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Introduction
Allogeneic hematopoietic cell transplantation (Allo-HCT) is a cura-
tive therapy for relapsed hematological malignances (i.e., leukemia 
and lymphoma) owing to the graft-versus-leukemia (GVL)  activity 
mediated by alloreactive T cells, but the same alloreactive T cells 
also mediate graft-versus-host disease (GVHD) (1–5). GVHD is an 
overexaggerated immune response cascade initiated by activation 
of alloreactive T cells by host antigen-presenting cells (APCs), such 
as dendritic cells. The alloreactive donor T cells infiltrating GVHD 
target tissues (i.e., gut, liver, lung, and skin) cause tissue damage 
through a variety of mechanisms (6–9). Preventing acute GVHD 
while preserving GVL activity remains a long-sought goal.

We and others have shown that tissue programmed death 
ligand 1/programmed cell death protein 1 (PD-L1/PD-1) signaling 
effectively reduced acute GVHD severity caused by donor CD4+ 
T or CD8+ T cells alone, but not by CD4+ and CD8+ T cells togeth-
er (10, 11). T cells from STAT3-deficient (STAT3–/–) donors, how-
ever, did not cause GVHD, even when donor CD4+ and CD8+ T 
cells were both present in the graft (12–14). IL-2 from CD4+ T cells 
makes the CD4+ and CD8+ T cells resistant to induction of aner-
gy, exhaustion, and apoptosis by PD-L1/PD-1 signaling (10, 15, 
16), and IL-2 also augmented activation of STAT3 and enhanced 
glycolysis in T cells (17, 18). It was suggested that PD-1 signaling 
augments production of mitochondrial reactive oxygen species 
(Mito-ROS) because pathogenic alloreactive T cells in GVHD tar-
get tissues were PD-1hiROShi (19, 20), although PD-1 signaling also 
reduces Mito-ROS production by activated T cells in vitro (21). 
Phosphorylation of STAT3 on Serine 727 (S727) enables pSTAT3 
entry into mitochondria (Mito-STAT3) (22). While Mito-STAT3 
augmented ATP production and reduced ROS production, Mito-
STAT3 deficiency reduced mitochondrial ATP (Mito-ATP) pro-
duction and increased Mito-ROS production, leading to apoptosis 
in certain cancer cells (23–26). The effects of interactions between 
STAT3 deficiency and PD-1 signaling on metabolism and ROS 
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chronic GVHD, and all recipients (10/10) survived for more than 
100 days (Figure 1A and Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI165723DS1). GVHD prevention in recipients given STAT3–/– T 
cells was evident with lower serum concentrations of alanine ami-
notransferase (ALT), aspartate aminotransferase (AST), soluble 
suppression of tumorigenicity 2 (sST2), and IFN-γ, although only 
slightly lower TNF-α concentrations (Figure 1, B and C) compared 
with that of recipients given WT T cells. The mild and transient 
acute GVHD was reflected by transient body weight loss and low 
clinical GVHD score at approximately 7 days after HCT (Figure 
1A), but no obvious tissue damage was observed in recipients of 
STAT3–/– donor T cells at 7 and 100 days after HCT (Figure 1, D 
and E, and Supplemental Figure 1, B and C). Thus, consistent with 
previous publications, STAT3–/– T cells induce mild and transient 
or reversible acute GVHD with no evidence of chronic GVHD.

To test GVL activity of STAT3–/– T cells, irradiated BALB/c 
mice were inoculated i.p. with luciferase-transfected BCL1 (BCL1/
Luc+) leukemia/lymphoma cells (625 × 103) and then engrafted 
with TCD-BM alone or TCD-BM plus STAT3–/– Thy1.2+ T cells (2.5 
× 106). Recipients were monitored for BCL1 tumor growth with in 
vivo bioluminescent imaging (BLI) and were also monitored for 
survival. While all recipients (10/10) given TCD-BM alone died 
with progressive tumor growth by 20 days after HCT, addition of 
STAT3–/– T cells eliminated the BCL1/Luc+ tumor cells by 10 days 
after HCT, and most (6/10) of the recipients survived for more 
than 100 days (Figure 2, A and B).

In further experiments, we tested GVL activity against acute 
lymphoblastic leukemia (ALL) cells (36), representing a disease 
with low susceptibility to GVL effects (37, 38). Irradiated BALB/c 
recipients were inoculated i.v. with ALL cells (40 × 103/mouse) 
and then engrafted with 1.0 or 2.5 × 106 STAT3–/– T cells. With 
2.5 × 106 STAT3–/– T cells added to the graft, the ALL cells were 
eliminated in approximately 50% of recipients, but all the recipi-
ents given 1.0 × 106 STAT3–/– T cells had progressive tumor growth 
(Figure 2, C and D). For unclear reasons, 2 recipients given 40 × 
106 ALL cells with STAT3–/– donor T cells died without apparent 
tumor growth (Figure 2C). After inoculation of 10 × 103 ALL cells, 
2.5 × 106 STAT3–/– T cells were enough to prevent tumor growth in 
all (9/9) recipients, while all (9/9) recipients given TCD-BM alone 
had progressive tumor growth and died by 15 days after HCT (Fig-
ure 2, E and F). These results indicate that STAT3–/– donor T cells 
can eliminate ALL tumor cells when the residual tumor cells are at 
low levels while preventing GVHD.

To further evaluate the GVL capacity of STAT3–/– T cells in 
comparison with WT T cells, the recipients bearing 10 × 103 ALL 
tumor cells were injected with titrated numbers (2.5 × 106, 1.25 × 
106, 0.625 × 106, and 0) of WT and STAT3–/– T cells. Because we 
had observed that 2.5 × 106 WT T cells induced lethal GVHD while 
the same numbers of STAT3–/– T cells did not induce GVHD but 
preserved GVL activity (Figure 2E), we used graded numbers of 
recipients (2, 3, and 5) in each experiment to avoid unnecessary use 
of animals. This approach also allowed us to perform in vivo BLI 
for all recipients at the same time. Consistently, recipients without 
donor T cells all died of tumor growth within 20 days after HCT. 
All recipients given 2.5 to 0.625 × 106 WT cells eliminated the ALL 
tumor cells, but the recipients given 2.5 or 1.25 × 106 WT T cells 

production in activated T cells and the subsequent development 
of anergy, exhaustion, and apoptosis of donor T cells in Allo-
HCT recipients have not been elucidated. It also remains unclear 
whether Mito-STAT3 deficiency alone or increased Mito-ROS 
alone is sufficient to prevent GVHD.

T cell activation and expansion require metabolic reprogram-
ming of glycolysis and oxidative phosphorylation (OXPHOS) 
(27–29). Previous reports have suggested conflicting conclusions 
regarding the respective contributions of glycolysis and OXPHOS 
in alloactivated T cells that cause GVHD (30–34). A recent study 
showed that the glutathione (GSH)/Myc pathway has a key role in 
priming T cell metabolic reprogramming for tissue inflammation 
(35). Upon activation, T cells produce ROS that triggers an anti-
oxidative GSH response to protect against cellular damage. GSH 
buffering of ROS also supports activation of the mTOR/NFAT/
Myc pathway that enhances glycolysis and glutaminolysis in acti-
vated T cells, resulting in T cell proliferation and cytokine produc-
tion and tissue inflammation. Reduction of GSH production by 
catalytic subunit of glutamate cysteine ligase (GCLC) deficiency 
in T cells impairs their function and prevents their ability to cause 
experimental autoimmune encephalomyelitis (35). These obser-
vations raise the question of whether STAT3 deficiency prevents 
GVHD by inhibiting the GSH/Myc pathway.

In the current studies, we dissected the mechanisms that 
explain how PD-1 signaling interacts with STAT3 deficiency in 
donor T cells to prevent GVHD while maintaining GVL activity in 
a murine model of MHC-mismatched HCT. Our results show that 
signaling from GVHD target tissue PD-L1 interaction with PD-1 on 
donor T cells inhibits GSH/Myc pathways and causes dysfunction-
al metabolic reprogramming in activated STAT3-deficient but not 
Mito-STAT3–deficient donor T cells, leading to anergy, exhaustion, 
and apoptosis of the STAT3-deficient T cells, thereby preventing 
GVHD. At the same time, the lower expression of PD-L1 by host-
type parenchymal cells in lymphohematopoietic tissues reduced 
PD-L1/PD-1 interactions and allowed functional metabolic repro-
gramming in the activated STAT3-deficient donor T cells despite 
reduction of GSH caused by STAT3 deficiency, leading to expansion 
of the T cells that mediate GVL activity. Therefore, both STAT3 defi-
ciency and PD-1 signaling together are required to downregulate 
the GSH/Myc pathway and prevent tissue inflammation.

Results
STAT3-deficient donor T cells induce only mild and transient acute 
GVHD while preserving GVL activity. STAT3 deficiency in donor 
T cells prevented both acute and chronic GVHD (12–14), but its 
mechanism remains unclear and its impact on GVL activity has 
not been evaluated. We first evaluated its impact on GVHD and 
GVL activity. Whole spleen cells (5 × 106) or sorted Thy1.2+ T cells 
(2.5 × 106) containing both CD4+ and CD8+ T cells from WT or 
STAT3–/– C57BL/6 donors were coinjected with T cell–depleted 
bone marrow (TCD-BM) (5 × 106) from WT C57BL/6 donors into 
lethally irradiated BALB/c recipients. The recipients were moni-
tored for body weight changes, signs of clinical GVHD, and surviv-
al for up to 100 days after HCT. Whole spleen cells or sorted T cells 
from WT donors induced severe, fatal acute GVHD within 20 days 
after HCT. In contrast, STAT3–/– spleen or T cells induced only 
mild and transient or reversible acute GVHD with no evidence of 
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with WT T cells. Taken together, these data show that STAT3–/– T 
cells preserve strong GVL activity against not only BCL1 tumor 
cells but also non–GVL-susceptible ALL tumor cells, while induc-
ing only mild and transient or reversible acute GVHD.

Prevention of acute GVHD by STAT3 deficiency in donor T cells 
depends on target tissue PD-L1 interaction with PD-1 on infiltrating 
T cells. Previous studies have suggested that STAT3 deficiency in 
donor T cells prevents GVHD by stabilizing natural Tregs (nTregs) 
and induced Tregs (iTregs) and augmenting thymic production of 
nTregs (12, 13). To determine whether other mechanisms might 

died with acute GVHD within 10 days after HCT, and the recipients 
given 0.625 × 106 WT T cells died with chronic GVHD within 50 
days after HCT. In contrast, the recipients given 2.5 to 0.625 × 106 
STAT3–/– T cells did not show obvious clinical GVHD, and nearly all 
recipients given 2.5 or 1.25 × 106 STAT3–/– T cells eliminated ALL 
tumor cells and survived for more than 100 days. A dose of 0.625 
× 106 STAT3–/– T cells significantly prolonged survival, but did not 
eliminate ALL tumor cells (Figure 3, A and B). These results indi-
cate that STAT3 deficiency in donor T cells prevents GVHD while 
preserving strong GVL activity that is mildly reduced compared 

Figure 1. STAT3 deficiency in donor T cells prevents both acute and chronic GVHD. Lethally irradiated BALB/c recipients were engrafted with TCD-BM cells 
(5 × 106) from WT C57BL/6 donors and CD90.2+ T cells (2.5 × 106) from STAT3–/– or WT C57BL/6 donors. (A) Curves of percentages of body weight change, 
clinical GVHD score, and percentage survival. n = 5 (TCD-BM); n = 10 (TCD-BM+WT T cells); n = 10 (TCD-BM+STAT3–/– T cells) combined from 2 replicated 
experiments. (B) Serum concentrations of ALT, AST, and albumin (ALB) on day 6 are shown. n = 7–8 per group combined from 2 replicated experiments. 
(C) Serum concentration of IFN-γ, ST2, and TNF-α on day 6 after HCT are shown. n = 4–8 per group combined from 2 replicated experiments. (D and E) 
Histopathology of liver (left), small intestine (middle), and colon (right) evaluated on day 7 after HCT. Representative micrographic photos of liver, small 
intestine, and colon (D) and pathological scores of liver, small intestine, and colon are shown (E). Arrows point to infiltrating T cells or tissue damage area. 
Original magnification, ×200. n = 5 per group combined from 2 replicate experiments. Crosses indicate deaths. Data are represented as mean ± SEM. P val-
ues were calculated using nonlinear regression (curve fit) for body weight and clinical GVHD score comparisons (A), log-rank test for survival comparisons 
(A), and 2-tailed, unpaired Student’s t test for mean comparisons (B, C, and E). NS, P ≥ 0.05; *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.
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effect on the severity of acute GVHD induced by WT or STAT3–/– 
T cells (Supplemental Figure 2A), although it effectively depleted 
Foxp3+ Tregs in the spleen and GVHD target tissues such as liver 
(Supplemental Figure 2B). Therefore, factors unrelated to Tregs 
must explain how STAT3 deficiency in donor T cells prevents GVHD.

contribute to prevention of GVHD, we tested to ascertain whether 
in vivo depletion of Tregs alters the severity of GVHD induced by 
WT or STAT3–/– T cells. Accordingly, deleting anti-CD25 mAbs (PC-
61.5.3, 200 μg/mouse) (39) were injected i.p. on days 0, 2, 4, and 6 
after HCT. Administration of anti-CD25 did not have any obvious 

Figure 2. STAT3 deficiency in donor T cells preserves GVL activity. Lethally irradiated WT BALB/c recipients were engrafted with TCD-BM cells (5 × 106) 
from WT C57BL/6 donors with or without CD90.2+ T cells (2.5 × 106 [A–F] or 1 × 106 [C and D]) from STAT3–/– C57BL/6 donors on day 0. Recipients were then 
challenged with i.p. injection of BCL1/Luc cells (625 × 103 [A and B] per mouse) or i.v. injection of ALL/Luc cells (40 × 103 [C and D] or 10 × 103 [E and F] per 
mouse) on day 0. (A, C, and E) Mice were monitored for tumor growth by using in vivo BLI after HCT. Representative BLI images of each mouse from each 
time point are shown. (B, D, and F) Curves of photon/second and percentage of tumor-free survival are shown. Data are represented as mean ± SEM.  
n = 9–10 per group combined from 2 replicated experiments. Crosses indicate deaths. P values were calculated using nonlinear regression (curve fit) for 
photon/second comparisons (B, D, and F) and log-rank test for survival comparisons (B, D, and F). **P < 0.01, ****P < 0.0001.
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STAT3 deficiency in donor T cells augments tissue-specific deletion 
of host-reactive T cell clones and maintains tolerance of the residual T 
clones in GVHD target tissues in a PD-L1/PD-1 interaction–depen-
dent manner. We evaluated the extent to which the TCR reper-
toire of donor T cells infiltrating GVHD target tissues was affect-
ed by STAT3 deficiency. Using TCR-CDR3-Seq analysis (40, 41) 
, we measured TCR repertoires of donor CD4+ and CD8+ T cells 
before HCT and in GVHD target tissues (liver and gut) at 6 days 
after HCT. The TCR-CDR3 diversity of T cells from WT, STAT3–/–,  
or STAT3–/–PD-1–/– donors before HCT were similar and highly 
diverse, and the data were combined into a single group of “T cells 
before HCT” (Figure 5, A and B, and Supplemental Figure 4, A and 
B). As compared with T cells before HCT, donor CD4+ and CD8+ T 
cells from the liver and gut tissues of GVHD recipients given WT 
T cells showed much lower TCRB and TCRA diversity, reflecting 
the expansion of alloreactive clones (Figure 5, A and B, and Sup-
plemental Figure 4, A and B). Donor CD4+ and CD8+ T cells from 
the liver and gut tissues of GVHD recipients given STAT3–/– T cells 
or STAT3–/–PD-1–/– T cells showed similarly low TCRB and TCRA 
diversity and no statistically significant differences as compared 
with CD4+ and CD8+ T cells from recipients given WT donor T 

Since host tissue PD-L1 reduced the severity of acute GVHD 
induced by donor CD4+ and CD8+ T cells together (10), we tested 
to determine whether prevention of acute GVHD by STAT3 defi-
ciency in donor T cells depends on host-tissue expression of PD-L1. 
Accordingly, recipients of STAT3–/– donor T cells were treated with 
anti–PD-L1 (10F. 9G2) or anti–PD-1 (29F.1A12) to block PD-L1/
PD-1 interactions or control IgG on days 4, 6, 8, and 10 after HCT. 
Blockade of PD-L1/PD-1 interactions by anti–PD-L1 or anti–PD-1 
resulted in lethal acute GVHD in recipients given STAT3–/– donor T 
cells (Figure 4A). Consistently, STAT3–/– donor T cells induced lethal 
acute GVHD in PD-L1–/– recipients, but not in WT recipients (Figure 
4B). In contrast, STAT3–/–PD-1–/– donor T cells induced lethal acute 
GVHD in WT recipients (Figure 4C). The acute GVHD induced by 
STAT3–/– donor T cells in PD-L1–/– recipients (Figure 4, D and E) or 
by STAT3–/–PD-1–/– donor T cells in WT recipients (Figure 4, F and G) 
caused severe damage in the liver, small intestine, and colon (Figure 
4, D and F, and Supplemental Figure 3) with extensive infiltration of 
donor T cells in those tissues, but not in the spleen (Figure 4, E and 
G). These results indicate that prevention of acute GVHD by STAT3 
deficiency in donor T cells depends on host-tissue PD-L1 interac-
tion with PD-1 on infiltrating donor T cells.

Figure 3. Comparison of GVL activity of WT and STAT3–/– donor T cells. Lethally irradiated WT BALB/c recipients were i.v. inoculated with ALL/Luc cells 
(10 × 103 per mouse) and engrafted with TCD-BM cells (5 × 106) from WT C57BL/6 donors with or without CD90.2+ T cells (0.625, 1.25 or 2.5 × 106) from WT 
or STAT3–/– C57BL/6 donors on day 0. (A) Recipients were monitored for tumor growth by using in vivo BLI after HCT. Representative BLI images of each 
mouse from each time point are shown. (B) Curves of photon/second, percentages of original body weight, clinical GVHD score, and percentage survival are 
shown. Data are represented as mean ± SEM. n = 10 (TCD-BM); n = 10 (+0.625 × 106 T); n = 6 (+1.25 × 106 T); n = 4 (+2.5 × 106 T) combined from 2 replicated 
experiments. Crosses indicate deaths. P values were calculated using nonlinear regression (curve fit) for photon/second comparisons (B) and log-rank test 
for survival comparisons (B). ***P < 0.001; ****P < 0.0001.
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cells (Figure 5, A and B, and Supplemental Figure 4, A and B). 
These results indicate that, consistent with previous reports (42, 
43), acute GVHD is associated with reduction of donor T cell 
diversity. However, prevention of acute GVHD by STAT3 deficien-
cy in donor T cells did not prevent reduction of donor T cell diver-
sity, and induction of acute GVHD by STAT3–/–PD-1–/– T cells did 
not further reduce donor T cell diversity.

In addition, we used TCRB-Seq and TCRA-Seq to identify 
host-reactive clonotypes with frequencies of less than 10–5 before 
HCT and more than 10–4 among donor T cells from GVHD target 
tissues of recipients on day 6 after HCT. The host-reactive CD4+ 
and CD8+ T cell clonotypes in the liver and gut of recipients given 
WT donor T cells were markedly expanded. Many of these same 
host-reactive CD4+ and CD8+ T cell clonotypes were not expanded 

Figure 4. Prevention of acute GVHD by STAT3 deficiency in donor T cells requires PD-1 signaling triggered by GVHD target tissue expression of PD-L1. (A) 
Lethally irradiated BALB/c recipients were engrafted with TCD-BM cells (5 × 106) and CD90.2+ T cells (2.5 × 106) from STAT3–/– C57BL/6 donors. Anti–PD-1 
(29F.1A12; 200 μg/mouse) or anti–PD-L1 (10F.9G2; 200 μg/mouse) was given i.p. on days 4, 6, 8, and 10. Curves of percentages of original body weight, 
clinical GVHD score, and percentage survival are shown. (B, D, and E) Lethally irradiated WT or PD-L1–/– BALB/c recipients were engrafted with TCD-BM 
cells (5 × 106) from WT C57BL/6 donors and CD90.2+ T cells (2.5 × 106) from STAT3–/– C57BL/6 donors. (B) Curves of percentage original body weight, clinical 
GVHD score, and percentage survival are shown. (C and F–G) Lethally irradiated WT BALB/c recipients were engrafted with TCD-BM cells (5 × 106) from WT 
C57BL/6 donors and CD90.2+ T cells (1 × 106) from STAT3–/– or STAT3–/–PD-1–/– C57BL/6 donors. (C) Curves of percentage original body weight, clinical GVHD 
score, and percentage survival are shown. Data combined from 2 independent experiments. (D and F) Histopathology of liver, small intestine, and colon 
was evaluated on day 6 after HCT, and the histopathological scores are shown. n =4–5 combined from 2 replicate experiments. (E and G) Spleen, liver, small 
intestine, and colon samples were collected on day 6 after HCT, and yields of H-2Kb+TCR-β+ T cells are shown. n = 6–7 combined from 2 replicated experi-
ments. Crosses indicate deaths. Data are represented as mean ± SEM. Two-tailed P values were calculated by nonlinear regression (curve fit) for compar-
ison of body weights and clinical GVHD scores (A–C), log-rank test for survival comparisons (A–C), and unpaired Student’s t tests for other comparisons 
(D–G). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

https://doi.org/10.1172/JCI165723
https://www.jci.org/articles/view/165723#sd


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

7J Clin Invest. 2023;133(15):e165723  https://doi.org/10.1172/JCI165723

in the liver and gut of recipients given STAT3–/– or STAT3–/–PD-1–/– 
donor T cells (Figure 5, C and D, and Supplemental Figure 4, C 
and D). Although the overall clonotype expansions were similar 
for STAT3–/– donor T cells that did not cause GVHD and STAT3–/–

PD-1–/– T cells that did cause GVHD, approximately 15% to 30% of 
TCRB and TCRA clonotypes that were not expanded among CD4+ 
or CD8+ T cells from STAT3–/– donors were expanded among CD4+ 
or CD8+ T cells from STAT3–/–PD-1–/– donors (Figure 5, C and D, 
and Supplemental Figure 4, C and D). Most (~90%) of the expand-
ed TCRA and TCRB clonotypes represented in donor T CD4+ and 
CD8+ cells differed between the liver and gut with very little over-
lapping (Supplemental Figure 4E).

We further analyzed the tolerance status of residual donor 
CD4+ and CD8+ T cells in the GVHD target tissues on day 6 after 
HCT. As compared with WT CD4+ T cells, STAT3–/– CD4+ T cells 
in the liver and gut had similar or lower proliferation rates, as indi-
cated by BrdU+ staining, but higher apoptosis rates, as indicated 
by annexin V+ staining, lower pathogenic activity, as indicated by 
the lower frequency of cells with a GM-CSF+IFN-γ+ cytokine pro-
file, and higher frequencies of anergic cells, as indicated by FR4hi 

CD73hi staining (44–46) (Figure 5, E–H, and Supplemental Figure 
5). The results with STAT3–/–PD-1–/–CD4+ T cells indicated that 
these differences depend on PD-L1/PD-1 signaling. As compared 
with WT CD8+ T cells, STAT3–/–CD8+ T cells in the liver and gut 

Figure 5. STAT3 deficiency in donor T cells augments anergy, exhaustion, and apoptosis of infiltrating T cells in GVHD target tissues in a PD-L1/PD-1 
signaling–dependent manner. Lethally irradiated BALB/c recipients were engrafted with TCD-BM cells (5 × 106) from WT C57BL/6 donors and CD90.2+ T 
cells (1 × 106) from WT or STAT3–/– or STAT3–/–PD-1–/– C57BL/6 donors. (A and B) FACS-sorted donor-type CD4+ and CD8+ T cells from liver and gut were ana-
lyzed with RNA-Seq and TCR-CDR3-Seq microarray. (A) TCR-CDR3 diversity of TCRB of CD4+ and CD8+ T in the liver were compared. (B) TCR-CDR3 diversity 
of TCRB of CD4+ and CD8+ T in gut the were compared. (C) Heatmaps of host-reactive TCRB in liver were compared. (D) Heatmaps of host-reactive TCRB 
in gut were compared. TCR-CDR3-Seq measurements were performed on duplicate samples from each group. The numbers are log-transformed (base 10 
with offset of 1) TCR frequency, which have been normalized to counts per million. Each sample contained lymphocytes from 3 recipients. (E–L) On day 6 
after HCT, CD4+ and CD8+ T cells from the liver and gut of recipients in each group were analyzed with flow cytometry. (E and I) Percentage BrdU+. n = 5–6 
per group combined from 2 replicated experiments. (F and J) Percentage Annexin-V+. n = 6–7 per group combined from 2 replicated experiments. (G and K) 
Percentage GM-CSF+IFN-γ+. n = 5 per group combined from 2 replicated experiments. (H) Percentage FR4hiCD73hi among CD4+ T cells and (L) MFI of GzmB 
of CD8+T are shown. n = 5–6 per group combined from 2 replicated experiments. Data are represented as mean ± SEM (A, B, E–L). P values were calculated 
using 2-way ANOVA (E–L). NS, P ≥ 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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ure 6F, Supplemental Figure 9A, and Supplemental Figure 10A). 
GSH measured by the MFI of Thiol Green staining was lower in 
STAT3–/– CD4+ and CD8+ T cells than in WT T cells, but was unaf-
fected in STAT3–/–PD-1–/– T cells (Figure 6G, Supplemental Figure 
9B, and Supplemental Figure 10B). In previous studies, an in vitro 
cross-linking assay showed that PD-1 signaling reduced GSH syn-
thesis in activated CD4+ T cells (49). Thus, our results indicate that 
STAT3 deficiency in donor T cells augments inhibition of GSH 
synthesis mediated by PD-1 signaling.

Reduction of GSH synthesis by GCLC deficiency decreased 
TCR-driven Myc upregulation and reduced glycolysis and fatty 
acid oxidation (FAO) (35, 50). Glycolysis is regulated by the mem-
brane glucose transporter Glut 1 and the rate-limiting enzyme 
HK2 and other related enzymes (51, 52) (Figure 6H). Expression of 
Glut1 protein was not affected by STAT3 deficiency, but was higher 
in STAT3–/–PD-1–/– CD4+ and CD8+ T cells than in WT T cells (Fig-
ure 6I, Supplemental Figure 9C, and Supplemental Figure 10C). 
Expression of HK2 protein was lower in STAT3–/– CD4+ and CD8+ 
T cells than in WT T cells, but was unaffected in STAT3–/–PD-1–/– T 
cells (Figure 6J, Supplemental Figure 9D, and Supplemental Fig-
ure 10D). In a previous study, PD-1 signaling downregulated T cell 
Glut1 and HK2 protein expression (49). Thus, our results indicate 
that STAT3 deficiency in donor T cells augments inhibition of HK2 
expression mediated by PD-1 signaling.

FAO is regulated by the membrane fatty acid transporter 
CD36 and the mitochondrial membrane rate-limiting enzyme 
CPT1a (53) (Figure 6K). Protein expression of CD36 was lower in 
STAT3–/– donor CD4+ and CD8+ T cells than in WT T cells, but was 
not affected in STAT3–/–PD-1–/– T cells (Figure 6L, Supplemental 
Figure 9E, and Supplemental Figure 10E). Expression of CPT1A 
was not affected by STAT3 deficiency, but was higher in STAT3–/– 

PD-1–/– CD4+ and CD8+ T cells than in WT T cells (Figure 6M, Sup-
plemental Figure 9F, and Supplemental Figure 10F). These results 
suggest that STAT3 deficiency in donor T cells augments PD-1 sig-
naling–mediated inhibition of CD36.

Mitochondria produce ROS (Mito-ROS), and its production 
is increased by PD-1 signaling, but decreased by mitochondrial 
STAT3 (Mito-STAT3) (19, 23). Although low concentrations of ROS 
act as signaling messengers and modify protein function or struc-
ture by oxidation, high concentrations of ROS lead to cell death (54, 
55). GSH and thioredoxin-1 (Trx1) in the cytosol play critical roles 
in buffering ROS to allow metabolic reprogramming during T cell 
activation (30, 35). Expression of GSH was lower in STAT3–/– CD4+ 
and CD8+ T cells than in WT T cells, but was not affected in STAT3–/– 

PD-1–/– T cells (Figure 6G and Supplemental Figure 10B). TRX1 
expression did not differ among WT, STAT3–/–, and STAT3–/–PD-1–/– 
CD4+ and CD8+ T cells (Figure 6N and Supplemental Figure 10G). 
Mito-ROS production, as indicated by MitoSOXhiMitoGreenhi stain-
ing, and Mito-dysfunction, as indicated by MitoRedloMitoGreenhi 
staining, were higher in STAT3–/– CD4+ and CD8+ T cells than in WT 
T cells, but were not affected in STAT3–/–PD-1–/– T cells (Figure 6O 
and Supplemental Figure 10H). These results indicate that STAT3 
deficiency and PD-1 signaling in donor T cells synergistically aug-
ment Mito-ROS production and reduce GSH synthesis, increasing 
Mito-dysfunction that can augment T cell anergy and apoptosis.

To validate the role of ROS in augmenting apoptosis of  
STAT3–/– donor T cells, we tested to determine whether the anti-

also had similar or lower proliferation, increased apoptosis, lower 
pathogenic cytokine production, and lower granzyme B expres-
sion (Figure 5, I–L, and Supplemental Figure 6). The results with 
STAT3–/–PD-1–/– CD8+ T cells also indicated that, with the excep-
tion of pathogenic cytokine production and granzyme B in the gut, 
these differences depend on PD-L1/PD-1 signaling (Figure 5, I–L, 
and Supplemental Figure 6). Taken together, these results indicate 
that STAT3-deficient donor T cells exhibit tissue-specific clonal 
expansion in the liver and gut, but PD-L1/PD-1 interactions limit 
their proliferation, induce apoptosis, or impede effector functions, 
thereby preventing their ability to cause GVHD.

STAT3 deficiency in donor T cells augments host-tissue PD-L1/
PD-1 signaling–mediated inhibition of the GSH/Myc pathway, lead-
ing to metabolic dysfunction of T cells that infiltrate GVHD target tis-
sues. Antioxidative GSH plays an important role in metabolic inte-
gration and reprogramming by scavenging ROS and increasing 
MYC pathway activity during inflammatory T cell responses (35). 
Therefore, we tested to determine whether PD-1 signaling alters 
GSH regulation of metabolic reprogramming in STAT3-deficient 
donor T cells from GVHD target tissues. Using RNA-Seq analysis, 
we compared the metabolic programming pathways of CD4+ and 
CD8+ T cells from the liver tissues of recipients given WT, STAT3–/–,  
or STAT3–/–PD-1–/– T cells at 6 days after HCT. As compared with 
WT CD4+ T cells, GSH metabolism, glycolysis-gluconeogenesis, 
fatty acid metabolism, and oxidative phosphorylation pathways 
appeared to lower activity in STAT3–/– CD4+ T cells but to increase 
activity in STAT3–/–PD-1–/– CD4+ T cells (Figure 6A). The pattern 
was similar for GSH metabolism and oxidative phosphorylation 
in STAT3–/– and STAT3–/–PD-1–/– CD8+ T cells (Supplemental Fig-
ure 7A). Although STAT3–/–CD8+ T cells did not show reduction in 
fatty acid metabolism and oxidative phosphorylation pathways, 
those were still increased in STAT3–/–PD-1–/– CD8+ T cells (Sup-
plemental Figure 7A). Myc-dependent metabolic pathway activity 
was lower in STAT3–/– CD4+ and CD8+ T cells than in WT T cells, 
but markedly higher in STAT3–/–PD-1–/– CD4+ and CD8+ T cells, as 
indicated by normalized enrichment score (NES) (Figure 6B and 
Supplemental Figure 7B). Myc protein expression was also lower 
in Thy1.2+ STAT3–/– T cells than in WT T cells, but was unaffected 
in STAT3–/–PD-1–/– T cells (Figure 6C).

With the Seahorse XF Real-Time ATP Rate Assay, which can 
simultaneously measure oxygen consumption rate (OCR) (Mito-
ATP) and extracellular acidification rate (ECAR) (Glyco-ATP) 
(47), we compared Mito-ATP and Glyco-ATP production by WT 
versus STAT3–/– T cells and by STAT3–/– versus STAT3–/–PD-1–/– T 
cells (Supplemental Figure 8). Mito-ATP, Glyco-ATP, and total 
ATP production were lower in STAT3–/– total T cells than in WT 
cells, but were unaffected in STAT3–/–PD-1–/– T cells (Figure 6D). 
These results suggest that STAT3 deficiency in donor T cells may 
augment PD-1–mediated inhibition of GSH synthesis, thereby 
causing metabolic dysfunction.

We dissected how STAT3 deficiency in donor T cells inhib-
its GSH synthesis. As described in the diagram, GSH synthesis 
requires efflux of l-glutamine and influx of cystine through cell 
membrane glutamine transporter CD98 as well as the rate-lim-
iting enzyme GCLC (48) (Figure 6E). Cell-surface expression of 
CD98 was lower in STAT3–/– CD4+ and CD8+ T cells than in WT T 
cells, but was unaffected or higher in STAT3–/–PD-1–/– T cells (Fig-
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Figure 6. Stat3 deficiency in donor T cells augments PD-1–mediated inhibition of GSH/Myc pathways and production of Mito-ROS. Lethally irradiated BALB/c 
recipients were engrafted with TCD-BM and CD90.2+ T cells from WT, STAT3–/–, or STAT3–/–PD-1–/– C57BL/6 donors as described for Figure 5. On day 6 after HCT, 
CD90.2+ T cells from liver were isolated for RNA-Seq, Seahorse, immunoblotting, and flow-cytometry analysis. Data are combined from at least 2 replicate 
experiments. (A) NES of KEGG pathway activity of CD4+ T cells, setting the activity of WT CD4+ T cells as the reference, for comparisons with STAT3–/– and 
STAT3–/–PD-1–/– T cells. (B) GSEA plots of MYC target V2 pathway-related gene set expression in WT, STAT3–/–, and STAT3–/–PD-1–/– donor CD4+ T cells. (C) Myc 
protein was measured by immunoblotting. (D) Glyco-ATP, Mito-ATP, and total ATP. n = 7–14. (E) The GSH metabolism pathway is shown. (F and G) MFI of CD98 
and reduced GSH of CD4+ T cells in the liver. n = 5–9. (H) Glycolysis pathway is shown. (I and J) MFI of GLUT1 and HK2 of CD4+ T cells. n = 5–9. (K) FAO pathway is 
shown. (L and M) MFI of CD36 and CPT1A of CD4+ T cells. n = 5–9. (N) MFI of Trx1 of CD4+ T cells. n = 5–9. (O) Representative flow cytometry pattern and mean 
± SEM of percentage MitoSOXhiMitoGreenhi and percentage MitoRedloMitoGreenhi CD4+ T cells. n = 5–9. Separate experiments were performed with WT versus 
STAT3–/– or STAT3–/– versus STAT3–/–PD-1–/– in D, F, G, I, J, L, M, N, and results were normalized to the mean values for STAT-3–deficient cells. Data are represent-
ed as mean ± SEM. P values were calculated by using 1-way ANOVA (C, D, F, G, I, J, L, and O). NS, P ≥ 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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ed, NAC decreased apoptosis of STAT3–/–, but not WT, T cells and 
decreased mitochondrial dysfunction in STAT3–/–, but not in WT, T 
cells (Figure 7, A–C). NAC also increased granzyme B expression in 
STAT3–/– CD8+ T cells (Figure 7D) and increased IFN-γ and TNF-α 

oxidant reagent N-acetyl cysteine (NAC) could rescue the func-
tion of STAT3–/– T cells during stimulation in mixed lymphocyte 
reaction (MLR) in vitro. NAC increased the proliferation of both 
WT and STAT3–/– T cells. At the 20 and 40 μM concentrations test-

Figure 7. Antioxidant NAC rescues allogeneic donor STAT3–/– T cell function in vitro. CSFE-labeled WT or STAT3–/– CD90.2+ T cells from C57BL/6 were cocul-
tured with irradiated BALB/c DCs. The cells were treated with antioxidant NAC at 0, 20, or 40 μM on day 0. (A) T cells were collected on day 4 after coculture 
for flow cytometric analysis of CD8+ and CD4+ T cells, respectively. Representative flow cytometry pattern and mean ± SEM of percentages of CFSEloH-2Kb+ 

TCR-β+CD4+ and CD8+ cells are shown. n = 3 per group combined from 3 replicated experiments. (B–D) Cells or supernatant was collected on day 4 for analy-
sis. (B) Representative flow cytometry pattern and mean ± SEM of percentage of AnnexinV+CD4+ and CD8+ T cells are shown. n = 3 per group combined from 
3 replicated experiments. (C) Representative flow cytometry pattern and mean ± SEM of percentage of MitoSOXhiCD4+ and CD8+ T cells are shown. n = 3 
per group combined from 3 replicated experiments. (D) Representative flow cytometry pattern and mean ± SEM of MFI of GzmB are shown. n = 4 per group 
combined from 4 replicated experiments. (E) Concentrations of INF-γ and TNF-α in supernatants. n = 4 per group combined from 4 replicated experiments. 
Data are represented as mean ± SEM. P values were calculated using 1-way ANOVA. NS, P ≥ 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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E and F), expression levels of CD98, GLUT1, HK2, or CPT1A did 
not differ significantly (Figure 8, G–J). Finally, the splenic STAT3–/– 
CD4+ and CD8+ T cells did not differ from WT T cells in Mito-ROS 
production or Mito dysfunction (Figure 8, K and L). These results 
indicate that, although expression of GSH in splenic STAT3–/– T 
cells is lower than in WT T cells, differences in GSH/Myc pathway 
activity and Myc protein expression are not statistically signifi-
cant. In addition, STAT3 deficiency does not decrease Glyco-ATP 
or Mito-ATP production and does not increase Mito-ROS produc-
tion or Mito-dysfunction in the splenic T cells. These results fur-
ther indicate that lower PD-L1/PD-1 signaling in the splenic tis-
sues allows the STAT3–/– donor T cells to have functional metabolic 
reprogramming and relatively normal function.

Mito-STAT3 deficiency alone does not effectively inhibit the GSH 
pathway or prevent acute GVHD. Compared with T cells from the 
donor spleen before HCT, T cells from the recipient spleen on 
day 6 after HCT had lower expression of pSTAT3-Ser727 in the 
mitochondria (Mito-STAT3), but those from the recipient liver 
had higher expression of Mito-STAT3 (Figure 9A). Therefore, we 
determined whether Mito-STAT3 deficiency alone is sufficient to 
prevent acute GVHD by testing T cells from donors with mutated 
Mito-STAT3 S727A. The STAT3 S727A mutation disrupts a variety 
of functions in mitochondria, but not elsewhere (56). According-
ly, donor T cells from Mito-STAT3–deficient STAT3-S727A mice 
or control WT littermates were engrafted together with TCD-BM 
cells from WT donors. As judged by percentage of body weight 
changes, clinical GVHD score, survival, and histopathology, the 
severity of acute GVHD did not differ between recipients given 
STAT3-S727A T or WT T cells (Figure 9B and Supplemental Fig-
ure 15). These results indicate that Mito-STAT3 deficiency alone 
in donor T cells does not prevent acute GVHD.

We explored mechanisms by comparing the expansion of WT, 
STAT3–/– (pan-STAT3 deficient), and STAT3-S727A (Mito-STAT3 
deficient) donor T cells infiltrating the liver and their cytokine 
expression and metabolic profiles on day 6 after HCT. Pan-STAT3 
deficiency decreased the yield of CD4+ T cells in the liver, but did 
not affect the yield of CD8+ T cells, while Mito-STAT3 deficiency 
alone had no effect on the yield of either T cell subset in the liver 
(Figure 9C). Pan-STAT3 deficiency decreased the percentage of 
pathogenic TNF-α+IFN-γ+ and GM-CSF+IFN-γ+ Th1 cell subsets 
among CD4+ T cells and decreased their production of Mito-ATP 
and total ATP (Figure 9, D and E, and Supplemental Figure 16, A 
and B). Mito-STAT3 deficiency did not affect the percentage of 
pathogenic Th1 cells among CD4+ T cells or their production of 
Glyco-ATP, Mito-ATP, or total ATP. Although Pan-STAT3 defi-
ciency and Mito-STAT3 deficiency both increased Mito-ROS pro-
duction and Mito dysfunction (Figure 9F and Supplemental Figure 
16C), GSH expression was significantly decreased by Pan-STAT3 
deficiency, but not by Mito-STAT3 deficiency (Figure 9G).

Mito-STAT3 deficiency did not affect the percentage of GM- 
CSF+IFN-γ+CD8+ T cells, but decreased their expression of gran-
zyme B expression, which was similar to the effect of pan-STAT3 
deficiency on granzyme B expression in CD4+ T cells (Supplemen-
tal Figure 17, A and B). Mito-STAT3 deficiency increased Mito-
ROS production and Mito dysfunction in CD8+ T cells (Supple-
mental Figure 17C). GSH expression was significantly decreased 
by Pan-STAT3 deficiency, but not by Mito-STAT3 deficiency (Sup-

concentrations in the culture supernatant of STAT3–/– CD4+ and 
CD8+ T cells (Figure 7E). When STAT3–/– T cells were stimulated 
with PD-L1–/– instead of WT host-type DCs in the MLR, the effects 
of NAC disappeared (Supplemental Figure 11), showing that they 
depend on PD-L1/PD-1 signaling. However, administration of 
antioxidant reagents NAC or MnTBAP had no clearly demon-
strable effects, suggesting enhanced function of STAT3–/– T cells 
to cause GVHD in vivo (Supplemental Figure 12), although pre-
vious studies showed that antioxidants augmented acute GVHD 
induced by WT T cells (20).

STAT3–/– T cells in lymphohematopoietic tissues show no sig-
nificant reduction in GSH/Myc pathway activities, despite reduced 
expression of GSH. We compared the metabolic profiles of splenic 
T cells from GVHD recipients given WT versus non-GVHD recip-
ients given STAT3–/– donor T cells. We first measured kinetics of 
glycolysis and OXPHOS in WT and STAT3–/– donor splenic T cells 
at days 0, 3, 5, and 6 after HCT (Figure 7A). The WT and STAT3–/– T 
cells had similar rates of Glyco- and Mito-ATP production before 
HCT, followed by a burst of Glyco- and Mito-ATP production in 
both WT and STAT3–/– donor T cells after HCT, reaching peaks on 
day 3 and day 6, respectively (Figure 8A). Glyco-ATP production 
declined between days 3 and 5, but Mito-ATP production appeared 
to be sustained until day 5 and then increased afterwards (Figure 
8A). STAT3 deficiency had no effect on Glyco-ATP production and 
caused only a slight reduction in Mito-ATP production (Figure 8A). 
RNA-Seq analysis on day 6 after HCT suggested that STAT3 defi-
ciency had less effect in reducing GSH metabolism, glycolysis-glu-
coneogenesis, and oxidative phosphorylation in CD4+ T cells from 
the spleen than in those from the liver (Supplemental Figure 13A). 
In addition, STAT3 deficiency increased fatty acid metabolism 
in splenic CD4+ T cells, but decreased fatty acid metabolism in 
hepatic CD4+ T cells (Supplemental Figure 13A). STAT3 deficiency 
increased GSH metabolism in splenic CD8+ T cells, but decreased 
GSH metabolism in hepatic CD8+ T cells (Supplemental Figure 
13B). These differences reflect the lower PD-L1/PD-1 signaling to 
the donor T cells in the spleen than in the liver. Consistent with 
our previous report that the ratio of PD-L1–expressing host-type 
parenchymal cells versus lymphoid cells in the gut was more than 
20-fold higher than that in the spleen early after HCT (15), we also 
observed that the ratio of PD-L1–expressing host-type parenchy-
mal cells in the liver was approximately 20-fold higher than that 
in the spleen; in addition, the higher levels of expression of PD-L1 
by hepatocytes were validated by immunofluorescent staining  
(Supplemental Figure 14).

RNA-Seq analysis also showed differences in the effects of 
STAT3 deficiency between splenic CD4+ T cells and CD8+ T cells. 
STAT3 deficiency decreased GSH metabolism and glycolysis- 
gluconeogenesis in splenic CD4+ T cells, but increased these 
pathways in splenic CD8+ T cells (Figure 8B). Although the NES 
appeared to be reduced in the STAT3–/– T cells as compared with 
WT T cells, STAT3 deficiency did not significantly decrease 
Myc-dependent metabolic pathway activity in splenic CD4+ or 
CD8+ T cells and did not affect Myc protein expression in Thy1.2+ 
T cells (Figure 8, C and D), unlike STAT3-deficient T cells in the 
liver (Figure 6, B and C). Although GSH measured by the MFI of 
Thiol Green staining and CD36 was significantly lower in splen-
ic STAT3–/– CD4+ and CD8+ T cells than in WT T cells (Figure 8, 
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Figure 8. Splenic Stat3–/– donor T cells do not have significant inhibition of GSH/Myc pathway activity. Lethally irradiated BALB/c recipients were 
engrafted with TCD-BM (5 × 106) from WT C57BL/6 donors and CD90.2+ T cells (1 × 106) from WT or STAT3–/– C57BL/6 donors. (A) On days 0, 3, 5, and 6 after 
HCT, CD90.2+ T cells from spleen were isolated for Seahorse analysis. Normalized Glyco-ATP, Mito-ATP, and total ATP production rates are shown, using 
mean STAT3–/– values as the reference. n = 2 per group combined from 2 replicates; each sample contained lymphocytes from 3 recipients. (B–L) On day 6 
after HCT, lymphocytes from spleen were isolated for RNA-Seq, immunoblotting, and flow cytometry analysis. (B) NES of KEGG pathway activity of CD4+ 
and CD8+T cells are shown, setting the WT as the reference. (C) MYC target V2 pathway–related gene set expression in CD4+ (top) and CD8+ (bottom) T 
cells were compared between WT and STAT3–/– donors. GSEA plots are shown. (D) Myc protein in Thy1.2+ T cells was measured by immunoblotting. (E–J) 
Means ± SEM of MFI of CD98 reduced GSH (E), CD36 (F), CD98 (G), GLUT1 (H), HK2 (I), and CPT1A (J) of CD4+ and CD8+ T cells in the spleen. n = 5–7 per group 
combined from 2 replicates. (K and L) Representative flow cytometry patterns and means ± SEM of percentages of MitoSOXhiMitoGreenhi and percentages 
of MitoRedloMitoGreenhi of CD4+ (K) and CD8+ T cells (L) from the spleen of different groups are compared, n = 8–9 per group combined from 3 replicates.  
P values were calculated by unpaired Student’s t tests. NS, P ≥ 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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cells (5 × 106) into irradiated BALB/c recipients. Recipients were 
treated with SD-36 (50 mg/kg) or solvent via i.v. administration 
on days 0 and 3 after HCT. Solvent-treated WT T cells induced 
lethal acute GVHD, and all (5/5) recipients died within 10 days, 
while SD-36–treated WT T cells induced mild acute GVHD and 
most (5/6) survived for more than 30 days. In contrast, SD-36–
treated PD-1–/– T cells induced lethal acute GVHD, and all (6/6) 
died within 10 days (Figure 10B). Prevention of acute GVHD by 
SD-36 treatment of WT T cells was associated with lower serum 
concentrations of IFN-γ, TNF-α, and IL-6, but not IL-2 (Supple-
mental Figure 18A), and was confirmed by histopathology (Sup-
plemental Figure 18, B and C). Treatment with SD-36 decreased 
the yield of CD4+ T cells in liver and gut and decreased the per-

plemental Figure 17D). These results indicate that Mito-STAT3 
deficiency in donor CD4+ and CD8+ T cells increases Mito-ROS 
production and Mito dysfunction, but does not cause significant 
inhibition of GSH/Myc pathways or dysfunction of metabolic 
reprogramming of alloactivated T cells, such that these donor T 
cells have no impairment of their ability to induce acute GVHD.

Degradation of STAT3 in donor T cells prevents acute GVHD in 
a PD-1–dependent manner. STAT3-degrader SD-36 can effectively 
degrade STAT3 in tumor cells (57). Similarly, 24-hour culture in 
medium containing 40 μM SD-36 degraded STAT3 in WT and 
PD-1–/– T cells (Figure 10A). To evaluate the effects of STAT3 
degradation on GVHD, SD-36 or solvent-treated C57BL/6 WT or 
PD-1–/– donor T cells (1 × 106) were cotransplanted with TCD-BM 

Figure 9. Mito-STAT3 deficiency alone 
does not reduce GSH synthesis or prevent 
acute GVHD. (A) Lethally irradiated BALB/c 
recipients were engrafted with TCD-BM 
(5 × 106) and CD90.2+ T (1 × 106) from WT 
C57BL/6 donors. Mitochondria of CD90.2+ 
T cells were isolated from donor spleen 
before HCT and from recipient spleen (SPL) 
and liver 6 days after HCT. Mitochondrial 
STAT3 levels were measured by immuno-
blotting. LaminA/C, tubulin, and COX iv 
were used as loading controls for nuclear, 
cytosol, and mitochondria, respectively. 
(B–G) Lethally irradiated BALB/c recipients 
were engrafted with TCD-BM (5 × 106) from 
WT C57BL/6 donors and CD90.2+ T cells  
(1 × 106) from WT or STAT3–/– or STAT3-
S727A C57BL/6 donors. On day 6 after HCT, 
lymphocytes from liver were isolated. (B) 
Plots of percentage original body weight, 
clinical GVHD score, and percentage surviv-
al. n = 3 (TCD-BM); n = 7 (TCD-BM+WT T); 
n = 8 (TCD-BM+STAT3-S727A T), combined 
from 2 replicated experiments. (C) Yields of 
donor CD4+ and CD8+ T cells. n = 5–7 com-
bined from 2 replicates. (D) Percentages of 
TNF-α+IFN-γ+ and GM-CSF+IFN- γ+ Th1 cells. 
n = 4–7 combined from 2–3 replicates. (E) 
Experiments were performed as WT versus 
STAT3–/– and STAT3–/– versus STAT3-S727A. 
Relative Glyco-ATP, Mito-ATP, and total 
ATP production rates are shown, using the 
mean of STAT3–/– T cells as the reference in 
each experiment. n = 4–6 combined from 2 
replicates. (F) Percentages of MitoSOXhi 

MitoGreenhi CD4+ T cells and MitoRedlo 

MitoGreenhi CD4+ T cells from different 
groups are compared. (G) Representative 
flow cytometry pattern of reduced GSH and 
means ± SEM of MFI. n = 4–6 combined 
from 2 replicates. Data are represented as 
mean ± SEM. P values were calculated by 
1-way ANOVA (A and C–G). NS, P ≥ 0.05;  
*P < 0.05; **P < 0.01; ***P < 0.001;  
****P < 0.0001.
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deficiency, in donor T cells induces only mild and reversible 
acute GVHD while preserving GVL activity that eliminates BCL1 
and even non-GVL susceptible ALL cells in a donor T cell dose- 
dependent manner. GVHD prevention requires GVHD target tis-
sue expression of PD-L1 and T cell expression of PD-1. Lack of host 
tissue cells that express PD-L1 in lymphohematopoietic tissues 
preserves the GVL activity of STAT3–/– donor T cells. The preserved 
expansion of STAT3–/– T cells in the spleen is associated with con-
tinued production of Glyco-ATP and Mito-ATP without significant 
inhibition of GSH/Myc pathways. The absence of recipient cells 
that express PD-L1 in lymphohematopoietic tissues early after 
HCT (15) may help to preserve the GVL activity of STAT3–/– donor 
T cells. In contrast, continued expression of PD-L1 in GVHD target 
parenchymal tissues triggers PD-1 signaling in the STAT3–/– T cells 

centage of pathogenic GM-CSF+IFN-γ+CD4+ Th1 and TNF-α+ 

IFN-γ+CD4+ Th1 cells in the gut but not in liver on day 6 after 
HCT (Figure 10, C–E). SD-36 treatment also decreased the yield 
of donor CD8+ T cells in the liver and gut, decreased the percent-
age of pathogenic GM-CSF+IFN-γ+Tc1 cells in the gut, but not 
in the liver, and decreased granzyme B expression in the liver 
and gut (Figure 10, F–H). These results indicate that, consistent 
with genetic deficiency of STAT3 in donor T cells, degradation of 
STAT3 in donor T cells by SD-36 also prevents acute GVHD in a 
donor T cell PD-1–dependent manner.

Discussion
In the current studies, we demonstrate with murine models of 
GVHD that Pan-STAT3 deficiency (STAT3–/–), but not Mito-STAT3 

Figure 10. Degradation of STAT3 in donor T cells prevents acute GVHD in a PD-1–dependent manner. (A) Splenic T cells from WT or PD-1–/– C57BL/6 mice 
were treated with or without 40 μM SD-36. T cell expression of STAT3 was measured by immunoblotting after 24 hours. Representative immunoblotting 
patterns and means ± SEM of expression levels are shown. (B) Irradiated BALB/c recipients were engrafted with TCD-BM (5 × 106) from WT C57BL/6 donors 
alone or with purified T cells (1 × 106) from spleens of WT or PD-1–/– C57BL/6 donors after culture in medium containing 40 μM SD-36 for 24 hours in vitro. 
Recipients were treated with SD-36 (50 mg/kg, i.v.) or vehicle on days 0 and 3 after HCT. Plots of percentages of original body weight and clinical GVHD 
score and percentage survival are shown. n = 3 (TCD-BM); n = 5 (WT T cells+vehicle); n = 6 (WT T cells+SD-36); n = 6 (PD-1–/– T cells+SD36) combined from 2 
replicate experiments. (C–H) On day 6 after HCT, lymphocytes from the liver and gut were analyzed with flow cytometry. n = 4–5 combined from 2 replicate 
experiments. (C) Yield of CD4+ donor T cells are shown. (D and E) Percentage of GM-CSF+IFN-γ+ and TNF-α+IFN-γ+ among CD4+ T cells. (F) Yield of CD8+ 
donor T cells. (G) Percentages of GM-CSF+IFN-γ+ among CD8+ T cells are shown. n = 5 combined from 2 replicate experiments. (H) MFI of GzmB of CD8+ T 
cells is shown. n = 4–5 representing means ± SEM. P values were calculated by 2-way ANOVA (A) or unpaired 2-tailed Student t tests (C–H). NS, P ≥ 0.05; 
*P < 0.05; **P < 0.01; ****P < 0.0001.
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T cells, GSH prevents oxidative damage to enzymes in the Myc 
pathway that enable T cell metabolic reprogramming, as report-
ed by others (35). In contrast, inadequate scavenging of increased 
Mito-ROS production by decreased GSH synthesis in STAT3- 
deficient T cells allows oxidative damage to enzymes in the Myc 
pathway, thereby preventing metabolic reprogramming. Although 
Trx1 and GSH both scavenge ROS, they may be expressed in dif-
ferent types of cells (i.e., lymphocytes versus innate immune cells) 
or have different timing of expression (i.e., before T cell activation 
versus after T cell activation) during GVHD pathogenesis. This 
issue needs to be addressed in future studies.

Increased ROS production does not fully explain the ability of 
donor T cell STAT3 deficiency to prevent GVHD. Although anti-
oxidant NAC was able to improve STAT3–/– T cell function in an in 
vitro MLR assay in a PD-L1/PD-1 signaling–dependent manner, in 
vivo administration of antioxidant NAC or MnTBAP did not aug-
ment GVHD induced by STAT3–/– T cells, although previous stud-
ies have shown that antioxidants augment acute GVHD induced 
by WT T cells (20). This difference between WT and STAT3–/– T 
cells suggests that STAT3 deficiency in T cells augments inhibi-
tion of GSH/Myc pathways that play a critical role in metabolic 
reprogramming by downregulating expression of Myc, CD36, and 
CD98 in the T cells, as mentioned above.

Differential metabolic profile of CD4+ and CD8+ T cell subsets 
in the spleen of recipients might contribute to maintenance of GVL 
activity mediated by STAT3–/– T cells. In the spleen, STAT3–/–CD4+ 
T cells downregulate GSH metabolism, glycolysis/gluconeogenesis, 
and oxidative phosphorylation, although the reduction was less than 
that of STAT3–/–CD4+ T cells in the liver, reflecting lower PD-L1/PD-1 
signaling that exists in the spleen. In contrast, STAT3–/–CD8+ T cells 
in the spleen downregulate only oxidative phosphorylation. These 
results suggest that persistent upregulation of GSH metabolism, 
glycolysis/gluconeogenesis, and fatty acid metabolism in STAT3–/–

CD8+ T cells in lymphohematopoietic tissues helps to preserve their 
GVL activity. These differential metabolic profiles in STAT3–/– CD4+ 
and CD8+ T cells in the spleen may result from their differential 
expression of PD-1, CD80, and PD-L1 and need to be addressed in 
future studies. We reported that CD8+ T cells in the lymphoid tis-
sues expressed higher levels of PD-L1 and CD80, but lower levels 
of PD-1, and PD-L1/CD80 interaction augmented donor CD8+ T 
expansion in the lymphoid tissues early after HCT (10).

Besides anatomic tissue microenvironment (i.e., lymphoid 
tissue versus parenchymal tissue), the microenvironment of tissue 
inflammation may also regulate the effects of STAT3 deficiency 
on the regulation of T cell metabolic programing. STAT3-deficient 
CD8+ T cells have enhanced antitumor function with increased 
production of IFN-γ and granzyme in the chronic inflammatory 
environment of tumor tissues (61–63), which was associated with 
upregulated expression of Glut-1 and enhanced glycolysis and 
downregulated expression of CPT1B and reduced FAO (63). In 
contrast, we showed that STAT3 deficiency in donor CD8+ T cells 
in GVHD target tissues of acute inflammation resulted in reduced 
glycolysis and FAO. Our observation is consistent with a previous 
report indicating that allogeneic T cells in the acute GVHD target 
tissues, but not syngeneic T cells, showed a ROShiPD-1hi phenotype 
(20). Although our data indicate that targeting STAT3 in donor T 
cells can prevent acute GVHD while preserving GVL effect, wheth-

to downregulate GSH/Myc pathways, leading to impaired metabol-
ic reprogramming, T cell dysfunction, and GVHD prevention. In 
addition, degradation of Pan-STAT3 by SD-36 (57) in donor T cells 
early after HCT prevents acute GVHD in a T cell PD-1–dependent 
manner. Our studies provide insights into mechanisms whereby 
STAT3 deficiency regulates the outcome of tissue PD-L1/PD-1 sig-
naling in alloreactive T cells. These results provide a scientific basis 
for targeting STAT3 in donor T cells as an approach to preventing 
GVHD while preserving GVL activity.

Although PD-1 signaling increased Mito-ROS production 
and Mito dysfunction in WT T cells (49), PD-L1/PD-1 signaling 
in GVHD target tissue infiltrating WT T cells did not sufficiently 
inhibit the GSH/Myc pathway to cause dysfunctional metabolic 
reprogramming and T cell dysfunction to a degree that prevents 
GVHD. PD-1 signaling in WT T cells reduces glycolysis, but upreg-
ulates CPT1A expression and promotes lipolysis and FAO to sus-
tain T cell function (49). In contrast, we observed that PD-1 sig-
naling in STAT3–/– T cells reduced both Glyco-ATP (glycolysis) and 
Mito-ATP (FAO) and also reduced GSH synthesis, with reduced 
expression of CD36 and CD98 to a degree that induced meta-
bolic dysfunction and deletion of T cells infiltrating the liver and 
gut, thereby preventing GVHD. Therefore, simultaneous tissue 
PD-L1/PD-1 signaling and STAT3 deficiency in donor T cells are 
required for effective prevention of GVHD.

With Mito-STAT3 deficiency alone, PD-1 signaling did not 
inhibit the GSH/Myc pathway or prevent acute GVHD. Tumor 
cells with dysfunctional STAT3-S727A mutation in mitochondria 
have decreased GSH expression, increased Mito-ROS production, 
and Mito dysfunction that increased tumor cell apoptosis (25, 58). 
In contrast, we observed that Mito-STAT3 S727A T cells from 
GVHD target tissues did not significantly reduce GSH expression, 
although STAT3–/– T cells and Mito-STAT3 S727A T cells did not 
differ in Mito-ROS production and Mito dysfunction. The GVHD 
target tissue–infiltrating STAT3-S727A T cells had preferential 
expansion of CD4+ T cells, but did not differ from WT T cells in 
their production of Glyco-ATP, Mito-ATP, and total ATP, leading 
to severe GVHD. The differences between Mito-STAT3 deficiency 
and pan-STAT3 deficiency highlight the reductions in CD98 and 
GCLC expression and GSH synthesis as essential mechanisms 
whereby STAT3 deficiency prevents GVHD. These results are 
consistent with reports that effective inhibition of the GSH/Myc 
pathway is important for prevention of tissue inflammation (35). 
These results also suggest that, unlike in certain tumor cells, Mito-
STAT3 deficiency in donor T cells that infiltrate GVHD target tis-
sues cannot augment their PD-1–dependent apoptosis to a degree 
that prevents acute GVHD.

Regulation of ROS production and metabolic reprogramming 
by PD-1 signaling and STAT3 deficiency in donor T cells is most 
likely through GSH. ROS is a side product of oxidative phosphory-
lation in mitochondria (59) and has complex effects during GVHD 
pathogenesis (20, 60). Trx1 and GSH both play important roles 
in buffering ROS and regulating alloreactive T cell expansion 
and survival. Donor T cells with Trx1 transgene expression had 
reduced ROS production, less severe acute GVHD, and preserved 
GVL effects (60). Pan-STAT3 deficiency in donor T cells aug-
ments Mito-ROS production and reduces GSH synthesis, but had 
no detectable effect on Trx1 expression. By scavenging ROS in WT 
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C57BL/6 STAT3fl/fl and CD4Cre breeder mice were provided by Hua Yu 
(City of Hope, Duarte, California, USA). STAT3–/–PD-1–/– mice were gen-
erated by crossing STAT3–/– with PD-1–/– mice. All mice were kept in a 
specific pathogen–free room in City of Hope-Animal Resources Center. 
Splenic cells from STAT3-S727A and control mice were provided by M. 
Isbell (Department of Pathology, NYU Grossman School of Medicine).

Experimental procedures. Experimental procedures including (a) 
induction and assessment of GVHD, (b) isolation of lymphocytes from 
GVHD target tissues, (c) flow cytometry analysis and cell sorting, (d) 
and histopathology, histoimmunochemistry, and histoimmunofluo-
rescent staining were as described in previous publications (10, 14, 15) 
and Supplemental Methods.

Statistics. Data are represented as mean ± SEM. Comparison of 
percentage survival in groups was analyzed by log-rank test. Two-
group means comparison was analyzed by using an unpaired, 2-tailed 
Student’s t test. For evaluation of 3 means, we used 1-way ANOVA for 
multiple comparisons. For evaluation of 2 independent variables on a 
dependent variable, we used 2-way ANOVA for multiple comparisons 
(Prism, version 7). Adjusted P values in GSEA plots of MYC target V2 
pathway were calculated by using the clusterProfile, version 3.16.1, 
and msigdbr, version 7.4.1, packages in R. Two-sided P values of less 
than 0.05 and adjusted GSEA P values of less than 0.25 were consid-
ered statistically significant.

Study approval. All animal procedures were approved by the 
IACUC of the Beckman Research Institute of City of Hope.

Data availability. The RNA sequencing data have been deposited 
in the GEO database (GSE215166).
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er targeting STAT3 in donor T cells could control established acute 
or chronic GVHD without inhibiting GVL activity is not yet known 
and should be addressed in future studies.

Other investigators have done studies to prevent acute GVHD 
by targeting glycolysis (30, 51) and OXPHOS/glutaminolysis (31) in 
donor T cells. Those reports all used splenic T cell metabolic profiles 
to reflect the metabolic reprogramming of donor T cells in allo-HCT 
recipients (30, 31, 51, 64). Consistent in part with these studies, we 
observed a simultaneous burst of glycolysis and OXPHOS in donor 
T cells early after allogeneic HCT; however, the kinetics of glycoly-
sis and OXPHOS differed, and OXPHOS appeared to be dominant 
as time went on. More importantly, we observed that PD-L1/PD-1 
signaling mainly affected the metabolic profile of donor T cells in 
GVHD target tissues but not in the spleen, and a synergism between 
tissue-specific PD-L1/PD-1 signaling and STAT3 deficiency in 
donor T cells contributed to prevention of GVHD.

Our studies with STAT3–/– T cells have demonstrated that spe-
cific targeting of STAT3 in donor T cells can preserve strong GVL 
activity while preventing GVHD. The observation that degradation 
of STAT3 in donor T cells by in vitro culture with STAT3 degrader 
SD-36 prevented acute GVHD has demonstrated the translation-
al potential of approaches that specifically target STAT3 in donor 
T cells to prevent GVHD while preserving GVL activity. Although 
STAT3 degradation by SD-36 can induce tumor cell apoptosis (57), 
STAT3 also has multiple vital biological functions in a variety of 
tissues and cell types. For example, STAT3 signaling supports the 
regeneration of epithelial cells in the gut and skin (65, 66). There-
fore, future studies will be needed to determine whether SD-36 
and other approaches that target STAT3 (67–69) can preserve GVL 
activity while preventing GVHD as well as to determine the sever-
ity of side effects caused by in vivo administration of SD-36.

In summary, in the GVHD target tissues, STAT3 is present in 
the nucleus and mitochondria of activated WT donor T cells. Tis-
sue PD-L1 interaction with PD-1 on T cells triggers low-level pro-
duction of Mito-ROS and allows GSH/Myc pathways to promote 
metabolic reprogramming with increased Glyco-ATP and Mito-
ATP, leading to robust T cell expansion and survival and induction 
of GVHD. In contrast, the absence of STAT3 in the nucleus and 
mitochondria allows PD-1 signaling to trigger high-level produc-
tion of Mito-ROS and to inhibit the GSH/Myc pathway and met-
abolic reprogramming. The lower production of both Glyco-ATP 
and Mito-ATP causes T cell anergy, exhaustion, and apoptosis, 
thereby preventing GVHD. In recipient lymphohematopoietic 
tissues, due to the lack of PD-L1 triggering PD-1 signaling, the 
absence of STAT3 in the nucleus and mitochondria limits Mito-
ROS production and still allows GSH/Myc pathways to promote 
metabolic reprogramming with increased Glyco-ATP and Mito-
ATP production, leading to robust T cell expansion and survival to 
mediate GVL activity. Our results suggest that targeting STAT3 in 
donor T cells before or early after HCT could represent an effec-
tive approach for preventing GVHD while preserving GVL effects.

Methods
Mice. BALB/c and C57BL/6 mice were purchased from the Nation-
al Cancer Institute laboratories. PD1–/– C57BL/6 breeders were pro-
vided by Haidong Dong (Mayo Clinic, Rochester, Minnesota, USA) 
with approval of Dr. Tasuku Honjo (Tokyo University, Tokyo, Japan). 

https://doi.org/10.1172/JCI165723
https://www.jci.org/articles/view/165723#sd
mailto://dzeng@coh.org
mailto://zhangxxi@sina.com


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

1 7J Clin Invest. 2023;133(15):e165723  https://doi.org/10.1172/JCI165723

 1. Ferrara JL, et al. Graft-versus-host disease. Lan-
cet. 2009;373(9674):1550–1561.

 2. Zeiser R. Advances in understanding the patho-
genesis of graft-versus-host disease. Br J Haema-
tol. 2019;187(5):563–572.

 3. Kanakry CG, et al. Modern approaches to 
HLA-haploidentical blood or marrow transplan-
tation. Nat Rev Clin Oncol. 2016;13(1):10–24.

 4. Thangavelu G, Blazar BR. Achievement of toler-
ance induction to prevent acute graft-vs.-Host 
disease. Front Immunol. 2019;10:309.

 5. Hill GR, et al. Current concepts and advances in 
graft-versus-host disease immunology. Annu Rev 
Immunol. 2021;39:19–49.

 6. Magenau J, Reddy P. Next generation treatment 
of acute graft-versus-host disease. Leukemia. 
2014;28(12):2283–2291.

 7. Hill GR, Koyama M. Cytokines and costimula-
tion in acute graft-versus-host disease. Blood. 
2020;136(4):418–428.

 8. Perkey E, Maillard I. New insights into graft- 
versus-host disease and graft rejection. Annu Rev 
Pathol. 2018;13:219–245.

 9. Zeiser R, Blazar BR. Acute graft-versus-host dis-
ease - biologic process, prevention, and therapy. 
N Engl J Med. 2017;377(22):2167–2179.

 10. Ni X, et al. PD-L1 interacts with CD80 to regulate 
graft-versus-leukemia activity of donor CD8+ T 
cells. J Clin Invest. 2017;127(5):1960–1977.

 11. Saha A, et al. Host programmed death ligand 1 
is dominant over programmed death ligand 2 
expression in regulating graft-versus-host dis-
ease lethality. Blood. 2013;122(17):3062–3073.

 12. Laurence A, et al. STAT3 transcription factor pro-
motes instability of nTreg cells and limits genera-
tion of iTreg cells during acute murine graft-versus-
host disease. Immunity. 2012;37(2):209–222.

 13. Radojcic V, et al. STAT3 signaling in CD4+ T cells 
is critical for the pathogenesis of chronic sclero-
dermatous graft-versus-host disease in a murine 
model. J Immunol. 2010;184(2):764–774.

 14. Deng R, et al. Extrafollicular CD4+ T-B interac-
tions are sufficient for inducing autoimmune-like 
chronic graft-versus-host disease. Nat Commun. 
2017;8(1):978.

 15. Song Q, et al. Tolerogenic anti-IL-2 mAb pre-
vents graft-versus-host disease while preserving 
strong graft-versus-leukemia activity. Blood. 
2021;137(16):2243–2255.

 16. Carter L, et al. PD-1:PD-L inhibitory path-
way affects both CD4(+) and CD8(+) T cells 
and is overcome by IL-2. Eur J Immunol. 
2002;32(3):634–643.

 17. Fung MM, et al. IL-2 activation of a PI3K- 
dependent STAT3 serine phosphorylation 
pathway in primary human T cells. Cell Signal. 
2003;15(6):625–636.

 18. Saravia J, et al. Signaling networks in immunome-
tabolism. Cell Res. 2020;30(4):328–342.

 19. Bengsch B, et al. Bioenergetic insufficiencies due 
to metabolic alterations regulated by the inhibi-
tory receptor PD-1 are an early driver of CD8(+) 
T cell exhaustion. Immunity. 2016;45(2):358–373.

 20. Tkachev V, et al. Programmed death-1 controls T 
cell survival by regulating oxidative metabolism. 
J Immunol. 2015;194(12):5789–5800.

 21. Ogando J, et al. PD-1 signaling affects cristae 
morphology and leads to mitochondrial dysfunc-

tion in human CD8+ T lymphocytes. J Immunoth-
er Cancer. 2019;7(1):151.

 22. Tammineni P, et al. The import of the transcrip-
tion factor STAT3 into mitochondria depends on 
GRIM-19, a component of the electron transport 
chain. J Biol Chem. 2013;288(7):4723–4732.

 23. Meier JA, et al. Stress-induced dynamic regula-
tion of mitochondrial STAT3 and its association 
with cyclophilin D reduce mitochondrial ROS 
production. Sci Signal. 2017;10(472):eaag2588.

 24. Fu L, et al. A mitochondrial STAT3-methionine 
metabolism axis promotes ILC2-driven aller-
gic lung inflammation. J Allergy Clin Immunol. 
2022;149(6):2091–2104.

 25. Genini D, et al. Mitochondrial dysfunction 
induced by a SH2 domain-targeting STAT3 
inhibitor leads to metabolic synthetic lethal-
ity in cancer cells. Proc Natl Acad Sci U S A. 
2017;114(25):E4924–E4933.

 26. Kenchappa RS, et al. Activation of STAT3 through 
combined SRC and EGFR signaling drives resis-
tance to a mitotic kinesin inhibitor in glioblasto-
ma. Cell Rep. 2022;39(12):110991.

 27. Chapman NM, et al. Metabolic coordination of  
T cell quiescence and activation. Nat Rev Immu-
nol. 2020;20(1):55–70.

 28. Pearce EL, et al. Fueling immunity: insights into 
metabolism and lymphocyte function. Science. 
2013;342(6155):1242454.

 29. Buck MD, et al. Mitochondrial dynamics controls 
T cell fate through metabolic programming. Cell. 
2016;166(1):63–76.

 30. Nguyen HD, et al. Metabolic reprogramming 
of alloantigen-activated T cells after hema-
topoietic cell transplantation. J Clin Invest. 
2016;126(4):1337–1352.

 31. Gatza E, et al. Manipulating the bioenergetics of 
alloreactive T cells causes their selective apop-
tosis and arrests graft-versus-host disease. Sci 
Transl Med. 2011;3(67):67ra8.

 32. Mohamed FA, et al. Recent metabolic advances 
for preventing and treating acute and chron-
ic graft versus host disease. Front Immunol. 
2021;12:757836.

 33. Hippen KL, et al. Distinct regulatory and effector 
T cell metabolic demands during graft-versus-
host disease. Trends Immunol. 2020;41(1):77–91.

 34. Huang Y, et al. Targeting glycolysis in alloreactive 
T cells to prevent acute graft-versus-host disease 
while preserving graft-versus-leukemia effect. 
Front Immunol. 2022;13:751296.

 35. Mak TW, et al. Glutathione primes T cell 
metabolism for inflammation. Immunity. 
2017;46(6):1089–1090.

 36. Chen Z, et al. Signalling thresholds and negative 
B-cell selection in acute lymphoblastic leukae-
mia. Nature. 2015;521(7552):357–361.

 37. Kolb HJ, et al. Graft-versus-leukemia effect of 
donor lymphocyte transfusions in marrow graft-
ed patients. Blood. 1995;86(5):2041–2050.

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

 39. Arce Vargas F, et al. Fc-optimized anti-CD25 
depletes tumor-infiltrating regulatory T cells and 
synergizes with PD-1 blockade to eradicate estab-
lished tumors. Immunity. 2017;46(4):577–586.

 40. Khosravi-Maharlooei M, et al. Crossreactive 

public TCR sequences undergo positive selection 
in the human thymic repertoire. J Clin Invest. 
2019;129(6):2446–2462.

 41. Morris H, et al. Tracking donor-reactive T 
cells: Evidence for clonal deletion in tolerant 
kidney transplant patients. Sci Transl Med. 
2015;7(272):272ra10.

 42. Pagliuca S, et al. Clinical and basic implica-
tions of dynamic T cell receptor clonotyping in 
hematopoietic cell transplantation. JCI Insight. 
2021;6(13):e149080.

 43. Wu Y, et al. Donor T-Cell repertoire profiling 
in recipient lymphoid and parenchyma organs 
reveals GVHD pathogenesis at clonal levels after 
bone marrow transplantation in mice. Front 
Immunol. 2021;12:778996.

 44. Piper C, et al. Pathogenic Bhlhe40+ GM-CSF+ 
CD4+ T cells promote indirect alloantigen pre-
sentation in the GI tract during GVHD. Blood. 
2020;135(8):568–581.

 45. Tugues S, et al. Graft-versus-host disease, but not 
graft-versus-leukemia immunity, is mediated by 
GM-CSF-licensed myeloid cells. Sci Transl Med. 
2018;10(469):eaat8410.

 46. Ullrich E, et al. BATF-dependent IL-7RhiGM-
CSF+ T cells control intestinal graft-versus-host 
disease. J Clin Invest. 2018;128(3):916–930.

 47. Pourshafie N, et al. Linking epigenetic dysregula-
tion, mitochondrial impairment, and metabolic 
dysfunction in SBMA motor neurons. JCI Insight. 
2020;5(13):e136539.

 48. Bansal A, Simon MC. Glutathione metabolism in 
cancer progression and treatment resistance.  
J Cell Biol. 2018;217(7):2291–2298.

 49. Patsoukis N, et al. PD-1 alters T-cell metabolic 
reprogramming by inhibiting glycolysis and 
promoting lipolysis and fatty acid oxidation. Nat 
Commun. 2015;6:6692.

 50. Casciano JC, et al. MYC regulates fatty acid 
metabolism through a multigenic program in 
claudin-low triple negative breast cancer. Br J 
Cancer. 2020;122(6):868–884.

 51. Macintyre AN, et al. The glucose transporter 
Glut1 is selectively essential for CD4 T cell 
activation and effector function. Cell Metab. 
2014;20(1):61–72.

 52. DeWaal D, et al. Hexokinase-2 depletion inhibits 
glycolysis and induces oxidative phosphorylation 
in hepatocellular carcinoma and sensitizes to 
metformin. Nat Commun. 2018;9(1):446.

 53. Hoy AJ, et al. Tumour fatty acid metabolism in 
the context of therapy resistance and obesity. Nat 
Rev Cancer. 2021;21(12):753–766.

 54. Gorrini C, et al. Modulation of oxidative stress 
as an anticancer strategy. Nat Rev Drug Discov. 
2013;12(12):931–947.

 55. Sena LA, Chandel NS. Physiological roles of 
mitochondrial reactive oxygen species. Mol Cell. 
2012;48(2):158–167.

 56. Shen Y, et al. Essential role of STAT3 in postnatal 
survival and growth revealed by mice lacking 
STAT3 serine 727 phosphorylation. Mol Cell Biol. 
2004;24(1):407–419.

 57. Bai L, et al. A potent and selective small-molecule 
degrader of STAT3 achieves complete tumor 
regression in vivo. Cancer Cell. 2019;36(5):498–511.

 58. Lahiri T, et al. Mitochondrial STAT3 regulates 
antioxidant gene expression through complex I- 

https://doi.org/10.1172/JCI165723
https://doi.org/10.1016/S0140-6736(09)60237-3
https://doi.org/10.1016/S0140-6736(09)60237-3
https://doi.org/10.1111/bjh.16190
https://doi.org/10.1111/bjh.16190
https://doi.org/10.1111/bjh.16190
https://doi.org/10.1038/nrclinonc.2015.128
https://doi.org/10.1038/nrclinonc.2015.128
https://doi.org/10.1038/nrclinonc.2015.128
https://doi.org/10.3389/fimmu.2019.00309
https://doi.org/10.3389/fimmu.2019.00309
https://doi.org/10.3389/fimmu.2019.00309
https://doi.org/10.1146/annurev-immunol-102119-073227
https://doi.org/10.1146/annurev-immunol-102119-073227
https://doi.org/10.1146/annurev-immunol-102119-073227
https://doi.org/10.1038/leu.2014.195
https://doi.org/10.1038/leu.2014.195
https://doi.org/10.1038/leu.2014.195
https://doi.org/10.1182/blood.2019000952
https://doi.org/10.1182/blood.2019000952
https://doi.org/10.1182/blood.2019000952
https://doi.org/10.1146/annurev-pathol-020117-043720
https://doi.org/10.1146/annurev-pathol-020117-043720
https://doi.org/10.1146/annurev-pathol-020117-043720
https://doi.org/10.1056/NEJMra1609337
https://doi.org/10.1056/NEJMra1609337
https://doi.org/10.1056/NEJMra1609337
https://doi.org/10.1172/JCI91138
https://doi.org/10.1172/JCI91138
https://doi.org/10.1172/JCI91138
https://doi.org/10.1182/blood-2013-05-500801
https://doi.org/10.1182/blood-2013-05-500801
https://doi.org/10.1182/blood-2013-05-500801
https://doi.org/10.1182/blood-2013-05-500801
https://doi.org/10.1016/j.immuni.2012.05.027
https://doi.org/10.1016/j.immuni.2012.05.027
https://doi.org/10.1016/j.immuni.2012.05.027
https://doi.org/10.1016/j.immuni.2012.05.027
https://doi.org/10.4049/jimmunol.0903006
https://doi.org/10.4049/jimmunol.0903006
https://doi.org/10.4049/jimmunol.0903006
https://doi.org/10.4049/jimmunol.0903006
https://doi.org/10.1038/s41467-017-00880-2
https://doi.org/10.1038/s41467-017-00880-2
https://doi.org/10.1038/s41467-017-00880-2
https://doi.org/10.1038/s41467-017-00880-2
https://doi.org/10.1182/blood.2020006345
https://doi.org/10.1182/blood.2020006345
https://doi.org/10.1182/blood.2020006345
https://doi.org/10.1182/blood.2020006345
https://doi.org/10.1002/1521-4141(200203)32:3<634::AID-IMMU634>3.0.CO;2-9
https://doi.org/10.1002/1521-4141(200203)32:3<634::AID-IMMU634>3.0.CO;2-9
https://doi.org/10.1002/1521-4141(200203)32:3<634::AID-IMMU634>3.0.CO;2-9
https://doi.org/10.1002/1521-4141(200203)32:3<634::AID-IMMU634>3.0.CO;2-9
https://doi.org/10.1016/S0898-6568(03)00003-2
https://doi.org/10.1016/S0898-6568(03)00003-2
https://doi.org/10.1016/S0898-6568(03)00003-2
https://doi.org/10.1016/S0898-6568(03)00003-2
https://doi.org/10.1038/s41422-020-0301-1
https://doi.org/10.1038/s41422-020-0301-1
https://doi.org/10.1016/j.immuni.2016.07.008
https://doi.org/10.1016/j.immuni.2016.07.008
https://doi.org/10.1016/j.immuni.2016.07.008
https://doi.org/10.1016/j.immuni.2016.07.008
https://doi.org/10.4049/jimmunol.1402180
https://doi.org/10.4049/jimmunol.1402180
https://doi.org/10.4049/jimmunol.1402180
https://doi.org/10.1186/s40425-019-0628-7
https://doi.org/10.1186/s40425-019-0628-7
https://doi.org/10.1186/s40425-019-0628-7
https://doi.org/10.1186/s40425-019-0628-7
https://doi.org/10.1074/jbc.M112.378984
https://doi.org/10.1074/jbc.M112.378984
https://doi.org/10.1074/jbc.M112.378984
https://doi.org/10.1074/jbc.M112.378984
https://doi.org/10.1126/scisignal.aag2588
https://doi.org/10.1126/scisignal.aag2588
https://doi.org/10.1126/scisignal.aag2588
https://doi.org/10.1126/scisignal.aag2588
https://doi.org/10.1016/j.jaci.2021.12.783
https://doi.org/10.1016/j.jaci.2021.12.783
https://doi.org/10.1016/j.jaci.2021.12.783
https://doi.org/10.1016/j.jaci.2021.12.783
https://doi.org/10.1073/pnas.1615730114
https://doi.org/10.1073/pnas.1615730114
https://doi.org/10.1073/pnas.1615730114
https://doi.org/10.1073/pnas.1615730114
https://doi.org/10.1073/pnas.1615730114
https://doi.org/10.1016/j.celrep.2022.110991
https://doi.org/10.1016/j.celrep.2022.110991
https://doi.org/10.1016/j.celrep.2022.110991
https://doi.org/10.1016/j.celrep.2022.110991
https://doi.org/10.1038/s41577-019-0203-y
https://doi.org/10.1038/s41577-019-0203-y
https://doi.org/10.1038/s41577-019-0203-y
https://doi.org/10.1126/science.1242454
https://doi.org/10.1126/science.1242454
https://doi.org/10.1126/science.1242454
https://doi.org/10.1016/j.cell.2016.05.035
https://doi.org/10.1016/j.cell.2016.05.035
https://doi.org/10.1016/j.cell.2016.05.035
https://doi.org/10.1172/JCI82587
https://doi.org/10.1172/JCI82587
https://doi.org/10.1172/JCI82587
https://doi.org/10.1172/JCI82587
https://doi.org/10.1126/scitranslmed.3001975
https://doi.org/10.1126/scitranslmed.3001975
https://doi.org/10.1126/scitranslmed.3001975
https://doi.org/10.1126/scitranslmed.3001975
https://doi.org/10.3389/fimmu.2021.757836
https://doi.org/10.3389/fimmu.2021.757836
https://doi.org/10.3389/fimmu.2021.757836
https://doi.org/10.3389/fimmu.2021.757836
https://doi.org/10.1016/j.it.2019.11.005
https://doi.org/10.1016/j.it.2019.11.005
https://doi.org/10.1016/j.it.2019.11.005
https://doi.org/10.3389/fimmu.2022.751296
https://doi.org/10.3389/fimmu.2022.751296
https://doi.org/10.3389/fimmu.2022.751296
https://doi.org/10.3389/fimmu.2022.751296
https://doi.org/10.1016/j.immuni.2017.06.009
https://doi.org/10.1016/j.immuni.2017.06.009
https://doi.org/10.1016/j.immuni.2017.06.009
https://doi.org/10.1038/nature14231
https://doi.org/10.1038/nature14231
https://doi.org/10.1038/nature14231
https://doi.org/10.1182/blood.V86.5.2041.bloodjournal8652041
https://doi.org/10.1182/blood.V86.5.2041.bloodjournal8652041
https://doi.org/10.1182/blood.V86.5.2041.bloodjournal8652041
https://doi.org/10.1056/NEJMoa1808777
https://doi.org/10.1056/NEJMoa1808777
https://doi.org/10.1056/NEJMoa1808777
https://doi.org/10.1016/j.immuni.2017.03.013
https://doi.org/10.1016/j.immuni.2017.03.013
https://doi.org/10.1016/j.immuni.2017.03.013
https://doi.org/10.1016/j.immuni.2017.03.013
https://doi.org/10.1172/JCI124358
https://doi.org/10.1172/JCI124358
https://doi.org/10.1172/JCI124358
https://doi.org/10.1172/JCI124358
https://doi.org/10.1126/scitranslmed.3010760
https://doi.org/10.1126/scitranslmed.3010760
https://doi.org/10.1126/scitranslmed.3010760
https://doi.org/10.1126/scitranslmed.3010760
https://doi.org/10.1172/jci.insight.149080
https://doi.org/10.1172/jci.insight.149080
https://doi.org/10.1172/jci.insight.149080
https://doi.org/10.1172/jci.insight.149080
https://doi.org/10.3389/fimmu.2021.778996
https://doi.org/10.3389/fimmu.2021.778996
https://doi.org/10.3389/fimmu.2021.778996
https://doi.org/10.3389/fimmu.2021.778996
https://doi.org/10.3389/fimmu.2021.778996
https://doi.org/10.1182/blood.2019001696
https://doi.org/10.1182/blood.2019001696
https://doi.org/10.1182/blood.2019001696
https://doi.org/10.1182/blood.2019001696
https://doi.org/10.1126/scitranslmed.aat8410
https://doi.org/10.1126/scitranslmed.aat8410
https://doi.org/10.1126/scitranslmed.aat8410
https://doi.org/10.1126/scitranslmed.aat8410
https://doi.org/10.1172/JCI89242
https://doi.org/10.1172/JCI89242
https://doi.org/10.1172/JCI89242
https://doi.org/10.1172/jci.insight.136539
https://doi.org/10.1172/jci.insight.136539
https://doi.org/10.1172/jci.insight.136539
https://doi.org/10.1172/jci.insight.136539
https://doi.org/10.1083/jcb.201804161
https://doi.org/10.1083/jcb.201804161
https://doi.org/10.1083/jcb.201804161
https://doi.org/10.1038/ncomms7692
https://doi.org/10.1038/ncomms7692
https://doi.org/10.1038/ncomms7692
https://doi.org/10.1038/ncomms7692
https://doi.org/10.1038/s41416-019-0711-3
https://doi.org/10.1038/s41416-019-0711-3
https://doi.org/10.1038/s41416-019-0711-3
https://doi.org/10.1038/s41416-019-0711-3
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1038/s41467-017-02733-4
https://doi.org/10.1038/s41467-017-02733-4
https://doi.org/10.1038/s41467-017-02733-4
https://doi.org/10.1038/s41467-017-02733-4
https://doi.org/10.1038/s41568-021-00388-4
https://doi.org/10.1038/s41568-021-00388-4
https://doi.org/10.1038/s41568-021-00388-4
https://doi.org/10.1038/nrd4002
https://doi.org/10.1038/nrd4002
https://doi.org/10.1038/nrd4002
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.1128/MCB.24.1.407-419.2004
https://doi.org/10.1128/MCB.24.1.407-419.2004
https://doi.org/10.1128/MCB.24.1.407-419.2004
https://doi.org/10.1128/MCB.24.1.407-419.2004
https://doi.org/10.1016/j.ccell.2019.10.002
https://doi.org/10.1016/j.ccell.2019.10.002
https://doi.org/10.1016/j.ccell.2019.10.002
https://doi.org/10.1002/1878-0261.12928
https://doi.org/10.1002/1878-0261.12928


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

J Clin Invest. 2023;133(15):e165723  https://doi.org/10.1172/JCI1657231 8

derived NAD in triple negative breast cancer. Mol 
Oncol. 2021;15(5):1432–1449.

 59. Zorov DB, et al. Mitochondrial reactive oxygen 
species (ROS) and ROS-induced ROS release. 
Physiol Rev. 2014;94(3):909–950.

 60. Sofi MH, et al. Thioredoxin-1 confines T cell allo-
response and pathogenicity in graft-versus-host 
disease. J Clin Invest. 2019;129(7):2760–2774.

 61. Kujawski M, et al. Stat3 mediates myeloid cell- 
dependent tumor angiogenesis in mice. J Clin 
Invest. 2008;118(10):3367–3377.

 62. Xin H, et al. Sunitinib inhibition of Stat3 induces 
renal cell carcinoma tumor cell apoptosis and 
reduces immunosuppressive cells. Cancer Res. 

2009;69(6):2506–2513.
 63. Zhang C, et al. STAT3 activation-induced fatty 

acid oxidation in CD8+ T effector cells is critical 
for obesity-promoted breast tumor growth. Cell 
Metab. 2020;31(1):148–161.

 64. Saha A, et al. Programmed death ligand-1 expres-
sion on donor T cells drives graft-versus-host dis-
ease lethality. J Clin Invest. 2016;126(7):2642–2660.

 65. Grivennikov S, et al. IL-6 and Stat3 are required 
for survival of intestinal epithelial cells and 
development of colitis-associated cancer. Cancer 
Cell. 2009;15(2):103–113.

 66. Huynh J, et al. Therapeutically exploiting STAT3 
activity in cancer - using tissue repair as a road 

map. Nat Rev Cancer. 2019;19(2):82–96.
 67. Kong LY, et al. A novel phosphorylated 

STAT3 inhibitor enhances T cell cytotoxicity 
against melanoma through inhibition of reg-
ulatory T cells. Cancer Immunol Immunother. 
2009;58(7):1023–1032.

 68. Moreira D, et al. Myeloid cell-targeted STAT3 
inhibition sensitizes head and neck cancers to 
radiotherapy and T cell-mediated immunity.  
J Clin Invest. 2021;131(2):e137001.

 69. Huang L, et al. Targeting STAT3 abrogates tim-3 
upregulation of adaptive resistance to PD-1 
blockade on regulatory T cells of melanoma. 
Front Immunol. 2021;12:654749.

https://doi.org/10.1172/JCI165723
https://doi.org/10.1002/1878-0261.12928
https://doi.org/10.1002/1878-0261.12928
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1172/JCI122899
https://doi.org/10.1172/JCI122899
https://doi.org/10.1172/JCI122899
https://doi.org/10.1172/JCI35213
https://doi.org/10.1172/JCI35213
https://doi.org/10.1172/JCI35213
https://doi.org/10.1158/0008-5472.CAN-08-4323
https://doi.org/10.1158/0008-5472.CAN-08-4323
https://doi.org/10.1158/0008-5472.CAN-08-4323
https://doi.org/10.1158/0008-5472.CAN-08-4323
https://doi.org/10.1016/j.cmet.2019.10.013
https://doi.org/10.1016/j.cmet.2019.10.013
https://doi.org/10.1016/j.cmet.2019.10.013
https://doi.org/10.1016/j.cmet.2019.10.013
https://doi.org/10.1172/JCI85796
https://doi.org/10.1172/JCI85796
https://doi.org/10.1172/JCI85796
https://doi.org/10.1016/j.ccr.2009.01.001
https://doi.org/10.1016/j.ccr.2009.01.001
https://doi.org/10.1016/j.ccr.2009.01.001
https://doi.org/10.1016/j.ccr.2009.01.001
https://doi.org/10.1038/s41568-018-0090-8
https://doi.org/10.1038/s41568-018-0090-8
https://doi.org/10.1038/s41568-018-0090-8
https://doi.org/10.1007/s00262-008-0618-y
https://doi.org/10.1007/s00262-008-0618-y
https://doi.org/10.1007/s00262-008-0618-y
https://doi.org/10.1007/s00262-008-0618-y
https://doi.org/10.1007/s00262-008-0618-y
https://doi.org/10.1172/JCI137001
https://doi.org/10.1172/JCI137001
https://doi.org/10.1172/JCI137001
https://doi.org/10.1172/JCI137001
https://doi.org/10.3389/fimmu.2021.654749
https://doi.org/10.3389/fimmu.2021.654749
https://doi.org/10.3389/fimmu.2021.654749
https://doi.org/10.3389/fimmu.2021.654749

