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SUMMARY

Graft-versus-host disease (GVHD) limits the success of allogeneic hematopoietic cell 

transplantation (allo-HCT). Lysosomal acid lipase (LAL) mediates the intrinsic lipolysis of cells to 

generate free fatty acids (FFAs), which play an essential role in the development, proliferation, and 

function of T cells. Here, we find that LAL is essential for donor T cells to induce GVHD in 

murine models of allo-HCT. Specifically, LAL is required for donor T cell survival, 

differentiation, and alloreactivity in GVHD target organs, but not in lymphoid organs. LAL 

induces the differentiation of donor T cells toward GVHD pathogenic Th1/Tc1 and Th17 while 

suppressing regulatory T cell generation. LAL−/− T cells succumb to oxidative stress and become 

anergic in target organs. Pharmacologically targeting LAL effectively prevents GVHD 

development while preserving the GVL activity. Thus, the present study reveals the role of LAL in 
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T cell alloresponse and pathogenicity and validates LAL as a target for controlling GVHD and 

tumor relapse after allo-HCT.

Graphical Abstract

In Brief

Nguyen et al. demonstrate that LAL regulates T cell activity in GVHD target and lymphoid organs 

differentially. Blocking LAL preferentially reduces the activation and proliferation of CD4, spares 

CD8, promotes regulatory T cells, and diminishes T cell migration to and activation in the 

recipient gut, thus alleviating GVHD while maintaining GVL activity.

INTRODUCTION

Graft-versus-host disease (GVHD) limits the success of allogeneic hematopoietic cell 

transplantation (allo-HCT) (Ferrara et al., 2009). Cell metabolism determines T cell fate and 

function by regulating nutrition intake and transcription factor expression (Buck et al., 

2015). The metabolic characteristics of pathogenic T cells are different in various 

immunological diseases such as rheumatoid arthritis (RA), systemic lupus erythematosus 

(SLE), and colitis (Biniecka et al., 2011; Gerriets et al., 2014; Wahl et al., 2010; Yang et al., 

2013). Among these diseases, colitis shares many immunological similarities with gut 

GVHD, which is the most common GVHD target organ, potentially leading to life-

threatening complications (Naymagon et al., 2017).
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Fatty acid (FA) metabolism has been implicated in GVHD development after allo-HCT. A 

study by Gatza et al. (2011) demonstrated that the oxidation of FAs (FAO) in mitochondria 

is responsible for the generation of alloreactive T cells, which are the driving force in 

GVHD. Therefore, blocking FAO via targeting mitochondrial F(1)F(0) adenosine 

triphosphate synthase (F(1)F(0)-ATPase) or Cpt1a (the enzyme responsible for FA uptake 

into mitochondria) (Byersdorfer et al., 2013) induces the apoptosis of alloreactive T cells. 

However, no attempt has been made to block the resources of cytosolic FAs for tricarboxylic 

acid (TCA)-dependent FAO in mitochondria to control GVHD.

Lipolysis of stored lipids generates FAs that can be used as energy substrates through FAO 

in the TCA cycle (Zechner et al., 2012). Several enzymes regulate the release of FAs from 

lipid droplets under changing nutrition state. Lysosomal acid lipase (LAL) is an intracellular 

lipase that catalyzes the hydrolysis of cholesteryl esters and triglycerides in lysosomes at 

acidic pH (Qu et al., 2009). LAL plays a central role in lipid metabolism in lymphocytes and 

is required for the normal development, maturation, and functionality of this type of cell (Qu 

et al., 2009). In addition, in the absence of LAL, T cell receptor (TCR) activation, T cell 

proliferation, and cytokine secretion are tremendously impaired (Schlager et al., 2017). LAL 

supports the metabolic reprogramming necessary for CD8 memory (CD8mem) development 

(O’Sullivan et al., 2014). However, how LAL regulates alloreactive T cell metabolism, 

survival, activation, and GVHD pathogenesis has not been studied. Recently, LAL has been 

shown to affect T cell differentiation, as CD4 T cells deficient for LAL have a reduced 

ability to differentiate into T helper 1 and 2 (Th1/Th2) cells while increasing the generation 

of regulatory T cells (Tregs) (Qu et al., 2009). Because Th1 cells are pathogenic and Tregs 

are suppressive in GVHD (Nguyen et al., 2018b), LAL targeting may be beneficial for 

controlling GVHD.

In the present study, we found that LAL was required for donor T cells to induce GVHD 

after allo-HCT. LAL-deficient T cells retained sufficient anti-tumor activity to prevent tumor 

relapse. The pharmacological blockade of LAL effectively prevented or treated GVHD 

while maintaining the graft versus leukemia (GVL) effect. Our study therefore validated 

LAL in T cells as a potential target for controlling GVHD and tumor relapse after allo-HCT. 

Given that LAL-specific inhibitors have been traditionally used for the prevention or 

treatment of obesity in clinics, the outcome of this study is of high translational potential.

RESULTS

Hydrolysis of Lipid Affects T Cell Responses

FAs serve not only as fuel for cells but also as components of cell membrane phospholipids 

and glycolipids. In our previously published work, we found that donor T cells accumulated 

long-chain FAs in allogeneic recipients, which likely resulted from a decline in FAO and an 

increase in lipid hydrolysis (Nguyen et al., 2016). Among other enzymes, lysosomal acid 

lipase (LAL) is an important lipase responsible for hydrolyzing lipids in the droplets to free 

FAs and lysolipids during stress conditions (Gomaraschi et al., 2019; Rader, 2015). Unlike 

regulatory or memory T cells, effector T cells are known to require appreciable amounts of 

extracellular-free FA (Nguyen et al., 2018b; Tijaro-Ovalle et al., 2019). Furthermore, LAL 

was found to play a critical role in T cell development and function, while being dispensable 
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for Tregs (Qu et al., 2009). We therefore hypothesized that LAL is essential for T cell 

pathogenicity in the induction of GVHD. To test this hypothesis, we used LAL-deficient 

mice (LAL−/−) as donors in allogeneic bone marrow transplantation (allo-BMT). Although T 

cell development in the thymus was partially impaired in the absence of LAL (Qu et al., 

2009), we verified that immune phenotypes, including percentages of T cells, B cells, 

monocytes, and multiple T cell subsets (memory and regulatory), were comparable in 

peripheral lymphoid organs of young mice, regardless of LAL expression (data not shown). 

We next examined the effect of LAL on T cell survival, proliferation, and activation under 

polyclonal activation by CD3/CD28 in vitro. Upon stimulation, LAL-deficient T cells (both 

CD4 and CD8) exhibited increased necrosis (higher percentage of 7AAD+annexin V+)

(Figures 1A and 1C), decreased proliferation (lower percentage of carboxyfluorescein 

diacetate succinimidyl ester [CFSE] diluted) (Figures 1B and 1D), lower levels of pro-

inflammatory cytokine production (interferon γ [IFN-γ] and tumor necrosis factor a [TNF-

α]) (Figures 1E and 1G), and decreased FA oxidation (lower percentage of peroxisome 

proliferator-activated receptor gamma, PPRγ+) (Figures 1F and 1H), as compared to wild-

type (WT) counterparts.

To understand the role of LAL in alloantigen-induced T cell response, we performed an in 
vitro mixed lymphocyte reaction (MLR) assay in which CFSE-labeled bulk T cells from 

LAL+/+ and LAL−/− FVB mice were stimulated with T cell-depleted (TCD) splenocytes 

from BALB/c mice. Consistent with polyclonal stimulation, LAL−/− CD4+ T cells had less 

cell survival, reduced proliferation reflected by lower Ki67 expression and CFSE, and 

reduced activation reflected by low levels of IFN-γ production as compared to WT T cells 

(Figures S1A and S1B). Under this condition, LAL−/− CD4+ T cells also exhibited lower 

lipid content, FAO, reactive oxidative species (ROS) formation, and co-inhibitory molecules, 

which were reflected by BODIPY uptake, Cpt1a expression, 2′,7′-dichlorofluorescin 

diacetate (DCFDA) intensity, and programmed cell death-1 (PD-1)/Lag3 expression, 

respectively (Figure S1C). We interpret that these reductions resulted from lower T cell 

activation in the absence of LAL. Similar trends were observed on LAL−/− CD8+ T cells, 

although the levels of compromise were less profound (data not shown).

The dysfunction of LAL−/− CD4+ T cell responses may be due to reduced survival in 

culture. To test the hypothesis, we stimulated LAL +/+ and LAL−/− T cells with allogenic 

antigen-presenting cells (APCs) as in Figure S1, but also supplemented N-acetyl cysteine 

(NAC), a known antioxidant. We found that additional NAC significantly reduced 

proliferation, IFN-γ production and PD-1 expression of LAL+/+, but not LAL−/− T cells 

(Figure S2). These results are consistent with higher ROS generation by LAL+/+ T cells, and 

suggest that inferior survival may not be the reason for T cell dysfunction in the absence of 

LAL. The dysfunction of LAL−/− CD4+ T cell responses may be due to impaired lipid 

metabolism. To test this hypothesis, we used media containing lipid-free serum (LF). 

Interestingly, while LF media reduced the proliferation and activation of LAL+/+ T cells, it 

increased the proliferation and activation of LAL−/− T cells (Figures S2A and S2B). These 

results indicate that external lipids facilitate optional T cell activation, but LAL dictates its 

contribution to T cell response.
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LAL−/− T Cells Have Reduced Capacity to Induce GVHD

Because T cell survival and activation are required for donor T cells to induce GVHD, we 

hypothesized that targeting LAL in donor T cells would alleviate GVHD severity. Using 

major histocompatibility complex (MHC)-mismatched B6 (H2b) → BALB/c (H2d) and 

FVB (H2q)→B6 (H2b) BMT models, we found that LAL-deficient donor T cells induced 

significantly less severe GVHD compared with WT control T cells, which is reflected by 

recipient survival and clinical scores (Figures 2A–2D). Because the primary purpose of allo-

HCT is to eradicate hematological malignance (Bleakley and Riddell, 2004), we asked 

whether LAL-deficient T cells still retained sufficient activity to mediate the GVL response. 

Using luciferase-transduced P815 mastocytoma in the haploidentical B6 (H2b)→BDF1 

(H2b/d) BMT model, we observed that all of the recipients transplanted with T cell-depleted 

bone marrow cells (TCD-BMs) plus P815 died of tumor relapse, as indicated by strong 

luminescent signals (Figures 2E and 2G). The recipients with additional LAL+/+ T cells all 

died within 20 days after BMT without tumor signal and significant GVHD severity (Figures 

2E–2G), indicating that they died from GVHD, not tumor relapse. In contrast, 50% of the 

recipients with additional LAL−/− T cells survived without GVHD clinical signs until day 60 

after transplant, and the majority of them were tumor free (Figures 2E and 2G). These data 

suggest that LAL is essential in donor T cells to induce GVHD, while it is dispensable for 

the GVL effect.

Pharmacological Inhibition of LAL Effectively Controls GVHD While Preserving the GVL 
Effect

For translational purposes, we tested the LAL-specific inhibitor of LAL orlistat (Huang et 

al., 2014) on the T cell alloresponse. Similar to LAL deficiency, we found that orlistat 

significantly inhibited proliferation, activation, and FA metabolism of CD4 and CD8 T cells, 

as reflected by Ki67 expression, IFN-γ production, and Cpt1a expression, respectively 

(Figures S3A–S3D). It is worth noting that orlistat treatment also increased Foxp3 

expression on CD4 T cells, although not as profoundly as in the absence of LAL (Figure 

S3C). These results demonstrate that LAL can be targeted pharmacologically through 

orlistat.

We next assessed the effect of orlistat GVH and GVL responses. By titrating the doses, 

orlistat was found to be not toxic when administrated to BMT recipients at 8–20 mg/kg/day 

for 14 days (Figure 3A). Treatment with orlistat effectively prevented GVHD development 

in recipients, indicated by the improvement of survival and lower clinical scores (Figures 3A 

and 3B). To investigate the effect of orlistat on the GVL activity against leukemia and 

lymphoma, we used two GVHD/GVL models. In the B6 to BDF1 model with P815 

leukemia, all of the recipients with BM alone died from tumor relapse, reflected by heavy 

tumor signals before death (Figures 3C–3E). The recipients transplanted with donor T cells 

and treated with vehicle died from GVHD with little tumor signal (Figure 3E). However, 

orlistat treatment rescued 40% of the recipients from lethal GVHD and tumor relapse 

(Figures 3C–3E). To extend the observations to a different model, we used the B6 to 

BALB/c BMT model in combination with host-derived mixed-lineage leukemia (MLL-

AF9). Orlistat treatment improved recipient survival and decreased GVHD clinical signs 

(Figures S4A and S4B). As expected, all of the recipients with BM alone died from tumor 
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relapse, reflected by MLL in peripheral blood but no GVHD clinical signs before death 

(Figure S4A–S4D). Orlistat treatment did not alter the outcomes of the recipients with BM 

alone, indicating that orlistat had little or no direct effect on leukemia growth. However, 

orlistat treatment maintained the GVL effect, as the recipients under orlistat treatment did 

not exhibit leukemia (Figures S4C and S4D). These results illustrate that pharmacologically 

targeting LAL may be an effective approach for the control of GVHD while sparing the 

GVL effect.

LAL Affects Donor T Cells Differentially in Lymphoid and Target Organs after Allo-HCT

To understand how LAL affects T cell immunity in vivo, we performed allo-BMT and 

analyzed donor T cells in recipient spleens (Figure 4) and guts (Figure 5) 7 days after 

transplant. Consistent with our observations in vitro (Figure S1), LAL−/− donor CD4 T cells 

significantly reduced proliferation (Ki67), migration potential (CXCR3), and intercellular 

lipid content (BODIPY), but increased Treg generation (Foxp3), compared to LAL+/+ CD4 

T cells in recipient spleens (Figures 4B, 4E–4G, and 4I). In contrast to CD4 T cells, the 

deficiency of LAL had little effect on donor CD8 T cells (Figures 4C–4J). The treatment of 

recipients with orlistat essentially phenocopied LAL deficiency, except for increasing Treg 

generation (Figure 4G). Unlike in vitro culture (Figure S1), neither LAL deficiency or 

orlistat treatment had a significant effect on ROS generation (DCFDA and PD-1 expression 

of donor T cells (Figures 4H and 4J).

As the gut is a main target organ in GVHD, we examined donor T cells in recipient 

intestines (Figure 5). Unlike in recipient spleens, donor LAL−/− T cells (H2Kd−), especially 

CD4, significantly decreased in recipient guts as compared to WT counterparts (Figures 5A 

and 5D). Given that Ki67 expression was comparable (data not shown), we interpret that 

reduced LAL−/− T cells in recipient guts were due to impaired survival and/or migration 

(Figures 5B, 5C, and 5F).

In sharp contrast to T cells in the spleen, both donor CD4 and CD8 T cells deficient for LAL 

in the gut had significantly increased intracellular lipid content reflected by BODIPY uptake 

(Figures 5B, 5C, and 5G), suggesting that T cells require LAL to hydrolyze lipid in the gut. 

Similarly, donor T cells deficient for LAL also had significantly increased ROS generation 

reflected by DCFDA intensity in recipient guts (Figures 5B, 5C, and 5H). However, an 

increase in the level of T cell exhaustion was seen, as reflected by PD-1 expression (Figure 

5B, 5C, and 5I). Consistent with results observed in the spleen, Treg generation was also 

increased in LAL−/− CD4 T cells in the recipient gut (Figures 5B and 5E). By and large, the 

treatment of recipients with orlistat simulated LAL deficiency, with notable exceptions 

where orlistat treatment significantly decreased CXCR3 expression and failed to increase 

Foxp3 expression on donor T cells that differed from the effects of LAL deficiency (Figures 

5E and 5F). We observed that LAL regulated T cell response differentially in lymphoid 

(spleen) and in target (gut) organs in the development of GVHD, which likely results from 

distinct microenvironments.
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LAL Regulates T Cell Activation and Differentiation

At 7 days after BMT, we also examined the effects of LAL on cytokine production by donor 

T cells, but we did not find a major impact of LAL deficiency or orlistat treatment on IFNγ 
or IL-17 production either in recipient spleens or guts (data not shown). Given that GVHD 

severity was markedly reduced when targeting LAL either genetically or pharmacologically, 

we reasoned that the impact of LAL would be more profound later after BMT. We examined 

the effects of LAL deficiency in T cell activation, cytokine production, and metabolism in 

recipient spleens 13 days after BMT before the recipients of WT T cells. As shown in Figure 

S5A, the recipients of LAL−/− T cells had significantly lower clinical scores and body 

weight losses than those receiving LAL+/+ T cells, confirming a reduced pathogenicity of 

LAL−/− T cells in the induction of GVHD. We measured mammalian target of rapamycin 

complex 1 (mTORC1) activity as it reflects T cell activation, and found it was comparable 

between LAL−/− and LAL+/+ T cells, as demonstrated by the significantly increased density 

of phospho-S6 (pS6) in donor CD4 and CD8 T cells (Figure S5B). Interestingly, the 

mitochondrial membrane potential (Figure S5C), mitochondrial number (Figure S5F), and 

respiration (Figure S5G) were increased in LAL−/− T cells. The migration of donor 

lymphocytes toward GVHD target organs is required for GVHD development. Chemokine 

receptors expressed on the surface of lymphocytes is responsible for the trafficking of these 

cells toward target organs (Zeiser and Blazar, 2017). We found that LAL−/− CD4 T cells 

expressed lower gut/lung homing chemokine CXCR3 as compared to that of LAL+/+ CD4 T 

cells in recipient spleens (Figures S5D and S5E). Cytokine production including IFNγ and 

IL-17 was not different between LAL−/− and LAL+/+ T cells in recipient spleens (data not 

shown). These results indicate that LAL−/− T cells did not impair T cell activation and 

metabolism, but did reduce the T cell migration potential.

We next focused on examining the impact of LAL in T cells of the gut, a main GVHD target 

organ. Gut damage caused by conditioning, such as total body irradiation (TBI), triggers 

systemic GVHD development (Naymagon et al., 2017). Given that cell death is a valid 

indicator of gut damage (Jalili-Firoozinezhad et al., 2018), we isolated intestinal cells and 

examined their viability. Both percentage and absolute number of necrotic cells (7-AAD
+annexin V+) among host non-hematopoietic cells were significantly lower in the recipients 

of LAL−/− T cells (Figures 6A and 6B), suggesting that LAL−/− T cells caused less gut 

damage. T cell differentiation into pathogenic phenotypes is critical for the development of 

GVHD. As LAL was previously to be involved in T cell differentiation (Qu et al., 2009), we 

assessed the impact of LAL in donor T cell differentiation in vivo. In recipient guts, LAL-

deficient T cells exhibited reduced percentages of IFN-γ+ and IL-17+ cells while increasing 

Foxp3+ cells (Figures 6C–6E), suggesting that LAL promotes Th1/Th17 cell differentiation 

while suppressing Treg generation. These data suggest that LAL regulates GVHD 

pathogenicity via modulating donor T cell activation, differentiation, and migration in the 

recipient gut.

LAL Effects on Donor T Cell Metabolism in GVHD Target Tissue

We next examined how LAL affects donor T cell fate in the recipient gut. We observed that 

donor T cells deficient for LAL exhibited significantly higher percentages of necrosis, 

reflected by 7-AAD+/annexin V+ cells (Figure 7A) and lower levels of proliferation, 
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reflected by Ki67 expression (Figure 7B). Oxidative stress has been implicated in T cell 

death in GVHD target organs. Free FAs (FFAs) that are generated through lipid hydrolysis 

and subsequently undergo FAO in mitochondria reduce oxidative stress (Galicia-Vázquez 

and Aloyz, 2018). We therefore examined oxidative stress levels via DCFDA staining and 

found that donor CD4 T cells deficient for LAL showed higher levels of oxidative stress, 

reflected by higher levels of DCFDA uptake (Figure 7C). LAL deficiency likely caused lipid 

accumulation in donor T cells in recipient gut tissue as lipid content, reflected by BOD-IPY 

uptake, was increased in both donor CD4 and CD8 T cells (Figure 7D). In addition, cpt1a 

expression levels were significantly decreased in LAL−/− CD4 T cells, suggesting that FAO 

was decreased in the absence of LAL (Figure 7E). We also observed that exhaustion markers 

such as PD-1 and LAG-3 were significantly increased in LAL−/− T cells (Figures 7F and 

7G). These data suggest that donor T cells in target organs are in a state of anergy/

exhaustion in the absence of LAL. Autophagy is required for T cells to survive and maintain 

function in stressful conditions, such as GVHD target organ environment (Le Texier et al., 

2016). We found that donor T cells decreased autophagy activity in the absence of LAL, 

reflected by Cyto-ID staining (Figure 7H). We also observed a trend of increase in PD-L1 

expression in recipient non-hematopoietic stem cells (CD45−) (Figure 7I). These results 

indicate that LAL is required for T cell survival, function, and proliferation in GVHD target 

organs.

DISCUSSION

In the present study, we used both genetic and pharmacological approaches to determine the 

involvement of lipid metabolism in GVHD pathogenicity (Byersdorfer et al., 2013; Nguyen 

et al., 2018b). How FA metabolism regulates T cell responses after allo-HCT is still 

controversial (Gatza et al., 2011; Nguyen et al., 2016). It is also not clear what resources of 

FAs are required for the energetic demand of allo-reactive T cells. By using genetic and 

pharmacological approaches, we demonstrated that LAL, which is responsible for the 

release of FAs from lipid droplets, is important in donor T cell survival, metabolism, and 

function. The present study provides rationale for targeting LAL for the control of GVHD 

and tumor relapse after allo-HCT.

LAL has been shown to play a critical role in TCA-dependent FAO in CD8 memory T cells 

(O’Sullivan et al., 2014). However, the role of LAL in CD4 T cell metabolism is still 

unclear, which is relevant in understanding the development of GVHD (Coghill et al., 2011). 

We observed that LAL was required for FAO, reflected by reduced PPRγ expression in 

proliferating T cells in the absence of LAL (Figures 1F and 1H). Donor T cells typically 

differentiate into pathogenic phenotypes such as Th1 and Th17 cells in GVHD pathobiology 

after allo-HCT (Shlomchik, 2007). Metabolic microenvironments are known to be different 

in secondary lymphoid and parenchymal tissues (Dumitru et al., 2018). We observed that 

LAL induces Th1/Tc1 and Th17 cell differentiation while suppressing Treg generation, 

specifically in GVHD target organs but not in lymphoid organs. This observation suggests 

that LAL affects T cell differentiation after activation by alloantigens and migration to target 

organs. It is possible that alloreactive T cells depend more on FAs released from lipid 

droplets to fulfill their energy demands under the hypoxia and nutritional stress conditions in 

target organs (Gupta et al., 2017). It has recently become apparent that CD4 T cells, in 
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response to the starvation and inflammation of microenvironments such as in the GVHD gut, 

use autophagy as a mechanism for survival (Li et al., 2006). While LAL is essential for 

autophagy initiation, the absence of LAL may lead to a reduced memory formation and 

increased anergy of T cells (Puleston et al., 2014). The level of autophagy was decreased in 

gut LAL−/− T cells, as shown in Figure 7H. By contrast, in lymphoid organs such as the 

spleen, where external nutrition (e.g., glucose, glutamine) and oxygen are widely available 

(Pearce et al., 2013), T cells may not depend on intracellular energy resources for survival 

and function. The level of intracellular FA in donor T cells was decreased in the spleen when 

LAL was absent or blocked (Figure 4I), and thus we observed a limited impact of LAL on T 

cell immunological phenotype in recipient spleens.

Another potential explanation is that under a hypoxia condition, alloreactive T cells depend 

more on glycolysis for their survival and function (Nguyen et al., 2016), which would 

increase the generation of lactate and then further activate LAL under an acidic 

microenvironment (Qu et al., 2010). Therefore, LAL may promote alloreactive T cell 

survival to cause more damage in parenchymal organs. In contrast, oxygen is abundant in 

lymphoid organs, as these organs are well interconnected with peripheral blood (Gupta et al., 

2017). The absence of LAL may be compensated for by other metabolic pathways. In favor 

of this, in the absence of LAL, donor T cells increase the oxygen consumption rate (OCR), 

which is correlated with an increased in the total number of mitochondria in recipient 

lymphoid organs (Figure S5). The preserved survival and function of CD8 T cells in 

lymphoid organs in the absence of LAL likely contributed to the maintenance of the GVL 

effect.

It is well documented that PD-L1/PD-1 signaling plays an important role in the survival and 

metabolism of T cells in GVHD target organs (Ni et al., 2017). The coincidence of PD-L1 

upregulation on non-hematopoietic cells and PD-1 upregulation on LAL−/− T cells in 

recipient guts (Figures 7F and 7I) suggests that PD-L1/PD-1 ligation may contribute to T 

cell anergy in the absence of LAL. The upregulation of PD-L1 in gut non-hematopoietic 

cells may result from the stress of GVHD development, where LAL−/− T cells compete with 

gut cells for essential nutrition such as FAs (Wangpaichitr et al., 2017). However, further 

studies are required to confirm this assumption.

Of importance, we have evaluated a translational approach and demonstrated that an LAL-

specific inhibitor (orlistat) can effectively prevent GVHD, while still largely preserving the 

GVL activity of donor T cells. Although the inhibition of LAL in the recipients mimicked 

the results of LAL-deficient donor T cells, we cannot assume that orlistat merely inhibited 

LAL on T cells. In fact, the impact of orlistat on the generation of myeloid-derived 

suppressor cells (Schlager et al., 2017) and M2 macrophages (Huang et al., 2014) may also 

be attributed to overall outcomes, as suggested by others (Koehn and Blazar, 2017). In 

summary, the present study provides evidence that LAL may be a promising target for the 

control of GVHD and tumor relapse after allo-HCT. Because many lipase inhibitors are 

available or in clinical trials against obesity, the present findings have high translational 

potential in clinics.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information or requests should be directed to Xue-Zhong Yu 

(yux@musc.edu).

Materials Availability—Requests for unique resources should be directed to the lead 

contact. A completed Materials Transfer Agreement may be required.

Data and Code Availability—The published article includes all datasets generated or 

analyzed in this study, including those in Figures S1–S5 in the PDF file attached. Original 

raw data are available from the corresponding author on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and Chemicals—LAL−/− and LAL+/+ strains on C57BL/6 (B6) or FVB 

backgrounds were established previously (Qu et al., 2009) and bred at the Medical 

University of South Carolina (MUSC). FVB (H-2q, CD45.1), C57BL/6 (H-2b, CD45.2), B6 

Ly5.1 (H-2b, CD45.1), B6D2F1 (H-2b/d, CD45.2), C3H-SW (H-2b, CD45.1), and BALB/c 

(H-2d) mice were purchased from the National Cancer Institute or Charles River lab. Donor 

mice were age (6-10 weeks) and gender (both male and female) matched for experiments. 

Recipient mice were females age 8-10 weeks. Animals were maintained in specific 

pathogen-free facilities in the American Association for Laboratory Animal Care-accredited 

Animal Resource Center at MUSC. All animal procedures were approved by the 

Institutional Animal Care and Use Committee of MUSC. Orlistat was purchased from 

Cayman Chem.

METHOD DETAILS

Mixed Lymphocyte Reaction (MLR) in vitro—CD25-depleted T cells were purified 

from the spleen and lymph nodes from LAL+/+ or LAL−/− mice on FVB background using 

microbeads via negative selection (Miltenyi). Purified T cells were labeled with CFSE and 

stimulated at 1.5 × 105 per well with 4.5 × 105 T cell depleted (TCD) splenocytes from 

BALB/c mice. In some conditions, cells were cultured in the media supplemented with lipid-

free FBS (Thermo Fisher Scientific). In other conditions, 10 mM N-acetyl cysteine (NAC, 

Sigma) or 100 ug/ml Orlistat was added in cell culture. Cells were harvested five days after 

stimulation and subjected to flow-cytometric assays.

GVHD/GVL models—Recipient mice were lethally irradiated at 700 cGy for BALB/c and 

1000-1200 cGy (2 split doses, 3-hour interval) for B6 or BDF1 recipient mice using an X-

RAD 320 irradiator (Precision X-Ray). Lethally irradiated BALB/c, B6 or BDF1 mice were 

transplanted with BM from B6 or FVB donors with or without T cells at doses indicated. 

Recipient survival was monitored throughout the experiment. The development of GVHD 

was monitored twice per week for weight loss and once per week for clinical signs of 

posture, skin damage, hair loss, ruffled fur, diarrhea, and decreased activity (Nguyen et al., 

2018a)( Cooke etal., 1996). To evaluate the GVL response, tumor cells were injected i.v. on 

the same day of transplantation. In case of luciferase transduced P815 (5000 cells/mouse), 
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tumor burden was estimated with bioluminescent imaging (BLI) using Xenogen-IVIS 200 in 
vivo Imaging System (Perkin-Elmer, Waltham, MA). MLL-AF9-GFP+ tumors were 

identified by measuring via the percentages of GFP+ cells in peripheral blood using flow 

cytometry. Recipient survival and GVHD severity demonstrated by recipient weight loss 

were monitored throughout experiment.

Flow Cytometry—The following antibodies were used for cell-surface staining: anti–CD4 

(clone RM4-5, BD Biosciences), anti–CD8 (clone 53-6.7, BD Biosciences), anti–H-2q 

(KH114, Biolegend), anti–CXCR3-biotin (CXCR3-173, eBioscience); and anti–CCR6-

AF647 (BioLegend, clone 29-2L17), anti-FasL (MFL3, BD Biosciences), anti-PD-1 (MFL3, 

eBioscience), anti-NK1.1 (PK136, eBioscience), anti-CD44 (IM7, Biolegend), anti-CD62L 

(MEL-14, eBioscience), anti-TCRβ (H57-597 BD Biosciences), anti-CD11b (M1/70, 

eBioscience). Biotinylated Abs were detected using APCcy7 (BD Biosciences, catalog 

554063) or PEcy7 (BD Biosciences, catalog 557598) conjugated to streptavidin. To measure 

intracellular cytokines, cells were stimulated for 4–5 h at 37°C with PMA (100 ng/ml, 

Sigma-Aldrich) and ionomycin (500 ng/mL; Calbiochem, EMD) in the presence of 

GolgiStop (BD Biosciences). Fix and permeabilization were performed using Cytofix/

Cytoperm Plus (BD Biosciences), followed by staining with the appropriate antibodies 

including anti–IFNγ (clone XMG1.2, eBioscience), anti–IL-17 (clone TC11-18H10.1, 

BioLegend), anti–IL-4 (clone 11B11, BD Biosciences), anti–IL-5 (clone TRFK5, 

eBioscience), anti–FOXP3, (clone FJK-16 s, eBioscience), anti-Ki67 (16A8, Biolegend), 

and anti–pS6-AF467 (Cell Signaling Technology, clone D57.2.2E). Live/dead yellow cell 

staining kit (catalog L-34968) and CFSE (catalog C1157) were purchased from Invitrogen. 

Apoptosis was measured by Annexin V kit (BD Biosciences, San Jose, CA).

Immunofluorescence staining—Splenic T cells were stained directly with MitoTracker 

Red (MTR, 1 mM) (Molecular Probes) in PBS (pH 7.4). DAPI (Vector Labs) was used for 

nuclear stains. Super-resolution imaging was performed using a Zeiss LSM 880 confocal 

microscope (Zeiss. Uniform field sizes of 240x240x40 μm dimensions were imaged with a 

63x oil objective.

Metabolic assays—The metabolic profile of single-cell suspensions was determined 

using a Seahorse XF96 Analyzer (Seahorse Biosciences, Billerica, MA), as described in our 

previous work (Ref #30). Briefly, T cells (0.5-1.0x106/well) were attached to tissue culture 

plates for 30 minutes using Cell-Tak (BD, 354240)(Capasso et al., 2010). OCR were 

analyzed in response to 1.0 μM oligomycin, 1.0 μM fluoro-carbonyl cyanide 

phenylhydrazone (FCCP) and 2μM rotenone (Seahorse Bioscience) plus 100 nM antimycin 

A (Sigma-Aldrich). ECAR were measured under basal conditions, and following injection of 

three pharmacologic compounds; glucose (5.5 mM), oligomycin (1.0 μM), 2-DG (100 mM)

(Everts et al., 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics—Data were analyzed using Prism GraphPad (version 7). Briefly, comparisons 

(e.g., clinical scores and body weight loss scores) between two groups were estimated using 

a nonparametric Mann-Whitney U test. The log-rank (Mantel-Cox) test was utilized to 
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compare the overall survival rates between groups. Statistical analysis of metabolism data 

was performed by Wilcoxon’s rank sum tests for two-group comparisons and/or Kruskal–

Wallis test for multiple-group (> 2) comparisons followed by the Dunnett’s test. A p-value 

less than 0.05 is considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Lysosomal acid lipase (LAL) is required for donor T cells to induce GVHD

• LAL regulates T cell immunity in GVHD target organs

• Pharmacological blockade of LAL effectively ameliorates GVHD

• Pharmacological blockade of LAL preserves GVL activity

Nguyen et al. Page 15

Cell Rep. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. The Role of LAL in T Cell Survival, Proliferation, Cytokine Secretion, and Metabolism
CD25-depleted T cells, isolated from the spleens and lymph nodes of LAL+/+ and LAL−/− 

age- and gender-matched mice, were labeled with CFSE and stimulated with plate-bound 

CD3 (2 μg/mL) and soluble CD28 (2 μg/mL) for 3 days. Cells were stained with 

fluorochrome anti-mouse CD4, CD8, live/death, annexin V, 7-AAD for surface or fixed/

permeabilized followed by intracellular staining with IFN-γ, TNF-α, and PPR-γ. The zebra 

plots show flow staining of 7-AAD, annexin V (A), CFSE (B), TNF-α, IFN-γ (C), and PPR-

γ (D) on CD4 and CD8 T cells. The summary graphs show the frequencies and numbers of 

T cell subsets (E).

The data were presented as means ± SDs of 3 technical replicates. ***p < 0.001.
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Figure 2. The Impact of LAL in Donor T Cells on GVHD and GVL Responses
(A and B) Lethally irradiated B6 recipients (n = 10–15) were transplanted with TCD-BM (5 

× 106/mouse) from WT FVB mice without or with T cells (0.5 × 106/ mouse) from LAL+/+ 

or LAL−/− FVB donors. The recipients were monitored for survival (A) and clinical scores 

(B).

(C and D) Lethally irradiated BALB/c recipients (n = 10) were transplanted with TCD-BM 

(5 × 106/mouse) from WT B6 without or with T cells (0.75 × 106/mouse) from LAL+/+ or 

LAL−/− B6 donors. The recipients were monitored for survival (C) and clinical score (D).

(E–G) Lethally irradiated BDF1 recipients (n = 10) were injected with luciferase-transduced 

P815 mastocytoma (5,000 cells/mouse) and transplanted with TCD-BM (5 × 106/mouse) 

from WT B6 mice without or with CD25-depleted T cells (2.4 × 106/mouse) from LAL+/+ or 

LAL−/− B6 donors. Survival (E), clinical score (F), and tumor signals reflected by 

bioluminescence intensity (G) are shown.

The log-rank (Mantel-Cox) test (A, C, and E) and nonparametric Mann-Whitney U test (B, 

D, and F) were used to compare between groups. The experiments were repeated 2 times. 

The data are presented as means ± SEMs; *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 3. Pharmacological Inhibition of LAL with Orlistat Effects of GVHD and the GVL Effect
(A and B) Lethally irradiated BDF1 recipients (n = 10) were transplanted with TCD-BM (5 

× 106/mouse) without or with CD25-depleted T cells (2.4 × 106/mouse) from B6 donors. 

Recipients were treated with orlistat intraperitoneally (i.p.) at 8 mg/kg every other day for 14 

days. Recipient survival (A) and clinical scores (B) are shown.

(C–E) Allo-BMT was performed as in (A) and (B) (n = 10), except that recipients were 

injected with P815 mastocytoma (5,000 cells/mouse). Recipient survival (C), tumor signal 

(D), and summary of signal intensity (E) are shown.

The data are presented as means ± SDs; *p < 0.05 and **p < 0.01.
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Figure 4. The Effect of LAL on T Cells in Recipient Spleen during GVHD
Lethally irradiated BDF1 recipients (n = 4–5) were transplanted with 5 × 106 Rag−/− BM 

cells and 1.25 × 106 CD25-depleted LAL+/+ or LAL−/− T cells from B6 donors. Mice treated 

with orlistat received LAL+/+ T cells and were i.p. injected with orlistat at a dose of 20 

mg/kg/day. After 7 days, mice were euthanized, and their spleens were collected. Isolated 

cells from the spleens were stained and analyzed with flow cytometry.

(A-C) Cells were gated on live donor CD4+ or CD8+ cells (A) for downstream analysis. The 

frequency of CXCR3+ or CD4+/Foxp3+, as well as the mean fluorescence intensity of 

BoDipy, PD-1, and DCFDA were measured for CD4+ (B) or CD8+ (C) cells.

(D–F) Summary graphs of the data.

The data are presented as means ± SEMs. The data shown are from 1 of 3 replicate 

experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 5. The Effect of LAL on T Cells in Recipient Intestines during GVHD
Allo-HCT was set up as described in Figure 4. After 7 days, mice were euthanized, and their 

intestines were collected. Isolated cells from the intestines were stained and analyzed with 

flow cytometry.

(A) Cells were gated on live donor CD4+ or CD8+ cells for downstream analysis.

(B and C) The frequency of CXCR3+ or CD4+/Foxp3+, as well as the mean fluorescence 

intensity of BODIPY, PD-1, and DCFDA were measured for CD4+ (B) and CD8+ (C) cells.

(D–G) Summary graphs of the data.

The data are presented as means ± SEMs. The data shown are from 1 of 3 replicate 

experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 6. The Role of LAL in Donor T Cell Differentiation in the Gut
Lethally irradiated B6 recipients (n = 3–4) were transplanted with BM (5 × 106/mouse) from 

WT FVB mice without or with T cells (0.5 × 106/mouse) from LAL+/+ or LAL−/− FVB 

donors. Thirteen days after transplant, the recipients were euthanized, and their spleens and 

intestines were collected. Isolated cells were stained for surface or intracellular makers by 

flow cytometry.

(A and B) The zebra plots (A) and summary graphs (B) show frequencies and numbers of 

recipient non-hematopoietic necrotic (7-AAD+annexin V+) cells isolated from the recipient 

guts.

(C–E) The zebra plots and summary graphs show frequencies of IFNγ+ among donor CD4 

or CD8 T cells (C), of IL17A+ (D) and Foxp3+(E) in donor CD4 T cells.

The Kruskal-Wallis test was used for statistical analysis. The experiments were repeated 2 

times. The data are presented as means ± SDs from one representative experiment. *p < 

0.05, **p < 0.01, and ***p < 0.001.
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Figure 7. The Effect of LAL on T Cell Fate in Target Organs
Allo-HCT was set up and single cells were isolated on day 13 post-HCT and stained for 

analysis by flow cytometry, as in Figure 3.

(A) The zebra plots and summary graphs show the frequencies of donor necrotic (7-AAD+ 

annexin V+) on gated CD4 or CD8 T cells isolated from recipient guts.

(B–I) Histograms and summary graphs show mean of fluorescence intensity of Ki67 (B), 

DCFDA(C), BODIPY (D), cpt1a (E), PD-1 (F), lag-3 (G), and cyto-ID (H) and PD-L1 (I).

The Kruskal-Wallis test was used for statistical analysis. The experiments were repeated 2 

times. The data are presented as means ± SDs. *p < 0.05, **p < 0.01, and ***p < 0.001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-CD4 3D Biosciences #560468 ; RRID:AB_1645271; Clone RM4-5

Mouse anti-CD8 3D Biosciences #553035; RRID:N/A; Clone 53-6.7

Mouse anti-H2q BioLegend #115106; RRID:AB_893562; Clone KH114

Mouse anti-CXCR3-biotin Invitrogen #13-1831-82; RRID:N/A; Clone CXCR3-173

Mouse anti-CCR6-AF647 Biolegend #129808; RRID:AB_1877147; Clone 29-2L17

Mouse anti-FasL BD Biosciences #555293; RRID:N/A; Clone MFL3

Mouse anti-PD1 eBiosciences #12-9985-81;RRID:N/A; Clone J43

Mouse anti-NK1.1 eBiosciences #25-5941-81; RRID:N/A; Clone PK136

Mouse anti-CD44 Invitrogen #12-0441-82; RRID:N/A; Clone IM7

Mouse anti-CD62L Invitrogen 15-0621-82; RRID:N/A; Clone MEL-14

Mouse anti-TCRβ BD Biosciences #553171; RRID:N/A; Clone H57-597

Mouse anti-CD11b eBiosciences #13-0112-85; RRID:N/A; Clone M1/70

Anti-streptavidin-APCCy7 BD Biosciences #554063; RRID:N/A

Anti-streptavidin-PECy7 BD Biosciences #557598; RRID:N/A

Mouse anti-IFNγ Invitrogen #45-7311-82; RRID:N/A; Clone XMG1.2

Mouse anti-IL-17 Biolegend #506922;RRID:AB_2125010; Clone TC11-18H10.1

Mouse anti-IL-4 BD Biosciences #554435; RRID:N/A; Clone 11B11

Mouse anti-IL-5 Invitrogen #12-7052-82; RRID:N/A; Clone TRFK5

Mouse anti-Foxp3 eBiosciences #35-5773-82; RRID:N/A; Clone FJK-16 s

Mouse anti-Ki67 Biolegend #652404; RRID:N/A; Clone 16A8

Mouse anti-pS6-AF467 Cell Signaling Technology #4851S; RRID:AB_10695457; Clone D57.2.2E

CFSE BD Biosciences #565082; RRID:AB_2869649

Mouse anti-CD45R-biotin Invitrogen #13-0452-85; RRID:N/A; Clone RA3-6B2

Mouse anti-CD11b-biotin Invitrogen #13-0112-85; RRID:N/A; Clone M1/70

Mouse anti-TER-119-biotin Invitrogen #13-5921-85; RRID:N/A; Clone TER-119

Mouse anti-CD49b-biotin Invitrogen #13-5971-85; RRID:N/A; Clone DX5

Mouse anti-CD25-biotin Invitrogen #13-0251-85; RRID:N/A; Clone PC61.5

Mouse anti-CD90.2-biotin BD Biosciences #13-0903-81; RRID:N/A; Clone 30-H12

MitoTrackerRed Invitrogen #V35116; RRID:N/A

Mouse anti-Cpt1a Abcam #171449; RRID:N/A

2′,7’-Dichlorofluorescin diacetate Sigma Aldrich #4091-99-0; RRID:N/A

Bodipy Invitrogen #D-3823; RRID:N/A

Chemicals, Peptides, and Recombinant Proteins

Rabbit complement Immucor RC-100

Cell-Tak BD Biosciences 354240

Anti-biotin microbeads Miltenyi Biotec #130-090-485
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REAGENT or RESOURCE SOURCE IDENTIFIER

Fetal bovine serum, charcoal-stripped Thermo Fischer #A3382101

N-acetyl-L-cysteine Sigma-Aldrich #A7250

Orlistat Cayman Chemical Company #10005426

Critical Commercial Assays

Live dead yellow staining kit Invitrogen L-24968

Annexin V kit BD Biosciences #559763

Seahorse XF Glycolysis Stress Test Kit Agilent #103020-100

Seahorse XF Mito Stress Test Kit Agilent #103015-100

Experimental Models: Cell Lines

Mouse: luciferase-transduced P815 mastocytoma Dr. Pavan Reddy lab N/A

Mouse: MLL-AF9 GFP+ mixed lineage leukemia Dr. Sophie Paczesny lab N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6 LAL+/+/−/− Original mice provided by Dr. 
Cong Yan lab; mice bred at MUSC

N/A

Mouse: FVB LAL+/+/−/− Original mice provided by Dr. 
Cong Yan lab; mice bred at MUSC

N/A

Mouse: BALB/c NCI or Charles River 028

Mouse: FVB NCI or Charles River 207

Mouse: C57BL/6 NCI or Charles River 027

Mouse: C57BL/6 Ly5.1+ NCI or Charles River 494

Mouse: B6D2F1 NCI or Charles River 099

Mouse: C3H-SW NCI or Charles River N/A

Other

Seahorse XFe96 Analyzer MUSC Bioenergetics Profiling 
Core

#101991-100
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