential of TIM-3 Ab 
treatment to induce immune memory against AML cells by isolat-
ing donor Tc from AML-bearing mice after allo-HCT treated with 
anti–TIM-3 or isotype Abs. These Tc were transferred into second-
ary AML-bearing mice after allo-HCT, resulting in improved sur-
vival in mice that received Tc from anti–TIM-3–treated recipients 
compared with isotype-treated mice (Figure 6A).

Figure 6. Anti–TIM-3 treatment leads to recall immunity against AML 
cells without inducing aGVHD. (A) Kaplan-Meier plot showing mouse 
survival in the indicated groups. C57BL/6 recipient mice were injected 
with FLT3-ITD MLL-PTD AML cells and 5 × 106 allogeneic BM. At day 2, 
mice received adoptive transfer of 3 × 105 allogeneic donor Tc. Allogeneic 
Tc were isolated on day 15 from FLT3-ITD MLL-PTD AML–bearing mice, 
which received allogeneic BM/Tc and were treated with isotype (n = 14) or 
anti–TIM-3 (n = 14) Ab. (B–D) The scatter plots show the histopatholog-
ical aGVHD severity in the indicated groups. BALB/c recipient mice were 
injected i.v. with 5 × 106 allogeneic BM and 4 × 105 allogeneic Tc. From 
day 1 to day 5, mice were treated (150 μg, i.p.) with anti–TIM-3/isotype, 
anti–PD-1/isotype, or anti–CTLA-4 isotype. aGVHD histological scores were 
determined on liver, SI, and colon at day 7 for the different groups. Data 
are represented as mean ± SEM from 2 independent experiments. P values 
were calculated using an unpaired Student’s t test.
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and all 4 TIM-3 ligands were expressed by HSC and progenitor 
populations (Figure 8B and Supplemental Figure 13A). We found 
high HAVCR2 expression in NK cells, in agreement with previous 
reports (56), which might be particularly relevant for the early 

across these data sets, we annotated hematopoietic and immune 
cells based on a healthy BM reference (see Methods) (55) (Figure 
8A). In normal hematopoiesis and in AML, HAVCR2 expression 
was detectable in myeloid progenitor cells, Tc, and NK cells (56), 

Figure 7. Anti-human TIM-3 Ab sabatolimab enhances the GVL effect. (A) Kaplan-Meier plots showing mouse survival in the indicated groups. Rag2–/–Il-
2rg–/– recipient mice were injected i.v. with human-derived MOLM-13luc+ AML cells and human CD3+ Tc (from HLA-nonmatched healthy donors) and treated 
with vehicle (n = 10) or human anti–TIM-3 (n = 10). Results show 3 independent experiments, and P value was calculated using 2-sided Mantel-Cox test. 
(B) Representative images of bioluminescence imaging (BLI) of MOLM-13luc+ AML–bearing Rag2–/–Il2rg–/– recipient mice 21 days after injection of AML 
cells, following human Tc injection and vehicle or human anti–TIM-3 Ab treatment. (C) BLI signal quantification shows the expansion of AML cells over 
time. Data are represented as mean ± SEM from 3 independent experiments using 3 different healthy Tc donors. P values were calculated using 2-sided 
Mann-Whitney U test. (D and E) Kaplan-Meier plots showing mouse survival in the indicated groups. Rag2–/–Il2rg–/– recipient mice were injected i.v. with 
CD3-depleted primary AML cells (from PB at primary diagnosis) and treated with vehicle (n = 3) or human anti–TIM-3 (n = 3). Each survival curve represents 
1 individual AML donor patient. P values were calculated using 2-sided Mantel-Cox test. (F) Representative Western blots showing the inhibition of 
phosphorylated FLT3 (pFLT3) (Tyr589/591) upon treatment with 3 different FLT3 inhibitors and loading control (β-actin) in MOLM-13 cells (FLT3-ITD). (G) 
Gal-9, (H) CEACAM1, and (I) TIM-3 protein expression as relative MFI was determined by FC upon the treatment with the indicated FLT3 inhibitors in FLT3-
ITD–positive human cell line (MOLM-13) or FLT3 WT human cell line (Kasumi-1). Fold change is calculated in comparison with the treatment using DMSO 
(control treatment). Data are represented as mean ± SEM from 8 independent experiments using MOLM-13 cells and n = 5 independent experiments using 
Kasumi-1 cells. P values were calculated using ordinary 1-way ANOVA.
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ed in patients with AML relapse after allo-HCT (3, 30), which sup-
ports the use of approaches that target exhausted Tc populations. 
Prior studies have shown that targeting immune checkpoint mol-
ecules using anti–PD-1 and anti–CTLA-4 Ab have clinical activity 
in a fraction of AML patients after allo-HCT; however, aGVHD has 
limited the use of these Ab in the patients (13, 14, 60).

In this study, we deciphered the potential of targeting TIM-
3 to overcome immune escape and reinvigorate immune cells to 
enhance antileukemia immunity after allo-HCT in AML.

We observed that anti–TIM-3 Ab treatment reduced features 
of Tc exhaustion and enhanced Tc effector functions, leading to 
improved GVL activity in multiple murine and humanized AML 
models. Specific TIM-3 deletion on CD8+ Tc allowed us to dis-
sect the mechanism underlying the improvement of GVL effects. 
We identified 2 subpopulations of CD8+ exhausted Tc and found 
that polyfunctional stem-like TPEX cells expanded when TIM-3 
was deleted in CD8+ Tc while cytotoxic but short-lived TTEX pop-
ulation remained unchanged, leading to a more effective, robust, 
and durable Tc-mediated immune response. TIM-3 deletion in 
the CD8+ Tc subset also affected CD4+ Tc subpopulations, in par-
ticular causing expansion of Th1-like memory CD4+ Tc, recently 
described as displaying improved survival and persistence func-
tions in the context of alloimmunity (49).

TIM-3 is also highly expressed on NK cells. However, its role 
in modulating NK function remains unclear, particularly in human 
diseases. The expression of TIM-3 on NK cells has been reported 
as being associated with both NK activation (61, 62) and dysfunc-
tion/exhaustion (63), depending on the cytokine stimulation (64). 
We observed an increased frequency of TIM-3–expressing NK 
cells in early posttransplant AML patients, consistent with other 
studies reporting that high TIM-3 expression on NK cells from 
AML patients correlates with an enhanced NK cell cytotoxicity 
and effector functions and an ultimately improved clinical out-
come in AML patients (57).

We also observed a higher frequency of neutrophils within 
immune cells isolated from leukemia-infiltrated spleens of AML-bear-
ing mice upon anti–TIM-3 Ab treatment, consistent with several recent 
independent studies showing that neutrophils may contribute to 
tumor control (36, 37). The authors reported that ICI therapy–exposed 
neutrophils acquired an IFN-γ gene signature, suggesting their con-
tribution to the antitumor immune responses. Hirschhorn et al. 
identified a distinct antitumorigenic neutrophil subset that occurred 
in ICI-treated mice (36). They described the interaction between Tc 
mediating the initial antitumor immune response and neutrophils that 
eliminate tumor antigen loss variants (36).

Our study revealed that enhanced antitumor immunity upon 
anti–TIM-3 Ab therapy involves additional indirect immune mecha-
nisms, recently described upon ICI therapy in solid cancers (36, 37).

A major concern when using ICI after allo-HCT is the 
development of severe aGVHD reported with anti–PD-1 and 
anti–CTLA-4 therapy (13–16). Consistently, we found that anti–
PD-1 and anti–CTLA-4 treatment induced aGVHD in mice. 
Conversely, we observed no GVHD enhancement when using 
anti–TIM-3 Ab treatment. This might be because TIM-3 expres-
sion is restricted to terminally differentiated Tc (65, 66), which 
may contribute less to GVHD. However, the absence of GVHD 
development may be strictly dependent on the specific anti–

posttransplant context, where NK cells are more abundant than in 
transplant-naive AML (Figure 8C). Additionally, it has been shown 
that TIM-3 is highly expressed by NK cells in patients with AML, 
correlating with enhanced effector functions and NK cell cytotox-
icity and improved clinical outcome in AML patients (57). Com-
pared with healthy myelopoiesis, we observed higher expression 
of HAVCR2 and LGALS9 but not HMGB1 in newly diagnosed AML 
(Figure 8D and Supplemental Figure 13A). Expression of CEA-
CAM1 was found below the detection limit and only detected in 
0.4% of the cells (data not shown) (50). Second, we evaluated the 
expression of TIM-3 and its ligands in human primary AML cells 
isolated from patients that experienced a relapse after allo-HCT 
at multiple transplant centers (Supplemental Table 2) using bulk 
RNA-Seq. We observed heterogeneous expression of HAVCR2 and 
its ligands LGALS9, CEACAM1, and HMGB1 (Figure 8E) as well 
as variable counts of TIM-3+ Tc (cells/μL) in peripheral blood (PB) 
of patients 1, 2, or 3 months after allo-HCT (Supplemental Figure 
13B). These results may suggest differential therapeutic sensitivity 
to TIM-3 inhibition.

To understand whether TIM-3 expression affects survival, 
we analyzed the probability of survival depending on the level of 
expression of HAVCR2 (mean) in bulk RNA-Seq data derived from 
published databases on human cells. We defined HAVCR2 gene 
expression more than 1 SD above mean as high expression. We 
observed that patients with high HAVCR2 expression in BM cells 
at diagnosis showed significantly improved survival compared 
with patients with low HAVCR2 expression when analyzing the 
target-AML cohort (58), comprising 1,630 low and 276 high TIM-
3–expressing BM patient samples (Figure 8F). This pattern was 
also observed in PB (Supplemental Figure 14A). The improved sur-
vival with higher TIM-3 expression may be linked to a high count 
of TIM-3+ NK cells, which have the highest TIM-3 levels.

Discussion
Since relapse of the underlying malignancy is the major cause of 
death beyond day 100 after allo-HCT (59), novel strategies for pre-
venting or treating relapse are urgently needed. Tc exhaustion and 
increased immune checkpoint ligand expression have been report-

Figure 8. Expression of TIM-3 and its ligands in human primary sam-
ples. (A) Overview of UMAP embedding colored by 27 projected cell types 
of 574,502 scRNA-Seq profiles from van Galen et al. (50) (n = 20,362), 
Abbas et al. (52) (n = 127,027), Huo et al. (54) (n = 20,385), Beneyto-Cala-
buig et al. (51) (n = 101,767), and Penter et al. (53) (n = 304,961). Major cell 
types are highlighted. (B) Scaled gene expression of HAVCR2, CEACAM1, 
HMGB1, LGALS9, and PTDSS1 across AML BM scRNA-Seq profiles. AML 
BM cases include newly diagnosed and relapsed disease with or without 
allo-HCT. (C) Proportion of TIM-3+ cells of all NK cells across normal and 
AML BM data sets. (D) Heatmap generated from scRNA-Seq profiles 
from van Galen et al. (50) showing expression of HAVCR2, LGALS9, and 
HMGB1 in normal hematopoiesis and AML cell types of patients at diag-
nosis of AML. (E) Expression of HAVCR2, LGALS9, CEACAM1, and HMGB1 
in human AML cells determined by bulk RNA-Seq. AML cells were isolat-
ed from patients with AML relapse after allo-HCT at multiple transplant 
centers. (F) Probability of survival stratified according to high versus low 
HAVCR2 gene expression in AML BM at diagnosis within the target-AML 
cohort (58). RNA-Seq data were derived from the GenomicDataCommons 
(GDC) library (https://gdc.cancer.gov/). Gene expression more than 1 SD 
above mean was defined as high expression.
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Study design. The objective of this study was to target TIM-3 to 
enhance antileukemia immune responses after allo-HCT. We employed 
well-established allogeneic and xenogeneic GVL and aGVHD murine 
models to investigate the role of TIM-3 and its ligands. We utilized 
mouse anti–TIM-3 Ab (clone 5D12) or isotype Ab (mIgG1), clinical grade 
anti-human TIM-3 Ab (MBG453 Sabatolimab), or vehicle (5% glucose 
solution) or conditional KO (Havcr2cKO) mice. Anti–TIM-3 Ab (5D12 and 
MBG453) and isotype Ab were provided by Novartis Institutes of Bio-
medical Research.

All Abs used for FC are summarized in Supplemental Tables 3 and 4.
Animal models. C57BL/6 (H-2Kb) and BALB/c (H-2Kd) mice were 

purchased from Janvier Labs. Rag2–/–Il2rg–/– mice were obtained from the 
local stock at the animal facility of Freiburg University Medical Center. 
C57BL/6 Havcr2cKO mice (Havcr2fl/fl, Havcr2fl/fl;E8icre/+, Havcr2fl/fl;Cd4cre/+, 
Havcr2fl/fl;Cd11ccre/+ and Havcr2fl/fl;Zbtb46cre/+) were provided by the Gene 
Lay Institute of Immunology and Inflammation and were described pre-
viously (23). Seven- to twelve-week-old mice and female or male donor/
recipient pairs were used.

Cell lines. WEHI-3B cells (ACC 26), MOLM-13 cells (ACC 554), 
and 32D cells (ACC 411) were obtained from DSMZ. MOLM-13 cells 
were then transduced in our lab to express luciferase. Kasumi-1 cells 
were provided by Michael Lübbert (Freiburg University Medical Cen-
ter). Cell lines were routinely tested for mycoplasma contamination 
and authenticated by STR profiling. FLT3-ITD MLL-PTD splenocytes 
were provided in-house.

Additional experimental procedures. All other materials and meth-
ods are described in the Supplemental Methods.

Statistics. The comparison between quantitative and qualitative 
variables was done using 2-tailed Student’s t test (parametric) or the 
Mann-Whitney U test (nonparametric). Variance analysis was done 
using a 1-way ANOVA (parametric) or Kruskal-Wallis (nonparametric) 
test. Cox’s model was applied for survival analysis. For spectral FC 
analysis, differentially expressed proteins were tested with moderated 
t test of limma. Concerning bar diagrams representing the frequency 
of the different Tc clusters, adjusted P values were calculated using 
Fisher’s test. Patients were stratified based on high versus low expres-
sion of HAVCR2 gene expression in PB. Gene expression more than 1 
SD above the mean was considered as high expression. Statistical sig-
nificance was set at a P value of less than 0.05. All statistical analyses 
used are described in the corresponding figure legends.

Study approval. Human PB and/or BM samples were derived from 
AML patients treated at the Department of Medical Oncology, Dana- 
Farber Cancer Institute, after prior informed consent. Human PB was 
collected in sterile EDTA tubes, and PBMCs were isolated using gradient 
centrifugation (Pancoll Human). Written, informed consent was obtained 
from each patient, and analysis of human data was carried out in compli-
ance with relevant ethical regulations. The characteristics of patients are 
listed in Supplemental Table 2. Animal protocols were approved by the ani-
mal ethics committee Regierungspräsidium Freiburg, Freiburg, Germany 
(protocol numbers G23/049, G20/103, G20/75, and G20/096).

Data availability. The scRNA-Seq data have been deposited in the 
NCBI’s Gene Expression Omnibus database (GEO GSE242334). The 
procedures used for the analysis of human scRNA-Seq data sets are 
described at https://github.com/petervangalen/ reanalyze-aml2019/
blob/main/230830_Heatmaps_Zeiser.R (branch: main; commit ID 
f9c898b). Values for all data points in graphs are reported in the Sup-
porting Data values file.

TIM-3 Ab and the administration schedule. A previous preclin-
ical study by Veenstra et al. (67) using a TIM-3–Ig fusion pro-
tein demonstrated that TIM-3 blockade exacerbated aGVHD in 
mice. Conversely, we treated the mice with an anti–TIM-3 Ab 
(monoclonal Ab, clone 5D12). Further, the group showed that 
TIM-3−/− mice used as donors led to enhanced aGVHD, whereas 
we used mice carrying a conditional specific TIM-3 deletion in 
selected immune subpopulations. Additionally, the number of 
donor Tc used to induce GVHD was 10 times higher (3 × 106 of 
purified CD25- Tc) compared with our model (3 × 105 pan-Tc). 
These studies show that usage of TIM-3 Abs requires caution 
with respect to aGVHD development.

Previous studies suggested that targeting TIM-3 may directly 
eliminate LSCs via ADCC due to high TIM-3 expression on AML 
blasts and interruption of the Gal-9 feedback loop by the Ab (25, 
26). However, we found that anti–TIM-3 treatment’s effectiveness 
depended on the presence of alloreactive Tc, with no direct effect 
on AML cells.

Furthermore, our data suggest that specific oncogenic muta-
tions may influence the effectiveness of ICIs against AML after 
allo-HCT, with TIM-3 blockade potentially benefiting patients 
with specific mutations and high TIM-3 ligand expression. Fol-
lowing our previous observation that certain oncogenic mutations 
lead to enhanced expression of inhibitory checkpoint ligands (29), 
we found that TIM-3 ligands Gal-9 and CEACAM1 were overex-
pressed in HSCs carrying FLT3-ITD and c-kit-D816V mutations. 
Treating mice with mutated AML cells using an anti–TIM-3 Ab 
resulted in a robust response upon anti–TIM-3 treatment, confirm-
ing our hypothesis. This highlights the potential for personalized 
TIM-3 blockade therapy in AML patients, emphasizing the need 
for innovative clinical study designs that consider leukemia genet-
ics. Taken together, our findings demonstrate that TIM-3 and its 
ligands contribute to immune evasion, complementing research 
showing higher Gal-9/Tim-3 expression in AML patients who fail 
chemotherapy (27).

We conducted allo-HCT with donor Tc that recognize foreign 
MHC on AML cells, mimicking the GVL effect observed in patients. 
However, besides alloantigen-specific immune responses, tumor 
antigen–specific immune responses that are MHC independent may 
also play a role. Previous studies have demonstrated the potential to 
target leukemia cells using leukemia-reactive Tc lines (68).

Our preclinical work in part motivated a phase Ib/II, open-la-
bel, multicenter clinical trial using sabatolimab monotherapy for 
patients with molecular relapse after allo-HCT (EUDRACT num-
ber 2020-000869-17, ClinicalTrials.gov NCT04623216); no 
GVHD has been observed in the 21 patients enrolled in the trial 
to date (69).

In summary, our study elucidates the link between oncogen-
ic mutations in AML and TIM-3 ligand expression and identifies 
anti–TIM-3 treatment as a strategy for enhancing the GVL effect 
through metabolic and transcriptional reprogramming of Tc after 
allo-HCT. These findings support the ongoing clinical evaluation 
of sabatolimab for AML patients following allo-HCT.

Methods
Sex as a biological variable. Our study examined male and female ani-
mals, and similar findings are reported for both sexes.

https://doi.org/10.1172/JCI177460
https://www.jci.org/articles/view/177460#sd
https://www.jci.org/articles/view/177460#sd
https://www.jci.org/articles/view/177460#sd
https://github.com/petervangalen/
https://www.jci.org/articles/view/177460#sd
https://www.jci.org/articles/view/177460#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 5J Clin Invest. 2024;134(16):e177460  https://doi.org/10.1172/JCI177460

ported by the DFG: SFB-1479, project ID 441891347 (to RZ, TB, 
MB, AK, ALI, and NK), CRC1453 (project ID 431984000-S1 to 
MB and AK), CRC1160 (project ID 256073931-Z02 to MB), SFB 
TRR167 (to RZ and MB), project ID 259373024–TRR 167; TRR 
359 (project ID 491676693-Z01 to MB), FOR 5476 UcarE (proj-
ect ID 493802833-P7 to MB); the European Union: ERC-2022-
ADG project ID 101094168–AlloCure (ERC Advanced Grant to 
RZ), ERA-NET Transcan SmartCAR-T and PIXEL (JTC2021) (to 
RZ); EU project: project ID 101119855 — exTra, by the Germany’s 
Excellence Strategy (CIBSS–EXC-2189–project ID 390939984 to 
NTB, AK, NK, and RZ); the Jose-Carreras Leukemia Foundation, 
grant number DJCLS 09R/2022 (RZ); the Else Kröner-Frese-
nius-Stiftung (2019_A74 to NK); and the Leukemia and Lymphoma 
Society (award number 7030-23 to RZ, LV, and CJW). ALI received 
EU funding (MSCA-DN 101071735) and Mildred Scheel-profes-
sorship finding of the German Cancer Aid (DKH-70114112). VKK 
was supported by the NIH (R01 AI144166, R01 CA282794, P01 
AI056299, P01 AI039671, P01 CA236749). KOD was supported 
by the Swiss National Science Foundation (PZ00P3_202029) and 
the European Commission, Excellent Science H2020 (10130984). 
We also acknowledge funding from the German Federal Ministry 
of Education and Research (BMBF) within the Medical Infor-
matics Funding Scheme (PM4Onco–FKZ 01ZZ2322A to MB and 
EkoEstMed–FKZ 01ZZ2015 to GA). We acknowledge funding 
from DKTK (German Cancer Consortium) project NoviCARAZA 
(to RZ). LP is a Scholar of the American Society of Hematology, 
a BIH Charité Digital Clinician Scientist, and is supported by the 
Max-Eder Program of German Cancer Aid. BRB was supported in 
part by the NIH (R01 155114; 2P01 CA065493; P01 AI056299 and 
R37 AI34495). ELP is supported by the NIH (R01AI156274). TW is 
supported by a Walter-Benjamin fellowship of the DFG.

Address correspondence to: Robert Zeiser, Department of 
Hematology, Oncology and Stem Cell Transplantation, Univer-
sity Medical Center Freiburg, 79106 Freiburg, Germany. Phone: 
49.761.270.34580; Email: robert.zeiser@uniklinik-freiburg.de.

Author contributions
NTB and LMB developed the overall concept of the study, per-
formed the experiments, analyzed all data, generated figures, and 
wrote the manuscript. NTB and LMB made important contribu-
tions, and first authorship order was based on the amount of work 
each first author contributed to the study. KOD and VKK provided 
the Havcr2cKO mice and helped to analyze the scRNA-Seq results. 
MZ helped to perform scRNA-Seq experiments. AH helped to pre-
pare histology slides. TW, LR and BB generated and analyzed spec-
tral FC data. LP, MA, JR, NS, and PVG provided and analyzed human 
scRNA-Seq data sets. GA, MB, and NK analyzed the scRNA-Seq 
data. AR collected patient samples, helped with experiments, and 
helped to write the manuscript. KM reanalyzed published human 
databases. PA, JMB, NCW, and ELP helped to perform the LC-MS 
experiments and helped with the analysis. YC and AK helped with 
the analysis of the metabolomics. PA helped to develop the concept 
for single-cell FC-based metabolism technology. SD, CK, HE, AA, 
and JE helped with experiments. MAS, TB, ALI, and JD provided 
plasmids and helped with experimental design. ASG performed 
histopathological analyses. HLP helped with experimental design. 
LV analyzed human data from databases. HDM provided essen-
tial reagents (MBG453 sabatolimab). BRB, CJW, RJS, NK, TW, and 
VKK contributed to critical analysis of the data. RZ developed the 
overall concept of the study, supervised the experiments, analyzed 
data, and wrote the first version of the manuscript.

Acknowledgments
The authors thank the Lighthouse Core Facility for their support 
with FACS and qPCR. The Lighthouse Core Facility is funded in 
part by the Medical Faculty, University of Freiburg (project num-
bers 2021/A2-Fol; 2021/B3-Fol) and the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation) (project num-
ber 450392965). The authors thank Barbara Sauer for her help 
with histology sample preparation. Novartis is the owner of the 
investigational compound sabatolimab that has been studied in 
context of the work described in this article. This study was sup-

 1. D’Souza A, et al. Current use of and trends 
in hematopoietic cell transplantation in the 
United States. Biol Blood Marrow Transplant. 
2020;26(8):e177–e182.

 2. Christopher MJ, et al. Immune escape of relapsed 
AML cells after allogeneic transplantation.  
N Engl J Med. 2018;379(24):2330–2341.

 3. Toffalori C, et al. Immune signature drives leuke-
mia escape and relapse after hematopoietic cell 
transplantation. Nat Med. 2019;25(4):603–611.

 4. Vago L, et al. Loss of mismatched HLA in leuke-
mia after stem-cell transplantation. N Engl J Med. 
2009;361(5):478–488.

 5. Mathew NR, et al. Sorafenib promotes graft- 
versus-leukemia activity in mice and humans 
through IL-15 production in FLT3-ITD-mutant 
leukemia cells. Nat Med. 2018;24(3):282–291.

 6. Uhl FM, et al. Metabolic reprogramming of 
donor T cells enhances graft-versus-leukemia 
effects in mice and humans. Sci Transl Med. 
2020;12(567):eabb8969.

 7. Zeiser R, Vago L. Mechanisms of immune escape 
after allogeneic hematopoietic cell transplanta-

tion. Blood. 2019;133(12):1290–1297.
 8. Poire X, et al. Sequential administration of low 

dose 5-azacytidine (AZA) and donor lymphocyte 
infusion (DLI) for patients with acute myeloid 
leukemia (AML) or myelodysplastic syndrome 
(MDS) in relapse after allogeneic stem cell trans-
plantation (SCT): a prospective study from the 
Belgian Hematology Society (BHS). Bone Marrow 
Transplant. 2022;57(1):116–118.

 9. Schmid C, et al. Donor lymphocyte infusion in 
the treatment of first hematological relapse after 
allogeneic stem-cell transplantation in adults 
with acute myeloid leukemia: a retrospective 
risk factors analysis and comparison with other 
strategies by the EBMT Acute Leukemia Working 
Party. J Clin Oncol. 2007;25(31):4938–4945.

 10. Roux C, et al. Outcome after failure of allogeneic 
hematopoietic stem cell transplantation in chil-
dren with acute leukemia: a study by the société 
Francophone de greffe de moelle et de thérapie 
cellulaire (SFGM-TC). Bone Marrow Transplant. 
2017;52(5):678–682.

 11. Burchert A, et al. Sorafenib maintenance after 

allogeneic hematopoietic stem cell transplanta-
tion for acute myeloid leukemia with FLT3-inter-
nal tandem duplication mutation (SORMAIN).  
J Clin Oncol. 2020;38(26):2993–3002.

 12. Chen YB, et al. Phase I trial of maintenance 
sorafenib after allogeneic hematopoietic stem 
cell transplantation for fms-like tyrosine kinase 
3 internal tandem duplication acute myeloid 
leukemia. Biol Blood Marrow Transplant. 
2014;20(12):2042–2048.

 13. Apostolova P, et al. Phase II trial of hypomethyl-
ating agent combined with nivolumab for acute 
myeloid leukaemia relapse after allogeneic 
haematopoietic cell transplantation-Immune sig-
nature correlates with response. Br J Haematol. 
2023;203(2):264–281.

 14. Davids MS, et al. Ipilimumab for patients with 
relapse after allogeneic transplantation. N Engl J 
Med. 2016;375(2):143–153.

 15. Davids MS, et al. A multicenter phase 1 study 
of nivolumab for relapsed hematologic malig-
nancies after allogeneic transplantation. Blood. 
2020;135(24):2182–2191.

https://doi.org/10.1172/JCI177460
mailto://robert.zeiser@uniklinik-freiburg.de
https://doi.org/10.1016/j.bbmt.2020.04.013
https://doi.org/10.1016/j.bbmt.2020.04.013
https://doi.org/10.1016/j.bbmt.2020.04.013
https://doi.org/10.1016/j.bbmt.2020.04.013
https://doi.org/10.1056/NEJMoa1808777
https://doi.org/10.1056/NEJMoa1808777
https://doi.org/10.1056/NEJMoa1808777
https://doi.org/10.1038/s41591-019-0400-z
https://doi.org/10.1038/s41591-019-0400-z
https://doi.org/10.1038/s41591-019-0400-z
https://doi.org/10.1056/NEJMoa0811036
https://doi.org/10.1056/NEJMoa0811036
https://doi.org/10.1056/NEJMoa0811036
https://doi.org/10.1038/nm.4484
https://doi.org/10.1038/nm.4484
https://doi.org/10.1038/nm.4484
https://doi.org/10.1038/nm.4484
https://doi.org/10.1126/scitranslmed.abb8969
https://doi.org/10.1126/scitranslmed.abb8969
https://doi.org/10.1126/scitranslmed.abb8969
https://doi.org/10.1126/scitranslmed.abb8969
https://doi.org/10.1182/blood-2018-10-846824
https://doi.org/10.1182/blood-2018-10-846824
https://doi.org/10.1182/blood-2018-10-846824
https://doi.org/10.1038/s41409-021-01464-x
https://doi.org/10.1038/s41409-021-01464-x
https://doi.org/10.1038/s41409-021-01464-x
https://doi.org/10.1038/s41409-021-01464-x
https://doi.org/10.1038/s41409-021-01464-x
https://doi.org/10.1038/s41409-021-01464-x
https://doi.org/10.1038/s41409-021-01464-x
https://doi.org/10.1038/s41409-021-01464-x
https://doi.org/10.1200/JCO.2007.11.6053
https://doi.org/10.1200/JCO.2007.11.6053
https://doi.org/10.1200/JCO.2007.11.6053
https://doi.org/10.1200/JCO.2007.11.6053
https://doi.org/10.1200/JCO.2007.11.6053
https://doi.org/10.1200/JCO.2007.11.6053
https://doi.org/10.1200/JCO.2007.11.6053
https://doi.org/10.1038/bmt.2016.360
https://doi.org/10.1038/bmt.2016.360
https://doi.org/10.1038/bmt.2016.360
https://doi.org/10.1038/bmt.2016.360
https://doi.org/10.1038/bmt.2016.360
https://doi.org/10.1038/bmt.2016.360
https://doi.org/10.1200/JCO.19.03345
https://doi.org/10.1200/JCO.19.03345
https://doi.org/10.1200/JCO.19.03345
https://doi.org/10.1200/JCO.19.03345
https://doi.org/10.1200/JCO.19.03345
https://doi.org/10.1016/j.bbmt.2014.09.007
https://doi.org/10.1016/j.bbmt.2014.09.007
https://doi.org/10.1016/j.bbmt.2014.09.007
https://doi.org/10.1016/j.bbmt.2014.09.007
https://doi.org/10.1016/j.bbmt.2014.09.007
https://doi.org/10.1016/j.bbmt.2014.09.007
https://doi.org/10.1111/bjh.19007
https://doi.org/10.1111/bjh.19007
https://doi.org/10.1111/bjh.19007
https://doi.org/10.1111/bjh.19007
https://doi.org/10.1111/bjh.19007
https://doi.org/10.1111/bjh.19007
https://doi.org/10.1056/NEJMoa1601202
https://doi.org/10.1056/NEJMoa1601202
https://doi.org/10.1056/NEJMoa1601202
https://doi.org/10.1182/blood.2019004710
https://doi.org/10.1182/blood.2019004710
https://doi.org/10.1182/blood.2019004710
https://doi.org/10.1182/blood.2019004710


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2024;134(16):e177460  https://doi.org/10.1172/JCI1774601 6

 16. Bashey A, et al. CTLA4 blockade with ipilimum-
ab to treat relapse of malignancy after alloge-
neic hematopoietic cell transplantation. Blood. 
2009;113(7):1581–1588.

 17. Penter L, et al. Coevolving JAK2V617F+relapsed 
AML and donor T cells with PD-1 blockade after 
stem cell transplantation: an index case. Blood 
Adv. 2021;5(22):4701–4709.

 18. El Khawanky N, et al. Demethylating therapy 
increases anti-CD123 CAR T cell cytotoxicity 
against acute myeloid leukemia. Nat Commun. 
2021;12(1):6436.

 19. Zhao P, et al. Venetoclax plus azacitidine and 
donor lymphocyte infusion in treating acute 
myeloid leukemia patients who relapse after allo-
geneic hematopoietic stem cell transplantation. 
Ann Hematol. 2022;101(1):119–130.

 20. Ho J, et al. Targeting MDM2 enhances antileuke-
mia immunity after allogeneic transplantation 
via MHC-II and TRAIL-R1/2 upregulation. Blood. 
2022;140(10):1167–1181.

 21. Zeiser R, et al. Biology-driven approaches to 
prevent and treat relapse of myeloid neopla-
sia after allogeneic hematopoietic stem cell 
transplantation. Biol Blood Marrow Transplant. 
2019;25(4):e128–e140.

 22. Wherry EJ, Kurachi M. Molecular and cellular 
insights into T cell exhaustion. Nat Rev Immunol. 
2015;15(8):486–499.

 23. Dixon KO, et al. TIM-3 restrains anti-tumour 
immunity by regulating inflammasome activa-
tion. Nature. 2021;595(7865):101–106.

 24. Hashimoto M, et al. CD8 T cell exhaustion in 
chronic infection and cancer: opportunities for 
interventions. Annu Rev Med. 2018;69:301–318.

 25. Kikushige Y, et al. TIM-3 is a promising target 
to selectively kill acute myeloid leukemia stem 
cells. Cell Stem Cell. 2010;7(6):708–717.

 26. Kikushige Y, et al. A TIM-3/Gal-9 Autocrine 
stimulatory loop drives self-renewal of human 
myeloid leukemia stem cells and leukemic pro-
gression. Cell Stem Cell. 2015;17(3):341–352.

 27. Dama P, et al. Gal9/Tim-3 expression level is 
higher in AML patients who fail chemotherapy. J 
Immunother Cancer. 2019;7(1):175.

 28. Wei AH, et al. Sabatolimab (MBG453) dose selec-
tion and dose-response analysis in myelodys-
plastic syndrome (MDS)/acute myeloid leukemia 
(AML): population pharmacokinetics (PK) mod-
eling and evaluation of clinical efficacy/safety by 
dose. Blood. 2020;136(suppl 1):40.

 29. Prestipino A, et al. Oncogenic JAK2V617F causes 
PD-L1 expression, mediating immune escape in 
myeloproliferative neoplasms. Sci Transl Med. 
2018;10(429):eaam7729.

 30. Noviello M, et al. Bone marrow central memory 
and memory stem T-cell exhaustion in AML 
patients relapsing after HSCT. Nat Commun. 
2019;10(1):1065.

 31. Duhen T, et al. Co-expression of CD39 and 
CD103 identifies tumor-reactive CD8 T 
cells in human solid tumors. Nat Commun. 
2018;9(1):2724.

 32. Liu T, et al. High-affinity neoantigens correlate 
with better prognosis and trigger potent antihepa-
tocellular carcinoma (HCC) activity by activating 
CD39+CD8+ T cells. Gut. 2021;70(10):1965–1977.

 33. Tallon de Lara P, et al. CD39+PD-1+CD8+ T cells 

mediate metastatic dormancy in breast cancer. 
Nat Commun. 2021;12(1):769.

 34. Zou F, et al. The CD39+ HBV surface protein-tar-
geted CAR-T and personalized tumor-reactive 
CD8+ T cells exhibit potent anti-HCC activity. 
Mol Ther. 2021;29(5):1794–1807.

 35. Arguello RJ, et al. SCENITH: a flow cytome-
try-based method to functionally profile energy 
metabolism with single-cell resolution. Cell 
Metab. 2020;32(6):1063–1075.

 36. Hirschhorn D, et al. T cell immunotherapies 
engage neutrophils to eliminate tumor antigen 
escape variants. Cell. 2023;186(7):1432–1447.

 37. Gungabeesoon J, et al. A neutrophil response 
linked to tumor control in immunotherapy. Cell. 
2023;186(7):1448–1464.

 38. Dahling S, et al. Type 1 conventional dendritic 
cells maintain and guide the differentiation of 
precursors of exhausted T cells in distinct cellular 
niches. Immunity. 2022;55(4):656–670.

 39. Raghu D, et al. Control of lymphocyte fate, 
infection, and tumor immunity by TCF-1. Trends 
Immunol. 2019;40(12):1149–1162.

 40. Sekine T, et al. TOX is expressed by exhausted 
and polyfunctional human effector memory 
CD8+ T cells. Sci Immunol. 2020;5(49):eaba7918.

 41. Seo H, et al. TOX and TOX2 transcription factors 
cooperate with NR4A transcription factors to 
impose CD8+ T cell exhaustion. Proc Natl Acad 
Sci U S A. 2019;116(25):12410–12415.

 42. Sade-Feldman M, et al. Defining T cell states asso-
ciated with response to checkpoint immunotherapy 
in melanoma. Cell. 2018;175(4):998–1013.

 43. Miller BC, et al. Subsets of exhausted CD8+ T 
cells differentially mediate tumor control and 
respond to checkpoint blockade. Nat Immunol. 
2019;20(3):326–336.

 44. Beltra JC, et al. Developmental relationships of four 
exhausted CD8+ T cell subsets reveals underlying 
transcriptional and epigenetic landscape control 
mechanisms. Immunity. 2020;52(5):825–841.

 45. Gattinoni L, et al. Wnt/beta-catenin signaling 
in T-cell immunity and cancer immunotherapy. 
Clin Cancer Res. 2010;16(19):4695–4701.

 46. Ma J, et al. β-catenin/TCF-1 pathway in T cell 
development and differentiation. J Neuroimmune 
Pharmacol. 2012;7(4):750–762.

 47. Gattinoni L, et al. Wnt signaling arrests effector T 
cell differentiation and generates CD8+ memory 
stem cells. Nat Med. 2009;15(7):808–813.

 48. Gullicksrud JA, et al. Differential requirements 
for Tcf1 long isoforms in CD8+ and CD4+ T cell 
responses to acute viral infection. J Immunol. 
2017;199(3):911–919.

 49. Mammadli M, et al. TCF-1 Is Required for CD4 T 
cell persistence functions during alloImmunity. 
Int J Mol Sci. 2023;24(5):4326.

 50. van Galen P, et al. Single-cell RNA-seq reveals 
AML hierarchies relevant to disease progression 
and immunity. Cell. 2019;176(6):1265–1281.

 51. Beneyto-Calabuig S, et al. Clonally resolved sin-
gle-cell multi-omics identifies routes of cellular 
differentiation in acute myeloid leukemia. Cell 
Stem Cell. 2023;30(5):706–721.

 52. Abbas HA, et al. Single cell T cell landscape and 
T cell receptor repertoire profiling of AML in 
context of PD-1 blockade therapy. Nat Commun. 
2021;12(1):6071.

 53. Penter L, et al. Mechanisms of response and 
resistance to combined decitabine and ipili-
mumab for advanced myeloid disease. Blood. 
2023;141(15):1817–1830.

 54. Huo Y, et al. Single-cell dissection of human 
hematopoietic reconstitution after allogeneic 
hematopoietic stem cell transplantation. Sci 
Immunol. 2023;8(81):eabn6429.

 55. Hao Y, et al. Integrated analysis of multimodal 
single-cell data. Cell. 2021;184(13):3573–3587.

 56. Huuhtanen J, et al. Single-cell characterization 
of the immune and leukemic cells following anti-
TIM3 and hypomethylating agent combination 
therapy in patients with AML or MDS. Blood. 
2021;138(suppl 1):801.

 57. Rakova J, et al. TIM-3 levels correlate with 
enhanced NK cell cytotoxicity and improved 
clinical outcome in AML patients. Oncoimmunol-
ogy. 2021;10(1):1889822.

 58. National Cancer Institute. TARGET’s Study of 
Acute Myeloid Leukemia. https://www.cancer.gov/
ccg/research/genome-sequencing/target/stud-
ied-cancers/acute-myeloid-leukemia. Accessed 
July 24, 2024.

 59. Auletta JJ, et al. Real-world data showing trends 
and outcomes by race and ethnicity in allogeneic 
hematopoietic cell transplantation: a report from 
the Center for International Blood and Marrow 
Transplant Research. Transplant Cell Ther. 
2023;29(6):346.e1–346.e10.

 60. Zhou M, et al. T cell exhaustion and a failure 
in antigen presentation drive resistance to the 
graft-versus-leukemia effect. Nat Commun. 
2020;11(1):4227.

 61. Ndhlovu LC, et al. Tim-3 marks human natural 
killer cell maturation and suppresses cell-mediat-
ed cytotoxicity. Blood. 2012;119(16):3734–3743.

 62. Gleason MK, et al. Tim-3 is an inducible human 
natural killer cell receptor that enhances interfer-
on gamma production in response to galectin-9. 
Blood. 2012;119(13):3064–3072.

 63. da Silva IP, et al. Reversal of NK-cell exhaustion 
in advanced melanoma by Tim-3 blockade. Can-
cer Immunol Res. 2014;2(5):410–422.

 64. So EC, et al. NK cell expression of Tim-3: 
first impressions matter. Immunobiology. 
2019;224(3):362–370.

 65. Xin A, et al. A molecular threshold for effector 
CD8(+) T cell differentiation controlled by tran-
scription factors Blimp-1 and T-bet. Nat Immunol. 
2016;17(4):422–432.

 66. Wolf Y, et al. TIM3 comes of age as an inhibitory 
receptor. Nat Rev Immunol. 2020;20(3):173–185.

 67. Veenstra RG, et al. Contrasting acute graft-versus-
host disease effects of Tim-3/galectin-9 pathway 
blockade dependent upon the presence of donor 
regulatory T cells. Blood. 2012;120(3):682–690.

 68. Marijt E, et al. Phase I/II feasibility study evaluat-
ing the generation of leukemia-reactive cytotoxic 
T lymphocyte lines for treatment of patients with 
relapsed leukemia after allogeneic stem cell trans-
plantation. Haematologica. 2007;92(1):72–80.

 69. Zeiser R, et al. TIM-3 inhibitor sabatolimab for 
patients with acute myeloid leukemia (AML) with 
measurable residual disease (MRD) detected after 
allogeneic stem cell transplantation (AlloSCT): 
preliminary findings from the phase Ib/II stimu-
lus-AML2 study. Blood. 2023;142(suppl 1):59.

https://doi.org/10.1172/JCI177460
https://doi.org/10.1182/blood-2008-07-168468
https://doi.org/10.1182/blood-2008-07-168468
https://doi.org/10.1182/blood-2008-07-168468
https://doi.org/10.1182/blood-2008-07-168468
https://doi.org/10.1182/bloodadvances.2021004335
https://doi.org/10.1182/bloodadvances.2021004335
https://doi.org/10.1182/bloodadvances.2021004335
https://doi.org/10.1182/bloodadvances.2021004335
https://doi.org/10.1038/s41467-021-26683-0
https://doi.org/10.1038/s41467-021-26683-0
https://doi.org/10.1038/s41467-021-26683-0
https://doi.org/10.1038/s41467-021-26683-0
https://doi.org/10.1007/s00277-021-04674-x
https://doi.org/10.1007/s00277-021-04674-x
https://doi.org/10.1007/s00277-021-04674-x
https://doi.org/10.1007/s00277-021-04674-x
https://doi.org/10.1007/s00277-021-04674-x
https://doi.org/10.1182/blood.2022016082
https://doi.org/10.1182/blood.2022016082
https://doi.org/10.1182/blood.2022016082
https://doi.org/10.1182/blood.2022016082
https://doi.org/10.1016/j.bbmt.2019.01.016
https://doi.org/10.1016/j.bbmt.2019.01.016
https://doi.org/10.1016/j.bbmt.2019.01.016
https://doi.org/10.1016/j.bbmt.2019.01.016
https://doi.org/10.1016/j.bbmt.2019.01.016
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/s41586-021-03626-9
https://doi.org/10.1038/s41586-021-03626-9
https://doi.org/10.1038/s41586-021-03626-9
https://doi.org/10.1146/annurev-med-012017-043208
https://doi.org/10.1146/annurev-med-012017-043208
https://doi.org/10.1146/annurev-med-012017-043208
https://doi.org/10.1016/j.stem.2010.11.014
https://doi.org/10.1016/j.stem.2010.11.014
https://doi.org/10.1016/j.stem.2010.11.014
https://doi.org/10.1016/j.stem.2015.07.011
https://doi.org/10.1016/j.stem.2015.07.011
https://doi.org/10.1016/j.stem.2015.07.011
https://doi.org/10.1016/j.stem.2015.07.011
https://doi.org/10.1186/s40425-019-0611-3
https://doi.org/10.1186/s40425-019-0611-3
https://doi.org/10.1186/s40425-019-0611-3
https://doi.org/10.1182/blood-2020-137307
https://doi.org/10.1182/blood-2020-137307
https://doi.org/10.1182/blood-2020-137307
https://doi.org/10.1182/blood-2020-137307
https://doi.org/10.1182/blood-2020-137307
https://doi.org/10.1182/blood-2020-137307
https://doi.org/10.1126/scitranslmed.aam7729
https://doi.org/10.1126/scitranslmed.aam7729
https://doi.org/10.1126/scitranslmed.aam7729
https://doi.org/10.1126/scitranslmed.aam7729
https://doi.org/10.1038/s41467-019-08871-1
https://doi.org/10.1038/s41467-019-08871-1
https://doi.org/10.1038/s41467-019-08871-1
https://doi.org/10.1038/s41467-019-08871-1
https://doi.org/10.1038/s41467-018-05072-0
https://doi.org/10.1038/s41467-018-05072-0
https://doi.org/10.1038/s41467-018-05072-0
https://doi.org/10.1038/s41467-018-05072-0
https://doi.org/10.1136/gutjnl-2020-322196
https://doi.org/10.1136/gutjnl-2020-322196
https://doi.org/10.1136/gutjnl-2020-322196
https://doi.org/10.1136/gutjnl-2020-322196
https://doi.org/10.1038/s41467-021-21045-2
https://doi.org/10.1038/s41467-021-21045-2
https://doi.org/10.1038/s41467-021-21045-2
https://doi.org/10.1016/j.ymthe.2021.01.021
https://doi.org/10.1016/j.ymthe.2021.01.021
https://doi.org/10.1016/j.ymthe.2021.01.021
https://doi.org/10.1016/j.ymthe.2021.01.021
https://doi.org/10.1016/j.cmet.2020.11.007
https://doi.org/10.1016/j.cmet.2020.11.007
https://doi.org/10.1016/j.cmet.2020.11.007
https://doi.org/10.1016/j.cmet.2020.11.007
https://doi.org/10.1016/j.cell.2023.03.007
https://doi.org/10.1016/j.cell.2023.03.007
https://doi.org/10.1016/j.cell.2023.03.007
https://doi.org/10.1016/j.cell.2023.02.032
https://doi.org/10.1016/j.cell.2023.02.032
https://doi.org/10.1016/j.cell.2023.02.032
https://doi.org/10.1016/j.immuni.2022.03.006
https://doi.org/10.1016/j.immuni.2022.03.006
https://doi.org/10.1016/j.immuni.2022.03.006
https://doi.org/10.1016/j.immuni.2022.03.006
https://doi.org/10.1016/j.it.2019.10.006
https://doi.org/10.1016/j.it.2019.10.006
https://doi.org/10.1016/j.it.2019.10.006
https://doi.org/10.1126/sciimmunol.aba7918
https://doi.org/10.1126/sciimmunol.aba7918
https://doi.org/10.1126/sciimmunol.aba7918
https://doi.org/10.1073/pnas.1905675116
https://doi.org/10.1073/pnas.1905675116
https://doi.org/10.1073/pnas.1905675116
https://doi.org/10.1073/pnas.1905675116
https://doi.org/10.1016/j.cell.2018.10.038
https://doi.org/10.1016/j.cell.2018.10.038
https://doi.org/10.1016/j.cell.2018.10.038
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1016/j.immuni.2020.04.014
https://doi.org/10.1016/j.immuni.2020.04.014
https://doi.org/10.1016/j.immuni.2020.04.014
https://doi.org/10.1016/j.immuni.2020.04.014
https://doi.org/10.1158/1078-0432.CCR-10-0356
https://doi.org/10.1158/1078-0432.CCR-10-0356
https://doi.org/10.1158/1078-0432.CCR-10-0356
https://doi.org/10.1007/s11481-012-9367-y
https://doi.org/10.1007/s11481-012-9367-y
https://doi.org/10.1007/s11481-012-9367-y
https://doi.org/10.1038/nm.1982
https://doi.org/10.1038/nm.1982
https://doi.org/10.1038/nm.1982
https://doi.org/10.4049/jimmunol.1700595
https://doi.org/10.4049/jimmunol.1700595
https://doi.org/10.4049/jimmunol.1700595
https://doi.org/10.4049/jimmunol.1700595
https://doi.org/10.3390/ijms24054326
https://doi.org/10.3390/ijms24054326
https://doi.org/10.3390/ijms24054326
https://doi.org/10.1016/j.cell.2019.01.031
https://doi.org/10.1016/j.cell.2019.01.031
https://doi.org/10.1016/j.cell.2019.01.031
https://doi.org/10.1016/j.stem.2023.04.001
https://doi.org/10.1016/j.stem.2023.04.001
https://doi.org/10.1016/j.stem.2023.04.001
https://doi.org/10.1016/j.stem.2023.04.001
https://doi.org/10.1038/s41467-021-26282-z
https://doi.org/10.1038/s41467-021-26282-z
https://doi.org/10.1038/s41467-021-26282-z
https://doi.org/10.1038/s41467-021-26282-z
https://doi.org/10.1182/blood.2022018246
https://doi.org/10.1182/blood.2022018246
https://doi.org/10.1182/blood.2022018246
https://doi.org/10.1182/blood.2022018246
https://doi.org/10.1126/sciimmunol.abn6429
https://doi.org/10.1126/sciimmunol.abn6429
https://doi.org/10.1126/sciimmunol.abn6429
https://doi.org/10.1126/sciimmunol.abn6429
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1182/blood-2021-147150
https://doi.org/10.1182/blood-2021-147150
https://doi.org/10.1182/blood-2021-147150
https://doi.org/10.1182/blood-2021-147150
https://doi.org/10.1182/blood-2021-147150
https://doi.org/10.1080/2162402X.2021.1889822
https://doi.org/10.1080/2162402X.2021.1889822
https://doi.org/10.1080/2162402X.2021.1889822
https://doi.org/10.1080/2162402X.2021.1889822
https://www.cancer.gov/ccg/research/genome-sequencing/target/studied-cancers/acute-myeloid-leukemia
https://www.cancer.gov/ccg/research/genome-sequencing/target/studied-cancers/acute-myeloid-leukemia
https://www.cancer.gov/ccg/research/genome-sequencing/target/studied-cancers/acute-myeloid-leukemia
https://doi.org/10.1016/j.jtct.2023.03.007
https://doi.org/10.1016/j.jtct.2023.03.007
https://doi.org/10.1016/j.jtct.2023.03.007
https://doi.org/10.1016/j.jtct.2023.03.007
https://doi.org/10.1016/j.jtct.2023.03.007
https://doi.org/10.1016/j.jtct.2023.03.007
https://doi.org/10.1038/s41467-020-17991-y
https://doi.org/10.1038/s41467-020-17991-y
https://doi.org/10.1038/s41467-020-17991-y
https://doi.org/10.1038/s41467-020-17991-y
https://doi.org/10.1182/blood-2011-11-392951
https://doi.org/10.1182/blood-2011-11-392951
https://doi.org/10.1182/blood-2011-11-392951
https://doi.org/10.1182/blood-2011-06-360321
https://doi.org/10.1182/blood-2011-06-360321
https://doi.org/10.1182/blood-2011-06-360321
https://doi.org/10.1182/blood-2011-06-360321
https://doi.org/10.1158/2326-6066.CIR-13-0171
https://doi.org/10.1158/2326-6066.CIR-13-0171
https://doi.org/10.1158/2326-6066.CIR-13-0171
https://doi.org/10.1016/j.imbio.2019.03.001
https://doi.org/10.1016/j.imbio.2019.03.001
https://doi.org/10.1016/j.imbio.2019.03.001
https://doi.org/10.1038/ni.3410
https://doi.org/10.1038/ni.3410
https://doi.org/10.1038/ni.3410
https://doi.org/10.1038/ni.3410
https://doi.org/10.1038/s41577-019-0224-6
https://doi.org/10.1038/s41577-019-0224-6
https://doi.org/10.1182/blood-2011-10-387977
https://doi.org/10.1182/blood-2011-10-387977
https://doi.org/10.1182/blood-2011-10-387977
https://doi.org/10.1182/blood-2011-10-387977
https://doi.org/10.3324/haematol.10433
https://doi.org/10.3324/haematol.10433
https://doi.org/10.3324/haematol.10433
https://doi.org/10.3324/haematol.10433
https://doi.org/10.3324/haematol.10433
https://doi.org/10.1182/blood-2023-180876
https://doi.org/10.1182/blood-2023-180876
https://doi.org/10.1182/blood-2023-180876
https://doi.org/10.1182/blood-2023-180876
https://doi.org/10.1182/blood-2023-180876
https://doi.org/10.1182/blood-2023-180876

	Graphical abstract

