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Abstract

Allogeneic hematopoietic cell transplantation (allo-HCT) is an effective immunotherapy for 

various hematologic malignances, predominantly through potent graft-versus-leukemia (GVL) 

effect. However, the mortality after allo-HCT is because of relapse of primary malignancy and 

followed by graft-vs-host-disease (GVHD) as a major cause of transplant-related mortality. Hence, 

strategies to limit GVHD while preserving the GVL effect are highly desirable. Ceramide, 
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which serves a central role in sphingolipid metabolism, is generated by ceramide synthases 

(CerS1–6). In this study, we found that genetic or pharmacologic targeting of CerS6 prevented 

and reversed chronic GVHD (cGVHD). Furthermore, specific inhibition of CerS6 with ST1072 

significantly ameliorated acute GVHD (aGVHD) while preserving the GVL effect, which differed 

from FTY720 that attenuated aGVHD but impaired GVL activity. At the cellular level, blockade 

of CerS6 restrained donor T cells from migrating into GVHD target organs and preferentially 

reduced activation of donor CD4 T cells. At the molecular level, CerS6 was required for optimal 

TCR signaling, CD3/PKCθ co-localization, and subsequent N-RAS activation and ERK signaling, 

especially on CD4+ T cells. The current study provides rationale and means for targeting CerS6 

to control GVHD and leukemia relapse, which would enhance the efficacy of allo-HCT as an 

immunotherapy for hematologic malignancies in the clinic.

Introduction

GVHD remains one of the major complications after allo-HCT. aGVHD is distinguished 

by uncontrolled activation, proliferation and migration of allogeneic donor T cells, as well 

as their production of pro-inflammatory cytokines in GVHD target organs111. In contrast, 

cGVHD pathogenesis involves several immune cell types, including pathogenic B- and 

T-cell interactions that result in follicular T helper cell (Tfh) generation. Plasma cell 

differentiation and autoantibody production have also been demonstrated to contribute to 

disease pathology2–4. Thus, strategies designed to impede the pathogenesis of GVHD by 

regulating alloreactive donor B and T-cell expansion and inflammatory cytokine production 

are highly desirable.

The small guanine nucleotide-binding proteins of the Ras family5, comprising of the highly 

homologous H-, N- and K-Ras isoforms in mammals, are rapidly activated after TCR 

engagement6, 7. Each of the 3 mammalian Ras genes encodes a membrane-associated 21-

kDa protein that acts as a molecular switch to convey extracellularly derived signals into 

the cell interior. Recently it was reported that CD4+ T cells lacking N-Ras are intrinsically 

defective in inducing IFN-γ and T-bet early after TCR engagement and exhibit impaired 

differentiation into Th1 effectors8. The Ras/Raf-ERK module reduces the translocation 

and recruitment of SHP-1 (Src-homology 2 domain (SH2)-containing protein tyrosine 

phosphatase-1) to the TCR synapse, and sustains and amplifies TCR signaling, leading to 

inflammation and autoimmunity8.

Sphingolipids and their derivatives, particularly ceramide and sphingosine-1-phosphate 

(S1P), are lipid mediators that regulate varieties of cellular functions including cell 

growth, survival, and inflammation9, 10. It was reported that FTY720 (fingolimod), an 

oral S1P receptor modulator, antagonizes the activity for all S1PRs except S1PR2 and 

reduces GVHD while impairing the GVL effect11. Likewise, ceramides are also involved 

in inflammatory processes, as host acid sphingomyelinases (ASMase) have shown to be 

important for maximal GVHD associated pathology12. Recently we and others have also 

demonstrated that CerS6 deficiency modulates TCR activity, which impacts the development 

of GVHD and colitis13, 14, suggesting that sphingolipids regulate inflammation and GVHD 

development.
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In this study, we targeted Cers6 genetically or pharmacologically and found that these 

strategies were sufficient to prevent GVHD development. Our collaborators previously 

reported that ST1072 (N-(4-(4-(heptyloxy) phenyl)-1-hydroxy-2-(hydroxymethyl) butan-2-

yl)-4-phenylbutanamide) significantly reduces CerS4/6 activity15. Our published data 

indicated that CerS4 in T cells does not play a crucial role in GVHD development13, 

and thus ST1072 is considered as an inhibitor of CerS6. Administration of sphingolipid 

modulators ST1072 and FTY720 reduced the T-cell alloresponse and GVHD severity, but 

only ST1072 was able to preserve the GVL activity. The ability of ST1072 to attenuate 

GVHD and preserve GVL responses was also observed in a human to mouse xenograft 

model. The increase of plasma ceramides produced by CerS6 also correlated with GVHD 

development in patients after allo-HCT. Mechanistically we observed that CerS6 was 

important for optimal TCR mediated N-RAS activity and allogeneic response. The reduced 

N-RAS activity led to a reduction of its downstream ERK signaling that was associated 

with restrained ability of T cells to cause GVHD. Overexpression of active N-RAS reduced 

the impact of CerS6 inhibition and restored T-cell responses. These findings provide a 

strong rationale and potential means to prevent GVHD while preserving the GVL effect by 

targeting CerS6 in the clinic.

Material and Methods

Mice.

CerS6 KO strain on B6 background16 was generated by Texas Institute for Genomic 

Medicine (TIGM). All mice were housed in a pathogen-free facility at the American 

Association for Laboratory Animal Care–accredited Animal Resource Center at Medical 

University of South Carolina (MUSC). All animal studies were carried out under protocols 

approved by the Institutional Animal Care and Use Committee at MUSC. The details 

about aGVHD, cGVHD, GVL and xenograft GVHD models, and N-RAS activation and 

transfection in T cells were described as our previous works13, 17, 18 and in supplemental 

Material and Methods.

Human samples.

Serum samples were collected from 37 patients after allo-HCT. Human subject study was 

approved by Institutional Review Board for Human Research (IRB) at the Fred Hutchinson 

Cancer Research Center (FHCRC) (protocol #6493). The study was indicated as Not Human 

Subject Research by the IRB at MUSC. The collaboration between MUSC and FHCRC was 

conducted under approved Data and Material Transfer and Use Agreement (MTA #200131). 

HPLC-MS/MS analysis of sphingolipids was operated as previously described13, 19 and the 

details were shown in supplemental method.

Statistics.

For comparison of recipient survival among groups in BMT experiments, the log-rank 

test was used to determine statistical significance. Clinical scores and body weight loss 

were compared using a nonparametric Mann-Whitney U test. For parametric data, where 

we use more than two groups, ANOVA was performed. To compare cytokines levels in a 

two-group analysis, a 2-tailed Student t test was performed. To determine the correlation 
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between the levels of sphingolipids and GVHD development in patients, chi-square and 

logistic regression analysis were used. These statistics were calculated with SPSS 23.0 and 

GraphPad Prizm software. The variance was similar between the groups that are compared 

statistically. A p value of <0.05 was considered significant.

Results

Inhibition of CerS6 reduces the T-cell response to alloantigen.

Using a genetic approach, we previously demonstrated that CerS6 promotes T-cell responses 

to alloantigen and thus GVHD development13. To translate the fundamental discovery 

towards clinical application, we aimed to block CerS6 via a pharmacological approach 

by testing a novel CerS6/S4 inhibitor (ST1072)20 in murine models of allogeneic bone 

marrow transplantation (BMT). We first tested the effect of ST1072 on T-cell expansion 

and activation with a range of doses in vivo. While the inhibition of CerS6 did not affect 

T-cell expansion based on percentage of donor T cells and CSFE dilution, it reduced IFN-γ 
production of donor T cells in a dose-dependent manner (S. Fig. 1A–B). Given that systemic 

treatment affects other cells besides donor T cells, we asked how inhibition of CerS6 

affected antigen-presenting cells (APCs). Indeed, ST1072 treatment significantly reduced 

the expression of costimulatory molecules CD40 and CD86 on donor B cells, DCs and 

macrophages in recipients (S. Fig. 1C), which would limit antigen-processing function of 

various APCs. Taken together, these results indicate that ST1072 inhibits CerS6 and the 

inhibition of CerS6 systemically reduces the activation of lymphocytes and myeloid cells in 

allogeneic recipients.

ST1072 is effective in the prevention and treatment of cGVHD after allo-BMT.
—To verify in vivo inhibition of CerS6 with ST1072, we did lipidomic analyses on 

sphingosine lipids in recipient sera, and observed that ST1072 treatment selectively reduced 

C16 ceramide, a main product of CerS6 (Fig. 1A). Because the treatment with ST1072 

inhibited both T- and B-cell activation that contribute to the development of cGVHD, we 

evaluated the effect of ST1072 on cGVHD with CerS6 knock-out (KO) donors as controls. 

In an MHC-mismatched BMT model with aGVHD to cGVHD21, 22 transition feature (B6 

→ BALB/c), the treatment of recipients with ST1072 as prophylaxis significantly reduced 

the severity of cGVHD reflected by body weight loss and clinical manifestations (Fig. 1B,). 

In fact, the severity of cGVHD in the recipients transplanted with WT graft and treated 

with ST1072 was similar to that in the recipients transplanted with CerS6 KO graft. The 

finding was extended to an MHC-matched BMT model with a sclerodermatous cGVHD 

feature (B10.D2 → BALB/c) (S. Fig. 2A–B). ST1072 improved clinical conditions of mice 

during cGVHD development as shown by the recipient images taken on day 60 post-BMT 

(S. Fig. 2A). To address whether this intervention could treat established cGVHD, we 

started ST1072 at 28 days after allo-BMT and found that such delayed treatment with 

ST1072 also significantly reduced cGVHD severity (S. Fig. 2C). These results indicate 

that targeting CerS6 pharmacologically can prevent cGVHD development or even treat 

established cGVHD

Sofi et al. Page 4

Leukemia. Author manuscript; available in PMC 2022 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CerS6 modulates B- and T-cell function during cGVHD development.—We next 

assessed the impact of ST1072 on donor T- and B-cell responses after BMT. Either early 

or late treatment with ST1072 markedly reduced splenic T follicular helper (Tfh) cells 

with a significant increase in T follicular regulatory (Tfr) cells in the MHC-matched BMT 

model (S. Fig. 3A–B). Early or late ST1072 administration also significantly inhibited 

the production of IFN-γ by donor CD4 but not CD8 T cells in the recipient spleens and 

peripheral lymph nodes (LNs) (Fig. 2A–B, S. Fig. 3C). Moreover, the inhibition of CerS6 

with ST1072 preserved B cells, but significantly reduced percentages of germinal center 

B cells (GC, Fas+GL7+) and plasma cells (CD138+B220low) (Fig. 2C, S. Fig. 3D). In the 

MHC-mismatched BMT model, CerS6 inhibition with ST1072 significantly enhanced T-cell 

reconstitution in recipient thymus reflected by the percentage of CD4+CD8+ double-positive 

(DP) cells, which was similar to the recipient with CerS6 deficient donor graft (S. Fig. 

4A–B). We also observed that CerS6 inhibition also significantly reduced Th1 response (S. 

Fig. 4C), improved B-cell reconstitution, and decreased pathogenic B-cell differentiation (S. 

Fig. 4D). These results suggest that ST1072 administration alleviates cGVHD severity and 

improves reconstitution of recipient thymocytes through reducing cytokine production by 

donor CD4 T cells and the activation and pathogenesis of donor B cells.

ST1072 treatment alleviates GVHD without impairing the GVL activity.—
Previous reports have shown that FTY720 suppresses the migration of pathogenic T cells 

to target organs and thus prevents aGVHD progression23. However, FTY720 also impairs 

GVL effect against C1498, a myeloid leukemia11. Given that CerS6 KO T cells reduce the 

ability to induce GVHD while preserving the GVL effect13, we hypothesized that inhibition 

of CerS6 with ST1072 would maintain the GVL effect. Using an MHC-mismatched BMT 

model (B6→BALB/c), we first compared the impact of ST1072 and FTY720 side-by-side 

in GVHD development. Treatment with ST1072 or FTY720 significantly attenuated GVHD 

reflected by recipient clinical score and survival (S. Fig. 5A–B). To evaluate the impact of 

ST1072 on the GVL effect, we utilized mixed-lineage leukemia (MLL) (Fig. 3A–C) and 

chronic myeloid leukemia (CML) in (B6→BALB/c) BMT models (S. Fig. 6A–C). The 

recipients treated with ST1072 were free from MLL or CML whereas majority of those 

with FTY720 died from leukemia relapse (Fig. 3C, S. Fig. 5C–D, 6C). To substantiate our 

findings, we tested one additional MHC-matched BMT model (C3H.SW→B6) with C1498 

that was previously tested for FTY72011, and we further validated the effect of ST1072 

on GVH/GVL response (S. Fig. 7A–C). Taken all together, these results from 3 different 

models indicate that while treatment with ST1072 or FTY720 significantly attenuated 

GVHD severity, only ST1072 preserved the GVL effect.

ST1072 regulates T-cell expansion and migration.—Development of GVHD 

requires donor T-cell expansion in lymphoid organs and migration into target organs13, 14. 

Here we found that treatment with ST1072 significantly increased absolute numbers of 

donor CD4 and CD8 T cells in recipient spleens (secondary lymphoid organ) but decreased 

them in livers (GVHD target organ) (S. Fig. 8A, C). Given percentages and the absolute 

numbers of IFN-γ-producing T cells were increased in recipient spleens (S. Fig. 8A–B). The 

percentages of IL-4+ or Foxp3+ cells were similar among donor CD4 T cells (S. Fig. 8B), 

but absolute numbers of these cells were significantly increased in recipient spleens after 
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treatment with ST1072 (S. Fig. 8A). In contrast, a significantly lower number of IFN-γ- 

and IL-4-producing donor T cells were found in recipient livers after ST1072 treatment 

(S. Fig. 8C–D). Given donor T cells accumulated in recipient spleens while decreased in 

the livers, we hypothesized that ST1072 might reduce T-cell migration to GVHD target 

organs. CXCR3 and CCR5 contribute to donor T-cell infiltration into GVHD target organs, 

including gastrointestinal tract (GI), skin, liver and lung. Eliminating CCR6, CCR9 and 

α4β7 integrin expression from donor T-cell result in reduced migration of T cells into GI 

tract. CCR4 and CCR6 are required for T-cell trafficking into skin system24. Indeed, ST1072 

administration significantly reduced the expression of CXCR3, CCR5, CCR6 and CCR9 

but not α4β7 on donor T cells in recipient spleens (S. Fig. 8E, 9A) and decreased the 

numbers of donor T cells that migrated into recipient intestines and livers (S. Fig. 9B). To 

test the impact of ST1072 more directly in T-cell expansion and/or migration, we transferred 

β-actin luciferase transgenic T cells from B6 donors into irradiated allogeneic recipients and 

followed donor T-cell distribution and accumulation using bioluminescent imaging (BLI) on 

7, 14 and 20 days post-BMT (Fig. 4A–B). While the BLI intensity in whole body (Fig. 4A) 

and mesenteric LN was comparable, the intensity was preferentially reduced in spleen and 

GVHD target organs including gut and lung but not liver (Fig. 4B–C, S. Fig. 8F), suggesting 

that inhibition of CerS6 reduced T-cell expansion and migration into GVHD target organs.

The role of ST1072 in proximal TCR signaling.—TCR signaling dictates T-cell 

response to cognate antigen. Previously we showed that CerS6 affects T-cell activation 

and function by regulating early TCR signaling13. To further understand how CerS6 affects 

signaling molecules in T-cell membranes, we labeled cell surface proteins with biotin and 

examined pulldown biotin-labeled molecules before or after TCR stimulation in vitro. All 

pulled-down proteins isolated from WT, CerS6KO T cells, or WT T cells plus ST1072 were 

separated in SDS-PAGE gel and displayed by silver staining. Different protein expressions 

among these samples were apparent in a few areas, particularly in 20–50 kD proteins (data 

not shown). We then retrieved the proteins between 20 and 50 kD from the gel and identified 

them using mass spectrometry. Among these proteins, we found that GTPase N-Ras, Ras 

GTPase-activating protein-binding protein 2 (G3BP2), and 14-3-3ε were present in WT but 

absent in CerS6KO T cells or WT T cells exposed to ST1072. Zap-70 has been shown to 

mediate RasGRP1 membrane localization and lead to N-Ras activation25 and N-Ras acts as 

a critical controller of Th1 responses, primarily by transmitting TCR signals for Th1 priming 

of CD4 T cells8, 26. We therefore chose to study further how CerS6/C16-Cer regulates 

N-Ras activation. When CerS6 was absent (CerS6 KO) or inhibited (WT + ST1072), T cells 

failed to upregulate N-Ras or activate ERK after TCR stimulation (Fig. 5A). Among Ras 

GTPases, only N-Ras, not K-Ras or H-Ras, was affected by CerS6, and the reduction of 

membrane N-Ras was more apparent than cytosol N-Ras when CerS6 was inhibited (Fig. 

5B and data not shown). We hypothesized that the lack of membrane-associated N-RAS is 

responsible for the impairment of T-cell activation when CerS6 is inhibited or absent. To 

address this question, we transduced naïve T cells with active N-Ras plasmid and confirmed 

the expression of active N-Ras as reflected by HA-tag staining (S. Fig. 10A). As expected, 

ST1072 treatment significantly reduced IFN-γ production in control CD4 T cells but did 

not affect CD4 T cells transduced with active N-Ras (S. Fig. 10B, Fig. 5C). Taken together, 
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these data indicate that CerS6 or C16-ceramide regulates T-cell allogeneic responses through 

N-RAS activation.

CerS6 KO impacts CD3 and PKCθ capping differently in CD4 and CD8 T cells 
after TCR engagement.—PKCθ is the only T cell-expressed PKC isoforms that localizes 

selectively to the center of the immunological synapse (IS) following conventional T cell 

antigen stimulation13, 27, 28 and contacts between T cells and APCs29, which can induce 

activation of ERK30, 31. Our previous data indicated that CerS6 played a more important 

role in CD4 than in CD8 T cells, thus we asked if CerS6 affects PKCθ expression and co-

localization with the TCR differently between CD4 and CD8 T cells. Upon stimulation with 

TCR crosslinking, PKCθ expression and co-localization with CD3 were severely impaired 

in CerS6KO CD4 T cells as compared with the WT counterparts (Fig. 6). In contrast, CerS6 

deficiency had little or no effect on CD8 T cells (S. Fig. 11). These data indicate that 

CerS6 KO preferentially affects CD4 T-cell activation and function by regulating early TCR 

signaling.

The effects of ST1072 on human T-cell mediated GVH/GVL responses in 
xenograft transplant model.—For translational purposes we sought to further test the 

impact of ST1072 on human GVHD using a xenograft GVHD model. We transplanted 

HLA-A2– human PBMCs into irradiated NSG-A2+ mice and treated these recipient mice 

with vehicle or ST1072. Evidently, treatment with ST1072 significantly reduced GVHD 

severity (Fig. 7A). To further assess the impact of ST1072 in the GVL activity, we set up the 

transplant similarly to figure 7A and infused Raji lymphoma into the recipients (Fig. 7B). As 

expected, all the recipients of Raji lymphoma without human PBMCs died from leukemia 

relapse within 30 days after BMT. In contrast, the recipients transferred with PBMCs and 

treated with vehicle control died from GVHD, reflected by 90% lethality, severe clinical 

score and no tumor signal. In contrast, ST1072 treatment rescued 40–50% recipients from 

GVHD lethality and the survived recipients were free from tumor relapse (Fig. 7B). These 

data indicate that ST1072 treatment attenuates GVHD while preserving the GVL activity 

mediated by human T cells.

We next evaluated the effects of ST1072 on human T-cell responses in vivo. On day 14 after 

transplant, we examined the presence of donor T cells in recipient spleens and livers (S. Fig. 

12A–B). Treatment of ST1072 significantly decreased numbers of CD3+ T cells both in the 

spleen and liver (S. Fig. 12D–F), while increasing the frequency of Tregs in both organs (S. 

Fig.12A–C, E). Furthermore, ST1072 also significantly reduced the number and frequency 

of IFN-γ-producing T cells in the liver (S. Fig. 12E–F). These data indicate that ST1072 

treatment can reduce T-cell activation, differentiation, and migration.

Finally, we asked whether sphingolipid metabolites are associated with GVHD development 

in human patients. To address this question, we obtained patient plasma samples that 

were collected at Fred Hutch under protocol #649332, 33. The levels of sphingolipids were 

analyzed with mass spectrophotometry in plasma samples from 20 patients with GVHD 

and 17 without GVHD 14 days after allogeneic HCT. The basslines were comparable 

between these two groups of patients34, except those patients with GVHD were younger 

than those without GVHD (S. Table 1A). There was also no significant difference in patient 
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characteristics associated with allogeneic HCT between these two groups (S. Table 1A–B). 

We observed that the levels of C14-, C16- and C26-Ceramide as well as dhSphingosine-1P 

(dhSph-1P) and Sph-1P were higher in the patients with GVHD than those without GVHD 

(Table 1). Nevertheless, the data from chi-square and logistic regression analysis revealed 

that only C16-Ceramide, dhSph-1P and Sph-1P displayed a positive correlation with gut, 

liver and overall but not skin GVHD development (S. Table 2 and Table 1). These results 

suggest that C16-ceramide metabolism may contribute to GVHD pathogenesis in human.

Discussion

CerS6, which preferentially generates C16-ceramide, has been implicated to play roles in 

various cellular responses35. In the current study, we evaluated the therapeutic potential of 

a new CerS6 inhibitor, ST1072. Administration of ST1072 not only reduced C16-ceramide 

generation, T-cell allogeneic responses, and GVHD severity, but also preserved the GVL 

responses both in mouse and xenograft transplant models. Moreover, treatment with ST1072 

up to 2 mg/kg did not cause additional weight loss or impairment of bone marrow 

reconstitution as compared to vehicle control (data not shown), indicating that less than 

2 mg/kg ST1072 presented little or no toxicity while it was efficacious in the prevention of 

GVHD. The increase in C16 ceramide was also observed in GVHD patient serum samples 

14 days post-HCT, suggesting a possible role of C16-ceramide in GVHD development. 

Mechanistically, treatment with ST1072 restrained the ability of donor T cells to activate 

and migrate to target organs in allogeneic recipients. Furthermore, CerS6 was required for 

TCR-mediated N-RAS activity, by genetically or pharmacologically reducing CerS6, this 

effect of N-RAS on type I T-cell response could be reversed (S. Fig. 13).

B cells contribute to GVHD pathogenesis partially through presenting alloantigen to T 

cells36, 37. CerS6 plays pleiotropic roles in regulating the differentiation and function of 

multiple immune cells including B and T cells38. These immune cells play a significant 

role in the pathogenesis of cGVHD by enhancing Th1, Tfh, germinal center (GC) B cells, 

and plasma cells (PC)39. Tfh is a pathogenic T-cell subset that contributes to cGVHD 

pathogenesis3, 40 and well-known to provide essential signals to support GC, memory 

B cells or antibody-producing PC development41–43. We demonstrated that prophylactic 

administration of ST1072 significantly ameliorated cGVHD severity in both MHC-matched 

and MHC-mismatched cGVHD models with minimal toxicity (Fig. 1B, S. Fig. 2A–B). 

Furthermore, treatment with ST1072 was able to halt further development of established 

cGVHD (S. Fig. 2C). Consistent with donor T-and B-cell pathogenesis, treatment with 

ST1072 significantly reduced Tfh cells, GC B-cells, and PC development.

Imaging and survival studies indicate that FTY720 impairs the GVL response against a 

myeloid leukemia11. These observations highlight the limitation of FTY720 as a therapeutic 

agent where allo-HCT is applied as an immunotherapy for hematological malignancy. 

Unlike FTY720, ST1072 preserved the GVL effect against MLL (Fig. 3C, S. Fig. 5C–D). 

The potential of ST1072 in the preservation of the GVL effect has been substantiated in 

other malignant models including CML (S. Fig. 6), acute leukemia (S. Fig. 7), and human 

B-cell lymphoma (Fig. 7B). Given selective GVL effect depends on magnitude and diversity 

of the alloreactive T cell response44, we reason that the preservation of GVL activity 
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upon CerS6 blockade can be generalized across a variety of allogeneic T-cell responses 

to hematological malignancies. We attribute the preserved GVL effect of ST1072 to the 

largely intact activation and function of CD8 cytotoxic T lymphocytes upon pharmacological 

blockade of CerS6. There are several lines of evidence to support the outcome: 1) although 

donor CD8 T cells from ST1072 treated mice showed decreased pro-inflammatory response 

in the early phase of BMT (S. Fig. 1), their expansion and activation were not compromised 

in the later phase of BMT (Fig. 4, S. Fig. 8, 9); 2) treatment with ST1072 significantly 

reduced migration of donor T cells into target organs (e.g. liver), whereas it did not impact 

T-cell expansion or cytokine production in the lymphoid organs (Fig. 4, S. Fig. 8A–B); and 

3) impaired co-localization of CD3/PKCθ in CerS6 KO CD4 T cells but not CD8 T cells 

upon TCR stimulation (Fig. 6, S. Fig. 11); 4) compared with CD8 T cells, CD4 T cells are 

more sensitive to CerS6-mediated N-RAS/ERK activation (Fig. 5).

Donor T-cell activation in GVHD recipients is influenced by the TCR signal, cytokines, 

and chemokines which are required for full T-cell activation and migration towards target 

tissues45. Here we observed that CerS6 is required for TCR proximal signaling on CD4 

but not CD8 T cells (Fig. 6, S. Fig. 11). TCR signaling upregulates small G-protein 

Ras46, which in turn activates signal-regulated kinases, ERK1/2 phosphorylation through 

Raf-MAPK dependent pathway46. Increased ERK phosphorylation leads to inflammation 

and autoimmunity47. Published reports showed that C16 ceramide selectively enhances 

the association of Raf-1 with Ras-GTP48, suggesting that the interaction is important 

for downstream signaling49. Previously it was reported that N-Ras dependent pathways 

are required for optimal TCR-mediated IFN-γ induction8. In the current study, mass 

spectrometry and biochemical analysis confirm that CerS6 is needed to active of N-Ras as 

genetic deletion or pharmacological inhibition of CerS6 decreases its activity. Decreased N-

Ras activity leads to reduced ERK activation and T-cell allogeneic responses. Furthermore, 

overexpression of active N-Ras reduced the impact of ST1072 and restored Th1 response. 

Thus, CerS6 regulates T-cell allogeneic response and GVHD pathogenicity through N-

Ras/ERK axis.

In the current study, we have demonstrated that CerS6 can be targeted pharmacologically, 

and blockade of CerS6 is efficacious in the prevention of aGVHD and cGVHD. 

Furthermore, the blockade of CerS6 preserved the GVL effect against several types 

of leukemia and lymphoma. These benefits from CerS6 inhibition are likely due to a 

dominant role of CerS6 in the regulation of donor CD4 T-cell responses to alloantigen 

through N-RAS/ERK pathway, which is not required for alloreactivity of CD8 T cells. 

Our study provides a strong rationale and novel means to therapeutically target CerS6 in 

controlling GVHD and leukemia relapse for patients undergoing allogeneic HCT. However, 

the precise mechanisms how CerS6 regulates CD8 T-cell anti-tumor immunity requires 

further investigation. More patient samples at various time points will likely be required for 

further validating sphingolipid metabolites as risk factors for GVHD development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Absence of CerS6 on donor T cells or inhibition of CerS6 ameliorates cGVHD 
development.
(A) The splenocytes from WT mice on B6 background were intravenously (i.v.) injected 

at 6×106/mouse into lethally irradiated BALB/c mice. The recipient mice were injected 

with vehicle or ST1072 at 1mg/kg intraperitoneally (i.p.) from day −1 to day 3. Four 

days after cell transfer, serum was collected and subjected to mass spectrometry HPLC-

MS analysis for different ceramide species. Data shown is pooled from two independent 

experiments (n=10 per group). BALB/c mice were lethally irradiated and transplanted with 

5×106/mouse T-cell depleted-bone marrow (TCD-BM) alone or plus splenocytes (0.5×106/

mouse) either from WT or CerS6KO B6 mice. One group of WT recipient mice was 

injected i.p. with ST1072 at 2 mg/kg from day-1 to day 28. The recipients were monitored 

for body weight and clinical score (B) until 60 days post-BMT. Data shown is from two 

combined experiments (N=10–15 per group). Recipient clinical scores and body weight loss 

were compared using a nonparametric Mann-Whitney U test. Asterisks indicate statistical 

significance *p< 0.05, ***p < 0.001.
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Figure 2. ST1072 modulates B- and T-cell functions during cGVHD development.
BALB/c mice were lethally irradiated and 5×106/mouse TCD-BM or plus 5×106/mouse 

splenocytes from B10.D2 donor mice were transplanted. One group of the recipient mice 

was injected i.p. with ST1072 at 2 mg/kg from day-1 to day 28 or day 28 to day 59. The 

recipients were monitored for body weight and clinical score until 60 days post-BMT. 60 

days post cell transfer, spleens and peripheral lymph nodes (pLNs) were collected from the 

recipient mice and subjected to cell counting and FACS staining. Percentage of CD4+ or 

CD8+ among donor cells and percentage of IFN-γ among CD4+ or CD8+ donor cells are 

shown in recipient spleens (A) or periphery lymph nodes (pLNs) (B). Percentages of B220+ 

or B220lowCD138+ and FAS+GL+ (germinal center cell, GC cell) are shown among donor 

B cells in recipient spleens (C). Pooled data is summarized with statistical analyses where 

either treatment (day 0 or 28) was compared with vehicle control. Data shown is one of the 

two replicate experiments. Significance is determined by one-way ANOVA (using multiple 

comparison test). Asterisks indicate statistical significance *p< 0.05, **p < 0.01, ***p < 

0.001.
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Figure 3. The effects of ST1072 or FTY720 on GVH and GVL responses.
BALB/c mice were lethally irradiated and transplanted with 5 × 106/mouse TCD-BM 

(Ly5.1+) or plus purified T cells (1×106) from B6 mice and mixed-lineage leukemia (MLL) 

as well. The recipient mice were injected i.p. with ST1072 or FTY720 at 1mg/kg per 

mouse/day from day −1 to day14. The mice were monitored for clinical score (A) survival 

(B) and tumor mortality (C). Data shown here is from two independent experiments (n=10 

per group). For comparison of recipient survival and tumor mortality among groups, the 

log-rank test was used to determine statistical significance. Clinical scores were compared 

using a nonparametric Mann-Whitney U test. Asterisks indicate statistical significance *p< 

0.05, **p < 0.01, ***p < 0.001.
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Figure 4. ST1072 treatment modulates T-cell expansion and migration after allo-BMT.
BALB/c mice were lethally irradiated and transplanted with 5×106/mouse TCD-BM 

(Ly5.1+) or plus purified T cells (1×106) from β-actin luciferase transgenic B6 mice. The 

recipient mice were injected i.p. with vehicle alone or ST1072 at 1 mg/kg daily from day 

−1 to day 14. Donor T-cell expansion and migration were monitored using bioluminescent 

imaging (BLI) at the time points indicated. Macro-photos are shown for BLI of total body 

(A) and individual organs (B) with a region of interest (ROI) summary (C). Data shown here 

is pooled from two independent experiments (n=10 per group). Significance is determined 

by Student’s t test. Asterisks indicate statistical significance *p < 0.05.
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Figure 5. The role of CerS6 in proximal TCR signaling.
(A) Freshly isolated T cells from WT or CerS6KO mice were either left unstimulated or 

stimulated with plate bound anti-CD3 at the time points indicated. Some WT T cells were 

also stimulated in the presence of ST1072 at 50ug/ml. These T cells were subjected to 

immunoprecipitation using GST-RAF RBD. Protein lysates were incubated with GST-RAF 

RBD conjugated glutathione sepharose beads. The proteins bound to the Glutathione beads 

(top 2 panels) were analyzed by Western blot using anti-NRAS or anti-GST antibodies. 

Cell lysates were also measured for total or phosphor-ERK antibodies. (B) Freshly isolated 

T cells from WT mice were stimulated in presence and absence of ST1072 at the time 

points indicated. The membrane and cytosolic fraction were isolated from these cells and 

were subjected to western blot analysis for NRAS, H-RAS, K-RAS and β-actin. Data 

shown here is from one of two independent experiments. The control or oncogenic NRAS 

(Q61K) plasmid DNA were transfected into naïve T cells using Amaxa Nucleofector kit 

V from Lonza per manufacturer’s instructions. Six hours after, the cells collected and 

co-cultured with allogeneic antigen presenting cells for 5 days in presence or absence of 

ST1072. Cultured cells were re-stimulated with PMA/Ionomycin for 4hrs and analyzed for 

the percentage of IFN-γ production on gated CD4+ or CD8+ cells (C). Data shown is one 

of the two replicate experiments. Significance is determined by Student’s t test. Asterisks 

indicate statistical significance **p < 0.01.
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Figure 6. The effect of CerS6 on CD3 and PKCθ capping in CD4 T cells after TCR stimulation.
Primary CD4 T cells (1×106 cells) were engaged with TCR for the indicated time points 

followed by their incubation with anti-CD3 antibody for 30 minutes at 4°C. After PBS wash 

and incubation with goat anti-hamster IgG at 37°C, the reaction was stopped immediately, 

and the cells were washed and incubated with Alexa Fluor 488-conjugated antibody for 30 

minutes at 4°C. The cells were fixed and permeabilized followed by incubation overnight 

at 4°C with PKCθ antibody, and then stained with Alexa Fluor 594 secondary antibody 

followed by analysis with confocal microscopy (original magnification x63). At least 6–

7 fields in each condition per experiment were examined. The data shown here is one 

representative of two independent experiments.
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Figure 7. Preventative treatment with ST1072 reduces GVHD in NSG xenograft mouse model.
NSG-A2+ mice were irradiated (250 cGy) and were transplanted with HLA-A2– human 

PBMCs (10×106). The recipient mice were injected i.p. with vehicle or with ST1072 at 

1mg/kg daily from day −1 to day 14. The recipients were monitored for body weight 

and survival (A) until 60 days post transplantation. Data shown here are pooled from 

two combined experiments (n=13–14 per group). In a separate experiment, Raji B cell 

lymphoma (1×106) were infused together with or without HLA-A2– human PBMCs 

(10×106) into NSG-A2+ mice, which were treated with vehicle alone or with ST1072. The 

mice were monitored for clinical score, survival and tumor burden (B) until 50 days post 

transplantation. Data shown here are from two combined experiments (n=13–14/group). For 

comparison of recipient survival among groups, the log-rank test was used to determine 

statistical significance. Clinical scores were compared using a nonparametric Mann-Whitney 

U test. Asterisks indicate statistical significance *p < 0.05, *p < 0.01.
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Table 1.
Association of sphingolipid levels and GVHD development.

Plasma samples from 17 patients without GVHD and 20 patients with GVHD were measured for the 

sphingolipids including C14-, C16- and C26- ceramide as well as dhSph-1P and Sph-1P. The levels of each 

sphingolipid were shown as mean±SD (95%CI). Based on the average level of individual sphingolipid, total 

37 patients were divided into high or low expression group. Logistic regression analysis was used to evaluate 

overall risk (OR) values and related P values, where p < 0.05 indicates significant difference.

Target No GVHD--Mean±SD (95%CI) GVHD--Mean±SD (95%CI) OR value P value

GVHD

C14 ceramide 2.81±0.21 (3.35,3.26) 3.91±0.32 (3.26,4.61) 2.241 0.234

C16 ceramide 43.01±4.00 (34.54,51.48) 82.26±12.52 (52.62,105.72) 24.000 0.005

C26 ceramide 3.94±0.54 (2.79,5.08) 8.12±1.45 (5.04,11.19) 4.667 0.058

dhSph-1P 11.76±1.06 (9.50,14.02) 23.69±3.69 (15.87,31.50) 11.250 0.006

Sph-1P 51.00±4.45 (41.56, 60.44) 87.98±9.62 (67.59, 108.36) 10.889 0.003

Gut GVHD

C14 ceramide 2.91±0.22 (2.43,3.38) 3.92±0.30 (3.29,4.55) 1.746 0.403

C16 ceramide 44.89±4.21 (36.01,53.77) 82.67±12.05 (57.26,108.09) 11.000 0.007

C26 ceramide 4.46±0.73 (2.92,6.00) 7.47±1.35 (4.61,10.32) 3.150 0.116

dhSph-1P 14.53±2.95 (8.31,20.74) 20.95±2.68 (15.29,26.61) 6.875 0.014

Sph-1P 56.67±7.05 (41.79,71.54) 82.79±8.28 (65.31,100.27) 7.583 0.007

Skin GVHD

C14 ceramide 2.73±0.30 (2.01,3.44) 3.44±0.27 (2.80,4.07) 0.643 0.590

C16 ceramide 41.14±3.53 (32.80,49.48) 67.83±11.18 (41.39,91.26) 2.222 0.326

C26 ceramide 4.29±0.83 (2.32,6.26) 5.88±1.10 (3.28,8.47) 0.545 0.501

dhSph-1P 10.31±1.10 (7.70,12.92) 21.49±6.77 (5.48,31.49) 1.900 0.427

Sph-1P 48.60±5.62 (35.30,61.90) 72.14±14.60 (31.61,106.66) 1.231 0.795

Liver GVHD

C14 ceramide 2.81±0.21 (3.35,3.26) 3.91±0.32 (3.26,4.61) 2.241 0.234

C16 ceramide 43.01±4.00 (34.54,51.48) 82.26±12.52 (52.62,105.72) 24.000 0.005

C26 ceramide 3.94±0.54 (2.79,5.08) 8.12±1.45 (5.04,11.19) 4.667 0.058

dhSph-1P 11.76±1.06 (9.50,14.02) 23.69±3.69 (15.87,31.50) 11.250 0.006

Sph-1P 51.00±4.45 (41.56, 60.44) 87.98±9.62 (67.59, 108.36) 10.889 0.003
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