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Abstract 

 

Every year 8,000 allogeneic hematopoietic stem cell transplants (aHSCT) are performed 

in the United States alone. This procedure is currently the only curative treatment for 

hematological malignancies. Chronic graft-versus-host disease (cGVHD) is a long-term 

immune complication following aHSCT and a leading cause of non-relapse mortality. 

The standard of clinical management of broad immunosuppression by corticosteroids has 

been largely unchanged in several decades. With many patients exhibiting steroid-

resistant or steroid-refractory disease, newer therapies are needed. Murine modeling of 

cGVHD has allowed for greater understanding of disease pathogenesis and for testing of 

novel therapeutic agents. Donor T-cells, responsible for the initiation disease, require 

specific signaling pathways and changes in their metabolic profile to sustain their 

survival, proliferation and differentiation. In cGVHD, activated donor CD4+ T-cells 

differentiate into pathogenic, cytokine producing Th17 cells, which contribute to 

inflammation. They also develop into T follicular helper cells, a specialized cell subset 

that provide necessary signaling to germinal center B cells to promote their 

differentiation into antibody-producing plasma cells. Immunoglobulin deposition along 

with abnormal tissue repair activates pro-fibrotic pathways, leading to collagen buildup in 

target organs in cGVHD. In this study, we sought to explore therapeutic approaches that 

would decrease Tfh and Th17 cells, leading to reduction in cGVHD disease burden. First, 

we demonstrate that targeting pathways necessary for T-cell activation are effective for 

reduction of cGVHD. PI3Kδ, which is downstream of TCR, co-stimulatory and cytokine 

signals, is necessary for cGVHD and inhibition can reduce cGHVD in BO and 
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sclerodermatous models. We also show that metabolic pathways for glycolysis, fatty acid 

synthesis and glutaminolysis are all required by donor T-cells for development of 

cGVHD. Targeting Glutaminolysis for pharmacologic inhibition in particular was found 

to be an effective therapeutic for cGVHD.  We determined that targeting the germinal 

center directly via BCL6 inhibition reduces cGVHD in GC-mediated murine models. 

Finally, we demonstrate the importance of Th17-prone cell subsets in human and murine 

cGVHD. Take together; these results identify pathways required for development of 

cGVHD as well as potential novel therapeutic targets. 
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Chapter I: Introduction 
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1.1 Allogeneic Hematopoietic Stem Cell Transplantation  

 

Allogeneic hematopoietic stem cell transplantation (aHSCT), or bone marrow transplant 

(BMT), is the life saving and currently the only curative therapy for many hematologic 

disorders and malignancies. The hematologic compartment is the site for development of 

many essential cell types including red blood cells and leukocytes: the cells that make up 

the immune system. Yearly, it is estimated that over 8,000 patients in the United States 

alone receive an aHSCT1. The first successful aHSCT was performed at the University of 

Minnesota in 1968, performed by Dr. Robert Good for an infant with an immunodefiency 

syndrome with BM donated by sibling. It was known then that siblings had the best 

chance of successful transplant. Today, we know that matching of key set of markers, 

known as human leukocyte antigens (HLA), is important for outcome in aHSCT.  

 

The HLA complex, also referred to as the major histocompatibility complex (MHC), 

allows immune cells to distinguish self versus non-self, mediating immune responses to 

viruses and bacteria and providing protection from autoimmunity. The complex consists 

of a multitude of genes that are grouped into three classes. The class I genes make 

proteins that are present on almost cell types. They have the role of presenting protein 

fragments, called peptides, to the cells of the immune system, specifically CD8+ or 

cytotoxic T-cells. If the peptide is foreign, an immune response will be triggered. The 

class II genes make a protein that is present on specific immune cells, antigen-presenting 

cells (APCs). They have the same role as the class I proteins, which is to display peptides 

to immune cells, CD4+ T helper (Th) cells in this case. Finally, the class III genes are 
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slightly less well understood. They have roles in inflammation and immune function. 

Siblings are often considered the best chance of matching HLA, however the odds of a 

sibling being a full match are only 25%. The bone marrow registry established by the 

National Marrow Donor Program/Be the Match Registry is the largest registry of its kind 

and has increased the ability to match patients and donors.  

 

Today, the procedure for patients receiving an aHSCT includes first undergoing a 

conditioning regimen that serves to deplete their hematopoietic stem cells (HSCs) and 

eradicate any malignant cells2. Conditioning can include chemotherapy with or without 

radiation therapy. Patients then receive a transplant of HSC from a donor, related or 

unrelated, which will reconstitute the patient’s hematopoietic system. After transplant, 

patients receive prophylactic immunosuppressants, putting them at risk for opportunistic 

infections and relapse, to prevent risk of graft versus host disease (GVHD). 

 

GVHD is a serious immune-mediated complication following aHSCT, in which 

immunocompetent T-cells in the donor graft recognize the host as foreign, resulting in 

damage to the patient’s tissues. GVHD occurs in up to 70% of patients who receive an 

aHSCT and a leading cause of mortality in patients3,4. GVHD comes in two forms of 

disease, acute and chronic. Acute GVHD (aGVHD) typically occurs less than 100 days 

after transplant and has a highly inflammatory component5. aGVHD is initiated by the 

release of proinflammatory cytokines from the conditioning process activating CD4+ and 

CD8+ T-cells. These T-cells damage epithelial tissues, notably the gastrointestinal (GI) 

tract, skin, liver and mucus membranes6. Advancements in the research of aGVHD has 
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improved the outcome for aHSCT patients, this however has not been the case for 

cGVHD. 

 

1.2 Chronic Graft Versus Host Disease 

 

Chronic graft versus host disease (cGVHD) occurs in 30-70% of patients who receive 

aHSCT and the prevalence of cGVHD has been increasing7. cGVHD can be difficult to 

diagnose and stage due to number of target tissues and organ systems involved. Recently, 

the National Institutes of Health (NIH) has made significant advancements in the 

consensus criteria for clinical diagnosis of cGVHD8. Similar to aGVHD, cGVHD can 

involve epithelial targets in the GI tract, liver, skin and/or lung. But it can target any other 

organ system as well, including but not limited to oral, ocular, fascial etc8. Each organ 

system is evaluated individually for severity and the cumulative score for all systems is 

used to calculate the overall cGVHD severity, which can be used to predict patient 

survival8,9. The current standard of care is generalized immunosuppression via 

corticosteroids or calcineurin inhibition however about half of patients have steroid 

resistant or steroid-refractory cGVHD10,11. Progress in the development of new therapies 

for cGVHD has been slow-going, with only one new drug approved by the Food and 

Drug Administration (FDA) in the last several years7.  

 

The utilization of mouse models has allowed for greater understanding of disease 

pathogenesis and the discovery and testing for new cGVHD therapeutics. Preclinical 

mouse models and clinical data from patients has been used to separate cGVHD 
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pathophysiology into three phases. The first phase is mediated by tissue injury from 

conditioning regimen and early inflammation from innate cells, nonhematopoetic 

endothelial cells and fibroblasts. During this phase, tissue injury stimulates antigen-

presenting cells (APCs) to upregulate co-stimulatory signals to activate donor T-cells. 

Phase 2 is characterized by chronic inflammation, thymic injury and dysregulation of the 

adaptive arm of immune system. During this second phase, coordinated T and B cell 

responses occur, including the development of antibody-producing plasma cells (PCs). 

Finally, the third phase of cGVHD involves activated macrophages and fibroblasts 

resulting tissue repair and fibrosis12. No one single mouse model faithfully recapitulates 

all features of cGVHD; therefore studies typically include multiple models that highlight 

specific areas of the disease such as bronchiolitis obliterans (BO) or scleroderma.  

 

1.3 Murine modeling of cGVHD 

 

cGVHD is an immune driven, multi-systems disease, which makes animal modeling 

really the only option for studying its complex pathogenesis. Murine models offer 

researchers several advantages that make them attractive for preclinical studies. The 

mouse genome is similar to human, 99% of human genes have a mouse homolog, and 

both species have a similar number that are protein-coding13. There are a variety of 

inbred mouse strains, which have been well characterized. In addition, mouse genomes 

can also be easily modified utilizing gene-editing techniques to create transgenic, 

knockout (KO) and knockin strains. Finally, mouse strains and experiments can be 

maintained at relatively low cost, making larger experiments and more replicates feasible. 
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There are different categories of murine models used for the study of cGVHD according 

to the immunologic mechanism and observable phenotypes.  

 

Bronchiolitis Obliterans (BO) is a serious late stage cGVHD complication, occurring in 

~10% of patients and associated with a 5-year survival rate of 10%14. To address this 

serious complication, a BO model murine model of cGVHD was developed by 

Panoskltsis-Mortari et al. This BO model of cGVHD includes a clinically relevant 

conditioning regimen and recapitulates multi-organ systems disease observed in 

patients15. In this model, B10.BR (H2K) recipients undergo conditioning with 

chemotherapy, receiving cyclophosphamide (120mg/kg) on days -3 and -2, followed by 

sublethal, total body irradiation (TBI, 830 Gy) on day -1 before transplant. Mice then 

receive a major histocompatibility (MHC) mismatch transplant in the form of T-cell 

depleted (TCD) bone marrow (BM) and a low dose of T-cell purified splenocytes from 

B6 (H2b) donors (Figure 1). Control mice that receive only TCD BM are used as healthy 

controls. In this model, we find cGVHD mice to have low mortality and lose ~20% 

bodyweight. A hallmark of this model is the development of pulmonary dysfunction, 

consistent with BO, as a result of collagen deposition and fibrosis, which can observed 

beginning ~4 weeks post transplant16. Pulmonary function tests (PFTs) can be 

administered in vivo utilizing a FlexiVent (Scireq) to use forced oscillatory techniques to 

measure respiratory resistance, elastance and compliance. In addition to PFTs, analysis of 

lung tissues show that cGVHD have increased collagen deposition and higher 

histopathology scores15. 
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In this model, the germinal center (GC) has been found to be necessary for the 

development of disease. The T follicular helper (Tfh) cell is a specialized T-cell that 

traffics to the GC to provide signaling to B cells. Tfh are identified by their master 

transcription factor, BCL6, which drives the expression of CXCR5, allowing them to 

respond to chemokine CXCL13 for localization to follicles in the secondary lymphoid 

organs17. Tfh can also be identified by their high levels of PD1 expression18 and lack of 

expression of the regulatory T cell master transcription factor, forkhead box P3 (Foxp3). 

Tfh provide signaling, in the form of IL21, ICOS and CD40, to GC B cells in order to 

support their somatic hypermutation and affinity maturation19-21. GC B cells can become 

memory B cells or PCs, which deposit antibodies in target organs, as evidenced by 

increased deposition of IgG in the lungs of cGVHD mice16. Flynn et al. found increased 

frequency of Tfh and GC B cells 8 weeks after transplant, corresponding to worsened 

PFTs22. In addition, there was a greater size and frequency of GCs present in the spleen 

of cGHVD mice22. Blocking Tfh and GC B cell interactions by mAbs for IL-21R, ICOS 

and CD40L resulted in decreased disease in this model22. Tfh have also been implicated 

in human cGVHD as patients have been found to have Tfh in circulation with an 

activated phenotype that have an increased capacity to promote B-cell maturation23. 

Another cell in the GC reaction is the T follicular regulatory (Tfr) cell, which are derived 

from peripheral T regulatory (Treg) cells24-26. While the frequency of Tfrs are not 

necessarily decreased in cGVHD, it has been shown that it is the ratio of Tfr:Tfh that is 

important to control of GCs27. In accordance with this, in cGVHD the ratio of Tfr:Tfh is 

decreased compared to healthy, BM only controls.  
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In addition to the importance of the GC cell subsets, Th17 cells have also been shown to 

have a pathogenic role in this model. Th17 are defined by the master transcription factor 

RAR-orphan	receptor	gamma (RORγt) and production of the cytokine IL-17. These 

cells have potential to propagate inflammatory state as well as contribute to B cell 

responses. Furthermore, Th17 have shown ability to provide help to B cells outside of 

germinal centers28. Liver biopsies from cGVHD patients were found to have increased 

Th17 cell frequencies29. Additionally, Th17 cells have been implicated in several 

different autoimmune diseases, including rheumatoid arthritis (RA), multiple sclerosis 

(MS), and psorosis30-33. In patients with systemic sclerosis, a disease with many 

similarities to scleroderma, Th17 in the skin and IL-17 serum levels correlated with 

severity of disease34. Interestingly, Rho-associated kinase-2 (ROCK2) inhibition by 

KD025 has been found to reduce IL-21 and IL-17 in healthy patients35. In our BO model, 

we found that KD025 treated mice had reduction in disease severity36. The role of Th17 

in BO cGVHD is further explored in this body of work. 

 

One prominent clinical feature of cGVHD missing from this BO model is the 

involvement of skin manifestations. In order to address this, another model of cGVHD 

can be used. In this model, Balb/c (H2d) recipient mice are conditioned with TBI (700 

Gy) on day -1 before transplant. On day 0, mice receive a minor MHC mismatch 

transplant from B10.D2 (H2K) donors. Mice are infused with TCD BM and a 3.6-fold 

high dose of T-cells as compared to the BO cGVHD, receiving 1.8 x 106 CD4+ and 0.9 x 

106 CD8+ T-cells37,38 (Figure 2). Skin manifestations are prominent in this model of 

cGVHD39, beginning to appear around day 20. In addition, clinical cGVHD scores are 
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increased, as measured using a scoring system taking into account weight loss, fur 

texture, posture, activity and skin integrity40,41. Therapeutic interventions begin once skin 

scores from the BM + T-cell groups are significantly different from the BM controls 

 

In contrast to the BO model, the scleroderma model of cGVHD is a Th1-dependent and 

Th17-associated cutaneous, inflammatory response38. In accordance, we find increased 

frequency of interferon-γ (IFNγ) and IL-17 cytokines38,42. STAT3 signaling in the donor 

T-cells has been found to have a role in disease pathogenesis in this model. STAT3 KO 

donor T-cells had reduced proliferation and delayed Th17 cell emergence38. The role of 

the GC is not well understood in this scleroderma model of cGVHD; however, 

preliminary findings have not found it to be involved. 

 

1.4 Differential Pathway Requirements for T effectors (Teffs) and Tregs 

 

In both patients and murine models, initiation of cGVHD is dependent on donor T-

cells16,43,44. Naïve T-cells lie in wait until they encounter a stimulus that activates them. 

T-cell activation occurs when naïve T-cells have T-cell receptor (TCR) engagement, 

along with CD28 costimulation and proper cytokine signaling. Upon this activation, T-

cell internal signaling changes in order to support the differentiation into different T-cell 

subsets. CD4+ Th cell subsets (Th1, Th2, Th17, etc.) are defined by master transcription 

factors that regulate cytokine profiles and expression of surface markers. Tregs are 

another important CD4+ T-cell subset that is responsible for dampening Teff response 

and controlling immune reactions. Tregs are identified by their master transcription factor 
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forkhead box P3 (Foxp3)45.The balance of Teff and Tregs is crucial for immune 

homeostasis; improper immunosurveillance by Tregs can result in autoimmunity46,47.  

 

In cGVHD, activation occurs when alloreactive T-cells recognize recipient MHC itself or 

minor histocompatibility antigens presented by MHC as non-self. After this engagement, 

the phosphoinositide-3-kinase (PI3K) pathway is a key regulatory pathway for T-cells. 

PI3K catalyzes the conversion of phosphatidylinositol-4,5-phosphate (PIP2) to 

phosphatidylinositol-3,4,5-triphosphate (PIP3). This initiates a signaling cascade that can 

result in the phosphorylation and subsequent activation of protein kinase B, also known 

as Akt. Akt has two resides at which phosphorylation must occur for complete activation: 

Threonine 308 (Thr308) as well as Serine 473 (Ser473)48. Akt controls multiple 

substrates downstream involved in cell survival, proliferation, function and metabolism. 

 

There are 3 classes [IA/IB,II,III] of PI3Ks identified by their subunit composition49. Class 

IA PI3Ks are heterodimers with a regulatory adaptor and catalytic subunit with different 

isoforms, p110α,β or δ50. This class of PI3Ks is activated via receptor tyrosine kinases, 

such as the TCR or other cytokine receptors48. Class 1B PI3Ks are also heterodimers, all 

with catalytic subunit p110γ with a regulatory adaptor51. PI3K p110δ (PI3Kδ) and PI3K 

p110γ (PI3Kγ) have been found to be the two isoforms preferentially required by 

leukocytes, with PI3Kδ found to be necessary for Teff activity52,53. Genetic inactivation 

or inhibition of PI3Kδ can prevent naïve T-cell differentiation into Teff subset as well as 

decrease production of inflammatory cytokines54-56. 
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In contrast to Teff, PI3K signaling in Tregs is less clear-cut. Phosphorylation of the Foxo 

family of transcription factors by signaling through Akt results in nuclear exclusion and 

prevents the transcription of Foxp357. Loss of activity of the Foxos is associated with 

impaired Treg development and therefore severe decreases in Treg frequencies58. Tregs 

have been found to have increased levels of phosphatase and tensin homolog (PTEN), a 

negative regulator of PI3K59. Huynh and Turka observed that PTEN +/- or PTEN-/- mice 

were able to develop Tregs in normal frequencies and with normal function59. 

Interestingly, mice lacking just one or both functional copies of PTEN were still found to 

develop lethal systemic autoimmunity60,61. Activated T-cells downregulate PTEN in order 

to sustain Teff activity62,63. However, PI3K signaling in Tregs is complex. Inhibition of 

PI3Kδ diminishes Treg suppressor function and survival in both in vitro and in vivo 

studies64,65.  

 

Downstream of PI3K/Akt signaling in T-cells come changes in metabolism to sustain T 

effector activity as well as direct their differentiation. Mature, naïve T-cells generate 

Adenosine Triphosphate (ATP), the primary source of energy in cells, by mitochondrial 

β-fatty acid oxidation (FAO) and oxidative phosphorylation (OXPHOS). This process 

yields 36 net ATP per unit of glucose. Activation of T-cells results in a drastic change 

from catabolic metabolism to one of anabolic growth. In this stage, T-cells need to 

accumulate biomass for their proliferation. T-cells increase glucose transporters in order 

to increase glucose uptake for fueling aerobic glycolysis. Also known as Warburg effect, 

aerobic glycolysis converts glucose to lactate instead of entering the more energy 

efficient tricarboxylic acid (TCA) cycle and OXPHOS even if oxygen is not limiting. 
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Aerobic glycolysis yields a net of 2 ATP however, this change in metabolic signaling 

allows activated T-cells to generate metabolic intermediates needed for cellular growth, 

as well as generates NAD+/NADH for redox balance66. Alloreactive T-cells in GVHD 

have been found to upregulate both aerobic glycolysis and OXPHOS67.  

 

While T-cells express 4 isoforms of glucose transporters, Teff have shown a specific need 

for Glut168. Overexpression of the glucose transporter, Glut1, increased Teff function and 

induced inflammatory disease69. Consequently, mice lacking Glut1 in T-cells had reduced 

proliferation and were unable to induce GVHD or colitis in murine models68. Inhibition 

of glycolysis by glucose analog 2-deoxyglucose (2-DG) had negative effects on Th17 

cells and disease in an experimental autoimmune encephalomyelitis (EAE)70.  

 

Glucose metabolism is also linked to de novo fatty acid (FA) synthesis. T-cells deficient 

for Myc, a transcription factor that promotes proliferation and growth, had reduced 

transcription of genes involved in glucose metabolism as well as lipid synthesis71. Th1 

and Th2 subsets were shown to depend on de novo FA synthesis but it was found to be 

particularly important for Th17 cells. Mice lacking a key enzyme, Acetyl-CoA 

Carboxylase I (ACC1), for FA synthesis had decreased Th17 differentiation. This same 

effect was also found using a pharmacologic ACC1 inhibitor72. Glutamine is another 

substrate necessary for activated T-cells. Glutamine is a source of glutamate that is 

shuttled into the TCA cycle by the process of glutaminolysis. Loss of glutamine 

transporters prevents differentiation of Th1 and Th17 cell types73.  
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Energy source is another stark difference between Teff and Tregs. Naïve T-cells activated 

in Treg-inducing conditions showed low levels of Glut1 expression and correspondingly 

low levels of glycolysis74. Instead, Tregs utilize FAO for their energy demands. AMP-

activated protein kinase (AMPK) is an important energy sensor and inducer of FAO. 

Blocking FA uptake and oxidation by treatment with the inhibitor etomoxir suppressed 

Treg differentiation but did not effect Teff74. Many pathways required by Teffs are not 

needed for Tregs and in fact, targeting these pathways can enhance their function. 

Inhibition of glycolysis by 2-DG was found to increase the frequency and function of 

Tregs in vivo70. As opposed to de novo FA synthesis, Tregs instead uptake FA to fuel 

mitochondrial FAO74. Loss of glutamine transporters increased Foxp3 transcription, 

supporting a Treg phenotype75. 

 

Pathways required for Teff function are, themselves, possible targets in for the treatment 

of cGVHD. Tfh in particular have been found to demand glycolysis and lipogenesis to 

support their differentiation76. The differential requirement for Teff and Tregs on the 

pathways presented above make them even more desirable targets for their potential to 

restore a favorable Tfr:Tfh ratio for controlling GCs and mitigating the symptoms and 

severity of cGVHD. 

 
1.5 Repurposing Cancer therapies  

	
Many pathways that are carefully upregulated in T-cells for their activation are also 

found to be dysregulated in cancer cells. For example, constitutive PI3K signaling often 

seen in cancers, can occur by both PI3K activating and PTEN silencing mutations. Just as 
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in activated Teff, this results in signaling via Akt and changes in metabolic profile. The 

metabolic requirements of cancer cells also include aerobic glycolysis, glutamine 

utilization and FA synthesis. The similarities between these cell types means the 

approach to targeting cancer cells and activated T cells can be the same. For example, 

chemotherapies, which target rapidly dividing cells, have been given for treatment of 

autoimmune diseases. The oncolytic agent Cytoxan has been used for the treatment of 

lupus nephritis77. As therapies for cancers get more targeted, it translates to more targeted 

therapies for autoimmune and autoimmune-like disorders, including cGVHD. For 

example, PI3Kδ inhibitor, Idelalisib, is an FDA approved treatment for hematological 

malignancies, such as chronic lymphocyte leukemia78. In addition, targeting PI3Kδ has 

also been of interest for a number of inflammatory and autoimmune diseases79. 

 

Rituximab (Rituxan), a monoclonal antibody that targets CD20 that has been approved 

for B-cell non-Hodgkin Lymphoma, has been successful for systemic lupus erythematous 

(SLE), RA and cGVHD80-84. The pharmacological agent ibrutinib, which targets Bruton’s 

tyrosine kinase (BTK) and Inducible T-cell kinase (ITK) was initially FDA approved for 

treatment of B cell malignancies. Following murine modeling and clinical trails85,86, 

ibrutinib has become the first FDA-approved drug for patients with glucocorticoid-

resistant cGVHD. 

 

This therapeutic approach is an interesting because a limiting factor for cGVHD therapies 

is the preservation of graft-versus-leukemia (GVL). GVL is a beneficial effect of donor 

T-cells to attack residual tumor cells, protecting the host from relapse. With therapies 
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aimed at reducing the T-cell effector function, loss of tumor fighting capabilities becomes 

a concern. Using therapies that have their own anti-tumor effect could present a way to 

circumvent loss of GVL for the benefit of finding new cGVHD therapies. 
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Figure Legends 

 

Figure 1. BO model schema 

B10.BR (H2K) recipients receive a conditioning regimen consisting of cyclophosphamide 

(120mg/kg) on days -3 and -2 and total body irradiation (TBI, 830 Gy) on day -1 before 

transplant. On day 0, mice are infused via intravenous injection with 10 x 106 TCD BM 

with or without 7.35-7.5x 104 T-cell purified splenocytes from B6 (H2b) donors. 

Therapeutic drug administration is given beginning on day 28 for 3-4 weeks. Mice are 

evaluated at day 49 or 56. 

 

Figure 2. Scleroderma model Schema 

Balb/c (H2d) recipients are conditioned with TBI (700 Gy) on day -1 before transplant. 

On day 0, mice receive a minor MHC mismatch transplant from B10.D2 (H2d) donors. 

Mice are infused with TCD BM and a 3.6-fold high dose of T-cells as compared to the 

BO cGVHD, receiving 1.8 x 106 CD4+ and 0.9 x 106 CD8+ T-cells37,38. Skin 

manifestations are prominent in this model of cGVHD39, beginning to appear around day 

20. In addition, clinical cGVHD scores are increased, as measured using a scoring system 

taking into account weight loss, fur texture, posture, activity and skin integrity40,41.  
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Figure 1. 
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Chapter II: Targeting PI3Kδ Function For Amelioration of Murine Chronic Graft-
Versus-Host Disease 
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Synopsis  

 

Chronic graft-versus-host disease (cGVHD), a leading cause of morbidity and mortality 

following allogeneic transplant, occurs in 30-70% of patients. We previously reported 

that activated donor effector T (Teff) cells promote cGVHD by differentiating into 

pathogenic T helper (Th) 17 cells and germinal center (GC) facilitating T follicular helper 

(Tfh) cells. Phosphoinositide-3-kinase (PI3K) δ is a lipid kinase enriched in leukocytes 

that generates phosphatidylinositol-3,4,5-triphosphate and is downstream of tyrosine 

kinase-associated receptors, TCR, and co-stimulatory and cytokine receptors. PI3Kδ 

function is critical for activated T-cell survival, proliferation, differentiation, and 

metabolism. Here, we investigated the role of PI3Kδ signaling in two murine cGVHD 

models. We demonstrate that PI3Kδ activity in donor T-cells is required for cGVHD in a 

non-sclerodermatous multi-system organ disease model that includes bronchiolitis 

obliterans (BO) and is dependent upon GC B cells, Tfhs, and counterbalanced by T 

follicular regulatory (Tfr) cells. Despite the reliance of B cells on PI3K pathway 

signaling, GC B cells derived from PI3Kδ mutant donor bone marrow (BM) still resulted 

in cGVHD. Although both Teff and T regulatory (Treg) cells are regulated by PI3Kδ 

signaling, established cGVHD with BO was reversed by treatment with the PI3Kδ-

specific inhibitor, compound GS-649443. Treatment was associated with a reduction of 

Tfh and GC B cells. Additionally, GS-649443 was effective in treating ongoing cGVHD 

in a Th1-dependent and Th17-associated scleroderma model. These data provide a 

foundation for clinical trials of FDA-approved PI3Kδ inhibitors for the treatment of 

cGVHD in patients. 
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Introduction 

 

Graft-versus-host disease (GVHD) is a major obstacle for allogeneic hematopoietic stem 

cell transplant (aHSCT) patients, greatly impacting their quality of life. GVHD is a 

primary cause of mortality, second only to primary disease relapse. Chronic GVHD 

(cGVHD) is a leading cause of morbidity, occurring in 30-70% of aHSCT patients3,7,9. 

cGVHD clinical presentations are varied with effects on multiple organs; amongst the 

more severe outcomes are cGVHD of the lung manifesting as bronchiolitis obliterans 

(BO) and skin as scleroderma43. Due to this broad and varied pathogenesis, multiple 

murine models have been developed in order to recapitulate various aspects of the 

disease87-89. A common feature among models and in patients is the driving role of 

alloreactive Teffs in disease pathogenesis43,44.  

 

Activated alloreactive donor CD4+ T-cells differentiate into Tfh and IL-17-producing 

helper T (Th17) cells that have pathogenic roles in cGVHD12,87,90,91. Tfh cells are a 

specialized CD4+ Th cell subset that provide essential signals to support GC B cell, 

memory B cell or antibody-producing plasma cell (PC) development92-94. A 

subpopulation of Tregs, Tfr, suppress Tfh and GC B cells to regulate the GC reaction95. 

Immunoglobulin (Ig) produced by PCs and deposited in target tissues, such as the lung, 

contributes to organ damage in a multi-organ system BO model of disease16. We 

previously reported that Tfh and GC B cells are required for the development of murine 

BO cGVHD, a model that recapitulates many aspects of human cGVHD pathology, with 

the predominant exception of scleroderma16,22,36,85,96. Th17 cells, a source of the pro-
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inflammatory cytokine IL-17 that contributes to autoimmunity97, are also involved in 

both sclerodermatous and BO models of cGVHD38,98.  

 

Phosphoinositide-3-kinases (PI3Ks) are a family of lipid kinases that that regulate 

numerous signaling cascades via the phosphorylation of 3-hydroxyl group of 

phosphatidylinositol (PtdIns) lipid substrates99. Structural and substrate preferences 

divide the PI3Ks into three classes (I, II, III)49. Within the class I PI3Ks, present in all 

cell types, there are several isoforms, each comprised of regulatory and catalytic subunit 

heterodimers99. The p110δ catalytic subunit, referred to as PI3Kδ, is an isoform 

preferentially expressed in leukocytes, regulating immune cell signalling52,53. PI3Kδ is 

activated upon T-cell receptor (TCR) engagement, CD28 costimulation, and cytokine 

receptor signaling to sustain an activated Teff phenotype and promote the function of 

these cells, including regulation of survival, cell cycle progression, differentiation and 

metabolism69,100-102. Loss of PI3Kδ diminishes Teff activity56,64. Relevant to our models 

of cGVHD, PI3Kδ signaling in T cells is critical for Tfh formation103. Additionally, 

PI3Kδ has been found to be necessary for both murine and human IL-17 

production56,104,105. Recent work has demonstrated that PI3Kδ mutant T-cells have 

impaired alloimmune activity and that PI3Kδ inhibition was able to effectively suppress 

alloreactive Teffs preventing solid organ heart transplant rejection65. In non-chronic 

models of GVHD, PI3Kδ inhibition ameliorated lethality and reduced severity of clinical 

signs and organ damage106,107. The role of PI3Kδ in the pathophysiology of cGVHD is 

unknown and deserves investigation in order to develop new therapeutics to treat steroid-

resistant or refractory cGVHD. 
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In this study, we sought to determine the requirement of PI3Kδ function in cGVHD 

pathogenesis. We show that donor T-cells deficient for PI3Kδ activity are unable to 

induce cGVHD. Further, we demonstrate that the PI3Kδ specific inhibitor, GS-649443, 

used for treatment of ongoing cGVHD, diminished the GC reaction and cGVHD 

manifestations in the BO model and was efficacious in sclerodermatous cGVHD, 

reducing pro-inflammatory IL-17 production. Together, these results provide pre-clinical 

support for testing of PI3Kδ inhibitors as a therapeutic strategy for cGVHD. 

 

Materials and Methods 

 
Mice 

C57Bl/6 (B6, H2b) and Balb/c (H2d) mice were purchased from the National Cancer 

Institute. B10.BR (H2k) and B10.D2 (H2d) mice were purchased from Jackson 

Laboratory. Mice were housed in a specific-pathogen-free facility used with the approval 

of the University of Minnesota’s animal care committee. To explore the effects of PI3Kδ 

loss in donor cells in cGVHD, we used bone marrow (BM) and/or splenocytes from 

catalytically inactive p110δD910A/D910A (further referred to as p110δD910) homozygous 

mutant54 and p110δD910A/WT (wildtype) heterozygous mutant mice, shipped overnight from 

Drs. Amy Johnson, Klaus Okkenhaug, Anne-Katrien Stark, and Bart Vanhaesebroeck. 

 

Bone Marrow Transplantation 

For the BO cGVHD, B10.BR recipients were conditioned with cyclophosphamide 

(Sigma) 120mg/kg/day intraperitoneally, on days -3 and -2, and TBI 8.3 Gy, day -1. 

Recipients then received 10 x 106 B6 T-cell-depleted (TCD) BM only or with 7.5 x 104 
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purified splenic T-cells (cGVHD). For the B10.D2àBalb/c scleroderma model, Balb/c 

recipients were conditioned with TBI, 7 Gy, day -1 and then received 10 x 106 B10.D2 

TCD BM only or with 1.8 x 106 CD4 and 0.9 x 106 CD8 T-cells on day 037,38,108. Mice 

were monitored daily for survival and weighed twice weekly. In the scleroderma model, 

mice were assessed twice weekly for clinical and cutaneous GVHD, as previously 

described39.  

 

Pulmonary Function Tests 

Pulmonary function tests were performed as previously described15. Briefly, mice were 

anesthetized with Nembutal, intubated and ventilated using the Flexivent system (Scireq). 

Pulmonary resistance, elastance and compliance were reported using Flexivent software 

version 7. 

 

PI3Kδ Inhibition 

GS-649443109, provided by Gilead, was delivered in a vehicle consisting of 10% Ethanol, 

20% cremophor EL and 70% normal saline. Mice were given GS-649443 (10mg/kg) 

twice daily (BID) by oral gavage from days 0-6 [sheep red blood cell (SRBC) 

immunization], days 28-56 (BO model) or days 21-50 (scleroderma model). Mice in the 

vehicle control group were treated with the same volume of vehicle. 

 

Sheep Red Blood Cell immunization for induction of Germinal Centers 

Naïve B10.BR were given 10mg/kg GS-649443 or vehicle BID vehicle on day -1 to day 

6. On day 0 mice were injected intraperitoneally with 100 mcg of 10% vol/vol of citrated 
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sheep blood (Colorado Serum Co) or PBS as a negative control. Spleens were harvested 

on day 6 for analysis. 

 

Histopathology and Immunostaining 

Tissue sections were embedded in Optimal Cutting Temperature (OCT) compound, snap-

frozen in liquid nitrogen and stored at -80°C. Lungs were inflated by 75% OCT before 

harvest and freezing. For Trichrome staining, 6-µm cryosections were fixed overnight in 

Bouin’s solution and stained with Masson’s Trichrome staining kit (Sigma HT15). 

Collagen deposition was quantified as a ratio of blue area to total area using ImageJ. For 

Histopathology, acetone-fixed 6-µm cryosections were hemotoxylin and eosin stained 

and evaluated110 without knowledge of treatment by APM. For immunoglobulin 

deposition immunostainng, acetone-fixed 6um cryosections were stained with goat anti-

mouse Ig (BD55401). Confocal images were acquired on Olympus Confocal Laser 

Scanning Microscope at 20X and quantified by ImageJ. 

 

Statistical Analysis 

GraphPad Prism 7 was used to conduct statistical analysis. Unpaired Students t-test was 

used when making comparisons between two groups. One-way ANOVA with Bonferroni 

correction for multiple comparisons was also used. Error bars indicate mean ± standard 

error of the mean (SEM). Significance: *P<.05;**P<.01;***P.001;****P<.0001. 
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Results 

 
 
Fully intact donor T-cell PI3Kδ activity is essential for BO cGVHD generation 

The prominent contribution of PI3Kδ activity to T-cell survival and function prompted us 

to determine whether donor T-cells with decreased or absent PI3Kδ kinase activity would 

fail to cause cGVHD in the BO model. T-cells from p110δD910A/wt mice that have a 

knock-in mutation in one allele leading to heterozygote levels of catalytically inactive, 

mutant PI3Kδ were given to a cohort of mice and compared to BM only and cGVHD 

controls. Mice receiving heterozygous p110δD910A/wt T-cells had cGVHD pulmonary 

dysfunction at levels comparable to WT T-cell controls (Supplemental Figure 1). Next, 

we asked if PI3Kδ activity in the donor BM, that gives rise to GC B cells, was required 

for cGVHD. Homozygous p110δD910A BM with WT T-cells still resulted in pulmonary 

dysfunction consistent with cGVHD (Supplemental Figure 2A). As compared to cGVHD 

only controls, mice receiving p110δD910A BM with WT T-cells had significantly lower 

Treg and Tfr frequencies (Supplemental Figure 2B-C). Tfh frequencies in mice that 

received p110δD910A BM with WT T-cells were reduced from that of the cGVHD but still 

increased from their BM only control, with an unfavorable Tfr:Tfh ratio similar to that of 

the cGVHD control (Supplemental Figure 2D-E), resulting in increased GC B cell 

frequency (Supplemental Figure 2F). Infusion of p110δD910A/wt T-cells with p110δD910A/wt 

BM cells also did not avert cGVHD pulmonary dysfunction (Supplemental Figure 1).  

 

Since haploinsufficient T-cells and BM cells did not have evidence of reduced cGVHD, 

we proceeded to studies using homozygous p110δD910A T-cells. We hypothesized that T-
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cells lacking all PI3Kδ kinase activity would be inferior in inducing and sustaining 

cGVHD as compared to their WT counterparts (and mice receiving p110δD910A/wt T-cells 

with p110δD910A/wt BM that had intact cGVHD, Supplemental Figures 1,2). Mice that 

received p110δD910A T-cells did not develop pulmonary dysfunction associated with BO 

cGVHD (Figure 1A). Loss of PI3Kδ activity resulted in a significant decrease in the 

frequency of splenic Tfh cells (Figure 1B) with unaltered Tfr frequency (Figure 1C). We 

observed an increased Tfr:Tfh ratio (Figure 1D) and decreased GC B cell frequencies in 

mice that received p110δD910A versus WT donor T-cells, consistent with studies 

demonstrating that the ratio of Tfr:Tfh controls the GC reaction27 (Figure 1E). As 

expected by the significant improvement in pulmonary function parameters, recipients of 

p110δD910A donor T-cells had significantly reduced histopathology scores (Figure 1F). T-

cells and BM cells that each had 50% of PI3Kδ activity did not provide adequate 

protection from cGVHD, suggesting that high level PI3Kδ inhibition will be required to 

treat cGVHD in the clinic. 

 

TFH and GC B cells induced in mice by the potent immunogen, sheep red blood 

cells (SRBCs), are sensitive to PI3Kδ-specific inhibition by GS-649443 

PI3Kδ regulates the differentiation of Th cells after activation. Loss of PI3Kδ activity 

results in reduction of Th1 and Th2 cell types, as indicated by decreased interferon-γ 

(IFNγ) and interleukin-4 (IL-4) cytokine production55. In addition, inhibition of PI3Kδ 

can reduce function of previously activated T-cells56. To determine if PI3Kδ inhibition 

has the potential to decrease the GC reaction, we tested GS-649443, a PI3Kδ isoform-

specific inhibitor in a SRBC immunization model. This compound has demonstrated 
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superior potency to idelalisib, an approved PI3Kδ-specific inhibitor for the treatment of 

relapsed hematological malignancies111, while maintaining selectivity109,112. In addition, 

in vitro and in vivo studies have demonstrated that this inhibitor reduces inflammatory 

cytokines, including IFNγ and IL-17112,113. GS-649443 treatment significantly reduced 

the frequency of Tfh (Figure 2A-B) and GC B cells (Figure 2C-D), indicating a robust 

capacity to inhibit the GC response following immunization with a highly immunogenic 

xenoantigen.  

 

Therapeutic administration of GS-649443 ameliorates cGVHD in a non-

sclerodermatous, BO model  

The ability of the PI3Kδ inhibitor, GS-649443, to inhibit the GC in the SRBC-

immunization model provided an additional impetus for testing in BO cGVHD. GS-

649443 given at 10mg/kg, PO, BID beginning on day 28, the time of established 

cGVHD16, was well-tolerated as shown by weight and survival curves (Figures 3A, B). 

Vehicle alone had no significant effect on cGVHD outcome. GS-649443 improved 

pulmonary function (Figure 3C), however it did not significantly reduce the lung 

pathology associated with cGVHD (Figure 3D). In addition, both Tfh (Figure 3E) and Tfr 

frequencies (Figure 3F) were decreased in mice treated with GS-649443. Although the 

Tfr:Tfh ratio was similar to that of the vehicle controls (Figure 3G), the GC B cell 

frequency in GS-649443 treated mice was significantly decreased (Figure 3H). 

Consistent with these biological effects, we observed a significant decrease in PI3K-

mediated induction of phosphorylation in of AKT on serine 437 (S437; Figure 3I) and a 

trend (p=0.07) toward decreased phosphorylation on threonine 308 (T308) residue (data 
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not shown) that are downstream from the PI3Kδ in Tfh cells. Treatment at a lower dose 

of 5mg/kg, PO, BID did not improve pulmonary function (Supplemental Figure 3). 

Together, these data point to either to a direct effect of GS-649443 on GC B cells and/or 

reduction of Tfh frequency,thereby diminishing the importance of the Tfr/Tfh ratio; to 

control GC response and improve cGVHD outcome. 

 

Reduced Ig and collagen lung deposition in GS-649443-treated mice phenocopies 

findings in recipients given p110δD910A T-cells  

cGVHD has several autoimmune-like features, including but not limited to the deposition 

of antibodies and fibrosis of target organs, including the lung6. We demonstrated that 

lung Ig (Figures 4A, B) and collagen deposition (Figures 4C, D) was decreased in mice 

that received WT BM plus p110δD910A alone or WT T-cells and GS-649443 treatment 

(Figure 4A-B).  

 

Therapeutic administration of the PI3Kδ-specific inhibitor GS-649443 ameliorates 

sclerodermatous cGVHD  

A major clinical and histopathological manifestation absent from the multi-organ system 

BO cGVHD model is scleroderma114. Therefore, we utilized a minor histocompatibility 

mismatch model (B10.D2àBALB/c) that presents with a cutaneous and increased Th17 

Teffs and a systemic inflammatory response38. GS-649443 treatment significantly 

improved skin and clinical scores of mice (Figures 5A-B). GS-649443 treatment 

decreased IL-17+ T-cell frequency (Figure 5C), characteristic of cGVHD in this model 

and IL-17+IFNγ+ double positive cells (Figure 5D), which can contribute to 
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autoimmunity38,115 Consistent with a partial amelioration of disease, IFNγ+ T-cells 

remained increased in mice treated with GS-649443 (Figure 5E). Nonetheless, decreased 

IL-17-producing T-cells resulted in correspondingly lower, although not quite significant, 

Ig deposition in the skin of scleroderma mice (Figure 5F-H).  

 
 
Discussion 

 
PI3Kδ is a key regulator of Teff function, found here to be required for cGVHD 

development. Here, we have demonstrated that cGVHD generated in distinct murine 

models that simulate several, but not all, cGVHD manifestations, are dependent upon 

PI3Kδ activity. We demonstrated that PI3Kδ activity in donor T-cells is necessary to 

sustain the GC response critical for cGVHD in the BO model (Figure 1). We utilized the 

PI3Kδ isoform-specific inhibitor GS-649443 to show that PI3Kδ inhibition reduces the 

potent GC response in a SRBC immunization model (Figure 2) and is effective in treating 

ongoing, established cGVHD in both the BO and sclerodermatous models (Figures 3-5). 

Overall, our data show that the PI3Kδ signaling pathway is required to generate and 

maintain murine cGVHD. 

 

In addition to its role in directing Teff function, PI3Kδ has roles in other immune cell 

types, notably B cells and Tregs. Mice lacking functional PI3Kδ exhibit B cell defects. 

Such mice have fewer mature B cells and reduced BCR-induced proliferation, resulting 

in decreased B cell differentiation into antibody-producing cells54,116,117. Interestingly, 

p110δD910A BM with WT T-cells still induced pulmonary dysfunction that was 

significantly worse than their p110δD910A BM only counterpart. Although the GC B cell 
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frequency was decreased as compared to the cGVHD control, the magnitude of the GC B 

cells in p110δD910A BM with WT T-cells was increased compared to their BM only 

control and sufficient to induce pulmonary dysfunction (Supplemental Figure 2A,D). 

Rolf et al. found that p110δ KO specifically in B-cells did not result impact the ability of 

GC B-cell formation after immunization and antibody titers of IgM and IgG1 were not 

significantly reduced103. These findings support the ability of p110δD910A BM with WT T-

cells to still be able to induce cGVHD. GS-649443 targeting of PI3Kδ was able to target 

Tfh cells reducing frequency and therefore decreasing the GC reaction to improve disease 

outcome. 

 

At the time of PFTs, Tfrs in our model are predominantly are derived from the donor BM 

compartment (unpublished data); therefore p110δD910A BM would produce Tregs or Tfrs 

that would have functional defects in signaling through this pathway. We have previously 

shown the importance of Tregs and Tfrs in controlling GC reactions and cGVHD118 and 

reported that PI3Kδ inhibition results in diminished in vitro and in vivo suppressor 

function and diminished Treg survival64,65.  These regulatory cells would have impaired 

ability to suppress Tfhs that may have contributed to GC B cell driven pulmonary 

dysfunction. Indeed, both the Treg and Tfr populations were decreased in mice that 

received p110δD910A BM alone or with T-cells (Supplemental Figure 2B-C). The 

weakened suppressor function of Tregs lacking p110δ along with an overall unfavorable 

Tfr:Tfh ratio creates an environment in the B cell follicle that may be permissive for an 

increased GC B cell frequency (Supplemental Figure 2D).   
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Increased PI3Kδ signaling has been found in autoimmune diseases119 and has been of 

interest for therapeutics in autoimmune and inflammatory disease mouse models. In 

models of experimental autoimmune encephalitis (EAE), PI3Kδ mutant mice were noted 

to have a defective Th17 response and reduced disease severity105. PI3Kδ inhibition 

slowed disease progression and organ damage in a murine model of systemic lupus 

erythematous (SLE), an autoimmune disease with T and B cell involvement similar to 

several immunological abnormalities associated with cGVHD120. Additionally, loss of 

PI3Kδ activity improved outcomes in multiple sclerosis (MS), rheumatoid arthritis (RA), 

psoriasis and autoimmune (type 1) diabetes models79. We observed similar results with 

PI3Kδ inhibition in cGVHD models studied here, including decreased damage to the 

lung, Ig deposition and IL-17. Notably, in the Th1/Th17 mediated scleroderma cGVHD 

model, PI3Kδ inhibition failed to reduce IFNγ even though the PI3Kδ has been found to 

be necessary the production of IFNγ56, suggesting that PI3Kδ inhibition alone was not 

sufficient. Prior in vitro assays have shown that pharmacologic pan-PI3K inhibition was 

more effective than more selective inhibition of p110δ alone for preventing 

differentiation of Th1 cells, as determined by IFNγ production; in contrast, IL-17 was 

completely blocked by both types of inhibitors105. Moreover, p110δD910A mice had greater 

reduction in Th17 compared to Th1 responses in an EAE model105. We observed 

decreased Ig deposition in the skin of mice treated with GS-649443 (Figure 5F), however 

we do not yet know the pathological significance of antibody deposition in this 

scleroderma model.   
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In addition to regulating autoimmunity, the PI3K pathway is dysregulated in many 

human cancers121-123. Similar to its role in immune cells, PI3K signaling controls 

proliferation, survival and metabolism of cancer cells, including hematological 

malignancies that have upregulated PI3Kδ activity124,125. As such, PI3Kδ specific 

inhibitors are in clinical trials to treat hematological malignancies, such as chronic 

lymphocytic leukemia and follicular lymphoma79. These diagnoses in aggregate comprise 

the largest population of allo-BMT patients, many of whom will experience cGVHD, and 

be potential candidates for PI3Kδ treatment for cGVHD or post-BMT relapse. Because 

donor T-cells are principal protectors against relapse providing the beneficial graft versus 

leukemia (GVL) response126, the GVL response may be diminished by PI3Kδ inhibition 

in cGVHD patients in whom PI3Kδ activity is not a driving force in malignancy. 

However, for many cGVHD patients, especially those with long-standing disease, the 

GVL effect already may have eliminated residual malignant T-cells by the time of 

treatment. Future studies will need to be conducted to determine how inhibition of PI3Kδ 

will impact on GVL and other immune function in the context of cGVHD treatment. 

 

In conclusion, these results demonstrate that PI3Kδ activity is necessary for the 

development of cGVHD in murine models. We have demonstrated that targeting PI3Kδ 

can result in a decreased GC reaction. Inhibiting PI3Kδ improved disease outcome by 

reducing pathogenic Tfh/GC B cells and IL-17 in BO and scleroderma models of 

cGVHD, respectively. These studies add to current knowledge of application of PI3Kδ 

inhibition for disease treatment and present support for targeting PI3Kδ for cGVHD 

therapy. 
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Figure Legends 

 

Figure 1. PI3Kδ is necessary in donor T-cells for development of cGVHD 

B10.BR mice were conditioned with Cytoxan (120mg/kg/day, days -3 and -2) and TBI 

(8.3 Gy on day -1). On day 0, mice received wildtype (WT) C57BL/6 (B6) T-cell 

depleted (TCD) bone marrow (BM) alone (BM only), with 7.5 x 104 WT B6 purified 

splenic T-cells (cGVHD) or 7.5 x 104 p110δD910A catalytically inactive T-cells. (A) 

Pulmonary function tests performed on day 56 after transplantation show that the 

p110δD910A T-cells did not induce bronchiolitis obliterans (BO) seen in cGVHD mice. (B) 

The frequency of splenic Tfh was decreased in mice that received the p110δD910A T-cells. 

The TFR frequency was not changed among any of the groups (C), however the Tfr:Tfh 

ratio was significantly improved (D). (E) The frequency of splenic GC B cells was also 

decreased in mice that received p110δD910A T-cells. (F) Hemotoxylin and eosin staining 

of lungs harvested day 56 after transplant show that mice that received p110δD910A T-cells 

had improved histopathology. Data are representative from 2 experiments with similar 

result, shown with mean ± SEM. Unpaired Student’s t-test with significance: *P> .05; 

**P> .01; ***P> .001. 

 

Figure 2. The GC is sensitive to PI3Kδ specific inhibition by GS-649443 in SRBC-

immunized mice 

B6 mice were immunized with sheep red blood cells (SRBCs) and either treated with 

vehicle or PI3Kδ specific inhibitor GS-649443 (10mg/kg/BID) (A) Representative flow 

plots of splenic Tfh gating show that the inhibitor significantly decreases Tfh frequency, 



	

	

	
36	

quantified in (B). (C) Representative flow plots of splenic GC B cell gating show that 

inhibitor significantly decrease GC B cell frequency, quantified in (D). Data are 

representative from 2 experiments with similar results, shown with mean ± SEM. 

Unpaired student’s t-test with significance: *P> .05; **P> .01; ***P> .001. 

 

Figure 3. Therapeutic administration of PI3Kδ specific inhibitor GS-649443 

ameliorates disease in a non-sclerodermatous, BO model of cGVHD 

Conditioned mice received TCD WT B6 BM alone (BM only), with 7.5 x 104 WT B6 

purified splenic T-cells (cGVHD), treated mice received vehicle or PI3Kδ specific 

inhibitor GS-649443 (10mg/kg/BID) beginning on day 28 after transplant. (A-B) Weight 

and survival curves of transplanted mice demonstrate that GS-649443 did not have toxic 

effect. (C) Pulmonary Function Tests day 56 after transplantation show that GS-649443 

improved lung function of cGVHD mice. (D) Hemotoxylin and eosin staining of lungs 

harvested day 56 after transplant show that mice treated with the inhibitor did not have 

significantly improved histology. (E) The frequency of splenic Tfh was significantly 

decreased in mice treated with GS-649443. (F) These mice still had reduced frequency of 

Tfr cells and the ratio of Tfr:Tfh was not improved (G). (H) The frequency of splenic GC 

B cells was significantly reduced in mice treated with GS-649443. (I) Phosphoflow 

analysis of AKT in spleens day 56 after transplant show that AKT phosphorylation at 

S473 is significantly decreased. A-C and H Data are three pooled, independent 

experiments. E, F and G are two pooled, independent experiments. D and I are from one 

single experiment. Data are shown with mean ± SEM. are shown with mean ± SEM. 
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One-way ANOVA with Bonferroni correction for multiple comparisons used with 

significance: *P> .05; **P> .01; ***P> .001.  

 

Figure 4. Collagen and immunoglobulin (Ig) deposition of GS-649443 treated mice 

phenocopies mice that received p110δD910A donor T-cells 

Transplant set up was the same as figures 1 and 3. (A) Representative images of Ig 

deposition staining. Ig deposition was quantified in ImageJ (B). (C) Representative 

images of Masson’s Trichrome staining. Collagen was identified as area stained blue and 

quantified using ImageJ (D) indicating decreased collagen deposited in the lungs of mice 

that received p110δD910A T-cells and mice treated with GS-649443. Data shown with 

mean ± SEM. One-way ANOVA with Bonferroni correction for multiple comparisons 

used with significance: *P> .05; **P> .01; ***P> .001. 

 

Figure 5. Therapeutic administration of the PI3Kδ specific inhibitor GS-649443 

ameliorates sclerodermatous cGVHD  

Balb/c mice received TBI (7 Gy on day -1) and received WT B10.D2 BM alone (BM 

only) or with 1.8 x 104 CD4+ and 0.9 x 104 CD8+ T-cells on day 0. Treatment groups 

received PI3Kδ specific inhibitor GS-649443 (10mg/kg/BID) starting at day 21. (A) Mice 

treated with GS-649443 had improved skin scores. (B) GS-649443 improved clinical 

scores in treated mice. C-E Analysis of LN taken at day 50 post transplant, each sample is 

pooled from 2 mice (C) Mice treated with GS-649443 had reduced IL-17 frequency. (D) 

IL-17 and IFNγ double positive population frequency were also decreased. (E) IFNγ 

positive population frequency was not decreased with treatment. (F) Representative 
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images of Ig deposition in the skin of mice treated with GS-649443 quantified using 

ImageJ (G). Data is representative from 2 experiments, with the exception of (A) which is 

pooled data from two experiments. Data are shown with mean ± SEM. Unpaired 

Student’s t-test with significance: *P> .05; **P> .01; ***P> .001. 

 

Supplemental Figure 1. Heterozygous p110δD910A/WT-cells still induce pulmonary 

dysfunction associated with cGVHD 

Transplant set up the same as figure 1, with additional groups of mice receiving WT BM 

with p110δD910A/WT T-cells, p110dD910A PI3Kδ BM alone or with WT T-cells, and 

p110δD910A/WT BM and T-cells. Pulmonary function tests performed on day 56 after 

transplantation show that mice that one functional copy of PI3Kδ in donor BM or T-cells 

paired with WT BM or T-cells is sufficient for causing disease however, one copy in 

donor BM and donor T-cells had a modest effect on pulmonary outcome. Data are shown 

with mean ± SEM. Significance: *P> .05; **P> .01; ***P> .001. 

 

Supplemental Figure 2. Mice receiving p110δD910A BM develop cGVHD 

Transplant set up the same as figure 1, with additional groups of mice receiving 

p110δD910A BM alone or with WT T-cells. (A) Pulmonary function tests performed on 

day 56 after transplantation show that mice that received p110δD910A BM with WT T-

cells still developed BO comparable to cGVHD controls (B-C) The frequency of splenic 

Tregs and Tfr demonstrate that these cell populations are reduced in Tfh both groups that 

received p110δD910A BM. (D) The splenic Tfh frequency was decreased in p110δD910A 

BM + T-cell group compared to the cGVHD control, however, the Tfh frequency was 
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still increased from the p110δD910A BM resulting in a Tfr:Tfh ratio similar to that of the 

cGVHD control. (D) The frequency of splenic GC B cells were decreased in mice that 

received the p110δD910A T-cells compared to cGVHD control but still increased from 

p110δD910A BM. Data are from 2 pooled experiments, shown with mean ± SEM. 

Significance: *P> .05; **P> .01; ***P> .001. 

 

Supplemental Figure 3. Therapeutic administration of PI3Kδ specific inhibitor GS-

649443 at 5mg/kg does not reduce pulmonary dysfunction associated with BO model 

of cGVHD 

Conditioned mice received TCD WT B6 BM alone (BM only), with 7.5 x 104 WT B6 

purified splenic T-cells, either treated mice received vehicle or PI3Kδ specific inhibitor 

GS-649443 (5mg/kg/BID) beginning on day 28 after transplant. (A) Pulmonary Function 

Tests day 56 after transplantation show that GS-649443 improved lung function of 

cGVHD mice. Data are representative of 2 experiments, shown with mean ± SEM. 

Significance: *P> .05; **P> .01; ***P> .001 
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Figure 1 
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Figure 3 
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Figure 4  
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Figure 5
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Supplemental Figure 1.  
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Supplemental Figure 2. 
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Supplemental Figure 3. 
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Chapter III: Metabolism in murine models of chronic graft versus host disease 
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Synopsis 

Chronic graft versus host disease (cGVHD) is an immune complication following 

allogeneic hematopoietic stem cell transplant (aHSCT) initiated by the activation of 

donor effector T (Teff) cells. Teff cells rely on shifts in their metabolic signaling in order 

to direct their survival, proliferation and function. Aerobic glycolysis, glutaminolysis and 

de novo fatty acid (FA) synthesis are three pathways that have been characterized as 

being important to Teff cell function. The roles of these pathways have not been 

investigated in cGVHD. Here, we utilize genetic and pharmacologic methods to examine 

the necessity of distinct metabolic pathways in cGVHD. We found that expression of 

Glut1, a primary glucose transporter; Acetyl-CoA Carboxylase 1 (ACC1), a key enzyme 

in FA synthesis; and Glutaminase (GLS), an enzyme needed for glutamine processing, 

are individually necessary on donor CD4+ T-cells for the development of bronchiolitis 

obliterans (BO) cGVHD. We further go on to show that targeting GLS with the metabolic 

inhibitor 6-Diazo-5-oxo-L-norleucine (DON) is effective for the treatment of established 

BO and sclerodermatous cGVHD. This study provides framework for a novel therapeutic 

strategy for cGVHD. 
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Introduction 

aHSCT provides a life-saving, potentially curative treatment for patients suffering from a 

range of hematopoietic diseases and malignancies. However, the development of 

cGVHD, which occurs in 30-70% of patients, remains a barrier and a leading cause of 

post-transplant morbidity and mortality9,127-129. cGVHD pathophysiology involves 

multiple organs and can have varying disease manifestations7. 6% of cGVHD patients 

develop bronchiolitis obliterans (BO), a severe lung condition characterized by fixed 

airway obstruction14,130-132. Using a murine model developed by Pankoskaltsis-Mortari et 

al, we are able to recapitulate the multi-organ damage of cGVHD, including the 

development of pulmonary dysfunction consistent with BO15,16. The germinal center 

(GC) reaction has been found to be necessary for the development of BO cGVHD16,22. 

GC reactions are sustained by T follicular helper (Tfh) cells, a specialized CD4+ Teff 

subset that provide signaling to GC B cells to promote their maturation and 

differentiation into plasma cells (PC), or memory B cells. T follicular regulatory (Tfr) 

cells are another subset of CD4+ T-cells, which also express the T regulatory (Treg) 

transcription factor Foxp3, that suppress and regulate GCs. The ratio of Tfr:Tfh is 

important for controlling GCs27, and indeed we have found a lower Tfr:Tfh ratio in 

cGVHD mice in this model. In addition, T-helper (Th) 17 cells, producers of the 

inflammatory cytokine IL-17, have a pathogenic role in this model as well90,91.  

 

In recent years, the field of immunometabolism has become of great interest. Different T-

cell subsets have different metabolic signatures; Teff and Tregs, for example have very 

different metabolic demands74. Tregs rely more on β-FA oxidation (FAO), to fuel the 
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energy efficient process of oxidative phosphorylation (OXPHOS), to generate adenosine 

triphosphate (ATP) for their needs. Conversely, naive CD4+ T-cells undergo many 

cellular changes to promote growth, proliferation and differentiation into different Th cell 

subsets upon activation133. A controlling force for many of these changes is a metabolic 

switch to pathways that allow for the accumulation of biomass and anabolic growth. A 

hallmark of this metabolic transition is the upregulation of aerobic glycolysis, the process 

by which pyruvate generated via glycolysis is converted to lactate even in the presence of 

enough oxygen66. This change allows activated Teff to generate metabolic precursors 

needed for growth and proliferation. Metabolic profiles of T-cells from the autoimmune 

disease systemic lupus erythematous (SLE) revealed T-cells that had increased 

OXPHOS. Subsequent studies from GVHD models found that alloreactive T-cells 

upregulate both glycolytic and OXPHOS pathways67,134. OXPHOS was similarly found 

to be increased in recipients of syngeneic transplants where no GVHD was observed, 

implying glycolytic changes may not be critical drivers of pathogenesis134. Accordingly, 

T-cells demonstrated even higher glycolytic activity in mice that received allogeneic 

transplants.134 The first step of increasing glycolysis is increasing glucose uptake. Glut1 

has been found to be the predominant glucose transporter for T-cell function and 

expansion in models of GVHD and colitis68. Tregs have been found to be Glut1-

independent68. 

 

In addition to glucose utilization, the amino acid glutamine as a metabolic substrate has 

also been found to be necessary for activated Teffs73,135. Glutamine has several roles: it is 

involved in nucleotide synthesis and can be converted into glutamate, which is involved 
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in amino acid as well as glutathione synthesis136. Furthermore, glutamate can be 

transformed into α-ketoglutarate, a TCA cycle intermediate, for energy metabolism. The 

conversion of glutamine to α-ketoglutarate, a process known as glutaminolysis, is first 

initiated by the enzyme glutaminase (GLS). In vitro, T-cells have been found to be very 

sensitive to glutamine levels for activation137. Upon T-cell activation, the expression of 

glutamine transporters increases and there is an increase in glutamine import137. Deletion 

of a leucine-preferring system transporter, Slc7a5, a glutamine transporter, was found to 

impair the transition of naïve T-cells into Teffs135. Additionally, differentiation of Th1 

and Th17 Teff types were prevented with the loss of the glutamine transporter ASCT273. 

Allogeneic T-cells have also been found to upregulate glutamine transporters and to have 

increased glutamine levels134. Glutamine deprivation has also been shown to increase the 

expression of Treg transcription factor Foxp375.  

 

FA synthesis is a crucial step for activated T-cells to help accumulate lipids for the 

synthesis of extracellular membranes needed for proliferation138. Acetyl-CoA 

Carboxylase 1 (ACC1) catalyzes the rate-limiting conversion of acetyl-CoA to malonyl-

CoA, which is the necessary first step for de novo FA synthesis139. Sparwasser et al. 

demonstrated that human and murine Th17 cells require ACC172. Inhibition or genetic 

KO of ACC1 in T-cells prevented de novo FA synthesis as well as interrupting metabolic 

flux through other pathways in vitro72. It has been shown that in a Th17-mediated model 

of induced experimental autoimmune encephalitis (EAE) that disease was reduced by 

ACC1 inhibition or genetic deletion72. FA synthesis has been found to be necessary for 

alloreactive T-cells to sustain their glycolytic activity140. Accordingly, in acute GVHD, 
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ACC1 KO T-cells or ACC1 inhibition resulted in an improved disease outcome140. In 

contrast to Teff, which need to build FA for their activated phenotype, Tregs prefer to 

take up FA as their fuel source for FAO. It was found that ACC1 T-cell KO or inhibition 

actually demonstrated a skewing toward the Treg phenotype in vitro and in vivo72. 

	

Glut1,	ACC1	and	GLS	represent	therapeutic	targets	that	would	have	the	desired	of	

effect	of	targeting	Teff	while	sparing	or	potentially	enhancing	Tregs.	However, the 

reliance of these pathways for T-cells in cGVHD has not yet been reported. In this study, 

we show that cGVHD conventional T (Tcon) cells and Tregs have different metabolic 

needs. Using genetic KO donor T-cells, we have identified that glycolysis, FA synthesis 

and glutaminolysis are metabolic pathways each necessary for development of cGVHD. 

We also show that pharmacologic inhibition targeting metabolism presents a novel 

therapeutic strategy for amelioration of cGVHD. 	

	
	
Materials and Methods 

Mice 

C57Bl/6 (B6, H2b) and Balb/c (H2d) mice were purchased from the National Cancer 

Institute. B10.BR (H2k) and B10.D2 (H2d) mice were purchased from Jackson 

Laboratory. Mice were housed in a specific pathogen-free facility used with the approval 

of the University of Minnesota’s animal care committee. Dr. Tim Sparwasser provided 

ACC1fl/fl x CD4-cre (ACC1 KO) spleens, shipped overnight. Dr. Jeffrey Rathmell 

provided GLUT1fl/fl x CD4-cre (GLUT1 KO) and GLSfl/fl x CD4-cre (GLS KO) spleens, 

shipped overnight.  
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Bone Marrow Transplantation 

For BO cGVHD, B10.BR recipients were conditioned with cyclophosphamide (Sigma) 

120mg/kg/day intraperitoneally, on days -3 and -2, and TBI 8.3 Gy, day -1. Recipients 

then received 10 x 106 B6 T-cell-depleted (TCD) BM only or with 7.35 x 104 purified 

splenic T-cells (cGVHD). For the B10.D2àBalb/c scleroderma model, Balb/c recipients 

were conditioned with TBI, 7 Gy, day -1 and then received 10 x 106 B10.D2 TCD BM 

only or with 1.8 x 106 CD4 and 0.9 x 106 CD8 T-cells on day 037,38,108. Mice were 

monitored daily for survival and weighed twice weekly. In the scleroderma model, mice 

were assessed twice weekly for clinical and cutaneous GVHD, as previously described39. 

For flow analysis, spleens or lymph nodes (LNs) were harvested, stained for surface 

markers, fixed and then stained for intracellular makers (ebioscience Foxp3/Transcription 

Factor Staining Buffer Set, 00-5523-00). For intracellular cytokine stains, cells were re-

stimulated with PMA/ionomycin for 5 hours, then surface and intracellular stained.  

 

Pulmonary Function Tests   

Pulmonary function tests were performed as previously described15. Briefly, mice were 

anesthetized pentobarbital, intubated and ventilated using the Flexivent system (Scireq). 

Pulmonary resistance, elastance and compliance were reported using Flexivent software 

version 7. 

 

Oxygen Consumption Rate Analysis 
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Experiments were carried out on an Agilent Seahorse XF bioanalyzer (Agilent). Briefly, 

Tcons and Tregs were isolated from spleens of transplanted mice on day 49 after 

transplant. Isolated T-cells were spun onto XF96 well plates coated with Cell-Tak 

(Corning) and allowed to acclimate in Seahorse RPMI 1640 media supplemented with 

glutamine, sodium pyruvate and glucose. 

 

Metabolic Inhibitors 

6-Diazo-5-oxo-L-norleucine (DON) (Sigma-Aldrich) was given at 1.6mg/kg, every other 

day (EOD). Metformin (Biovision) was at given at 150mg/kg, daily. 2-Deoxy-Glucose 

(2-DG) was given at 40mg/kg, daily. All compounds were given in a vehicle of PBS. 

 

Histopathology and Immunostaining 

Tissue sections were embedded in Optimal Cutting Temperature (OCT) compound, snap-

frozen in liquid nitrogen and stored at -80°C. Lungs were inflated by 75% OCT before 

harvest and freezing. For Trichrome staining, 6-µm cryosections were fixed overnight in 

Bouin’s solution and stained with Masson’s Trichrome staining kit (Sigma HT15). 

Collagen deposition was quantified as a ratio of blue area to total area using ImageJ. For 

Histopathology, acetone-fixed 6-µm cryosections were hemotoxylin and eosin stained 

and evaluated without knowledge of treatment by APM. For immunoglobulin deposition 

immunostainng, acetone-fixed 6um cryosections were stained with goat anti-mouse IgG 

(BD55401). Confocal images were acquired on Olympus Confocal Laser Scanning 

Microscope at 20X and quantified by ImageJ. 
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Statistical Analysis 

GraphPad Prism 7 was used to conduct statistical analysis. Unpaired Students t-test was 

used when making comparisons between two groups. Error bars indicate mean ± standard 

error of the mean (SEM). Significance: *P<.05;**P<.01;***P.001;****P<.0001. 

 

Results 

Glucose uptake, FA synthesis and glutaminolysis are each required by donor CD4+ 

T-cells for the development of BO cGVHD 

The reliance of CD4+ T-cells on various metabolic pathways for activation makes them 

attractive potential therapeutic targets. To first determine if donor T-cells require the key 

pathways of glycolysis, FA synthesis and glutaminolysis, we utilized T-cells from 

specific KO mice in our BO model of cGVHD. In order to examine the necessity of 

glucose utilization, purified T-cells from the spleens of Glut1 KO mice were used. Mice 

that received Glut1 KO donor T-cells failed to develop pulmonary dysfunction associated 

with cGVHD (Figure 1A). We also observed that recipients of donor Glut1 KO T-cells 

failed to form GCs, as indicated by decreases in frequency of Tfh and GC B cells (Figure 

1B-C). Tfr subsets were not changed among any of the groups (Figure 1D), however a 

desirable increase in the ratio of Tfr:Tfh was observed.  

 

To explore the necessity of de novo FA synthesis, T-cells purified from ACC1 KO donor 

mice were used and demonstrated similar results. Mice that received ACC1 KO donor T-

cells did not develop pulmonary dysfunction like that of the cGVHD controls (Figure 

2A). Reduced frequencies of Tfh and GC B cells were also found in the mice that 



	

	

	
57	

received ACC1 KO donor T-cells (Figure 2B-C). We did not find a change in the 

frequency of Tfr cells (Figure 2D, but the ratio of Tfr:Tfh was significantly increased 

(Figure 2D). These results demonstrate that Glut1 and ACC1 KO donor T-cells failed to 

form Tfh and GC needed for BO cGVHD. 

 

In addition to the effects on GC cell subsets, we investigated the effects of Glut1 and 

ACC1 loss on cytokine production of IFNγ and IL-17, indicative of Th1 and Th17 cells, 

respectively. We found that mice that received Glut1 and ACC1 KO donor T-cells had 

decreases in the frequency of IL-17, IFNγ, and decreased IL-17+ IFNγ+ cell populations 

(Figure 3A-D). These mice also had significantly reduced frequency of ICOS, a marker 

of activation and driver of Th17 cell generation, and decreased BCL6 (Figure 3E-F). 

 

We have found in our lab that Tregs from Glut1 KO or Tregs treated with an ACC1 

inhibitor have enhanced suppressive capacity (data not shown). Previously, we have 

shown that adoptive transfer of Tregs on day 28 can ameliorate BO cGVHD118. We next 

asked if Tregs isolated from these KO mice would be better able to reduce cGVHD than 

wildtype (WT) Tregs. We found that Glut1 KO and ACC1 KO Tregs, but not WT control 

Tregs, were able to improve pulmonary function (Supplemental Figure 1A). All doses of 

Tregs reduced the frequency of Tfh from that of the cGVHD control (Supplemental 

Figure 1B). Surprisingly, the Tfr frequency was also decreased in all groups that received 

Tregs and only the ratio of the mice that received the Glut1 KO Tregs was improved 

(Supplemental Figure 1C-D). GC B cells frequencies were also not decreased in mice that 

received the adoptively transferred Tregs in any group (Supplemental Figure 1E). 
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GLS KO donor T-cells were used to determine if the glutaminolysis pathway is required 

for the initiation of BO cGVHD. Mice that received GLS KO T-cells did not develop 

pulmonary dysfunction, as demonstrated by improvements in PFT results (Figure 4A). 

Tfh and GC B cell frequencies were decreased in mice that received the GLS KO T-cells 

(Figure 4B-C). Interestingly, the Tfr were increased in the cGVHD mice but the ratio of 

Tfr:Tfh was still significantly decreased compared to the BM only control (Figure 4D-E). 

The ratio was improved in mice that received the GLS KO donor T-cells (Figure 4E). 

Decreased IL17+ cells were also found in mice that received GLS KO donor T-cells 

(Figure 4F). While, IFNγ+ had a trend toward decreased levels, it was not significant 

(Figure 4G). Additionally, the lungs of mice that received GLS KO donor T-cells had 

reduced immune infiltrates and reduced clinical inflammation score when examined 

histologically (Figure 4H-I).  

 

These results taken together indicate that donor T-cells require three main metabolic 

pathways, glycolysis, FA synthesis and glutaminolysis, for development and/or 

maintenance of BO cGVHD and that targeting any individual pathway may have 

therapeutic potential.  

 

Metabolic Inhibition for the treatment of BO cGVHD 

Next, we tested the ability of metabolic inhibition by pharmacological agents as a 

therapeutic strategy for BO cGVHD. Mice transplanted with WT T-cells were treated 

with inhibitors beginning on day 28, when disease has been established in this model16. 

Metformin is an FDA approved drug for the treatment of type 2 diabetes. The molecular 
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mechanism of metformin is not completely understood, but it has been found to activate 

AMP-activated protein kinase (AMPK), inhibit complex I of the electron transport chain 

(ETC) and also support FA oxidation141,142. Pooling results, metformin was found to have 

a modest, yet significant effect at improving outcome of BO cGVHD. Mice had 

significantly improved pulmonary outcome by PFT compared to cGVHD control (Figure 

5A). In this model, metformin was not able to significantly decrease the GC reaction, 

although there was a trend toward significant reduction in Tfh frequency (Figure 5B-C). 

The frequency of Tfr and Tfr:Tfh ratio was not changed with treatment (Figure 5D-E).  

 

We targeted the glycolysis pathway utilizing the inhibitor 2-DG, a glucose analog. 2-DG 

can be phosphorylated by hexokinase, the first, rate-limiting enzyme in glycolysis, but 

cannot be further processed. We found that 2-DG given beginning on day 28 did not 

improve the pulmonary function outcome (Supplemental Figure 2A). Treatment did not 

significantly reduce frequency of Tfh and GC B cell (Supplemental Figure 2B-C). We 

actually found that Tfr frequencies were decreased in mice that received 2-DG and the 

overall Tfr:Tfh ratio was similar to that of the cGVHD control (Supplemental Figure 2D-

E).  

 

Finally, we tested the ability of DON, a glutamine analog that inhibits glutamine flux and 

therefore prevents glutaminolysis. Treating mice with DON beginning on day 28 resulted 

in improved pulmonary outcome as demonstrated by PFTs (Figure 6A). An interesting 

observation was that that spleens from mice treated with DON were larger in size 

compared to those from the control mice (Figure 6B). We did not see changes in splenic 
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size from the KOs or with other treatments (data not shown). We also found that mice 

treated with DON demonstrated splenic lymphopenia, as indicated by decreased CD4+ 

and CD19+ cell frequencies (Figure 6C-D). The frequencies of Tfh were not found to be 

significantly decreased compared to the cGVHD control (Figure 6E), but the frequencies 

of Tfr were found to be increased (Figure 6F) resulting in an overall significant increase 

in the Tfr:Tfh ratio (Figure 6G). In mice treated with DON, GC B cells were also found 

to be significantly reduced (Figure 6H). 

 

We found that DON, not metformin, reduced the frequencies of IL-17+ and IL-17+IFNγ+ 

cell frequencies in the BO model (Figure 7A-B,C). IFNγ+ frequencies trended toward 

being decreased compared to cGVHD controls but did not reach significance (Figure 7B). 

Additionally, ICOS+ frequencies and BCL6 were significantly decreased in DON treated 

mice.  

We also interrogated the metabolic state of these cells ex vivo. We used Seahorse 

analysis to measure oxygen consumption rate (OCR) in purified CD4+ cells, separated 

into CD25- Tcons and CD25+ Tregs. OCR provides a surrogate for measure for 

mitochondrial respiration, in which oxygen serves as the final electron receptor for the 

electron transport chain (ETC) in the generation of ATP. Initial measurements provide 

the basal respiration rate of cells and then serial injections of different compounds 

provide readouts of metabolic function. Oligomycin inhibits ATP synthase demonstrating 

ATP being produced by the mitochondria. Carbonyl cyanide-4 (trifluoromethoxy) 

phenylhydrazone (FCCP) uncouples oxygen consumption from ATP production 

providing a measure of maximal cellular respiration. Finally, rotenone/antimycin A 
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inhibit complexes I and III of the ETC, allowing for the calculation of nonmitochondrial 

respiration. The difference between the uncoupled, maximal OCR from the basal OCR 

represents the spare respiratory capacity (SRC), which indicates the ability of the cell to 

respond to increased energy demand.  

We found the metabolic signatures of OCR in Tcons and Tregs from BM and cGVHD 

mice to be different. In Tcons, we observed increased basal respiratory rate in cGVHD 

mice as well as a significantly increased maximal respiration rate, resulting in an overall 

increased SRC (Figure 8A-B). DON treatment did not significantly decrease the 

mitochondrial respiration in these cells (Figure 8A-B). In contrast, we found that Tregs 

from cGVHD mice had significantly reduced mitochondrial respiration compared to that 

of the BM only control (Figure 8C). In this instance, Tregs from cGVHD were found to 

have significantly reduced SRC compared to BM only controls (Figure 8D). DON 

treatment was able to partially restore mitochondrial respiratory capacity compared to 

cGVHD controls (Figure 8C-D).  

Targeting Glutaminolysis improves outcome in sclerodermatous cGVHD model 

While the BO cGVHD model has multi-organ tissue damage, the skin is not affected in 

this model. Sclerodermatous skin manifestations, with skin fibrosis, are observed in 

cGVHD patients7. In order to address this clinical manifestation, we tested metabolic 

inhibitors in a Th1/Th17 driven model in which the skin is targeted. While no treatments 

impacts weights as compared to the cGVHD control (Figure 9A), we found that there was 

some evidence of toxicity for mice that received DON (Figure 9B). However, DON was 

the treatment on disease outcome. DON treated mice had a significant improvement on 
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cutaneous and systemic clinical score (Figure 9C-D). 2-DG had a modest, though not 

significant, effect on cutaneous score but no effect on systemic clinical score (Figure 9C-

D). Interestingly, these results did not correspond to decreased cytokine production. We 

expected that the improvement in cutaneous and systemic scores from DON treatment 

would correlate with decreased IL-17 and IFNγ production, which we did not find. We 

did however find that 2-DG significantly reduced IFNγ+ frequencies but this not result in 

improved disease scores (Figure 9E-G).  

 

Discussion 

 
The ability for immune cells to respond to stimuli requires coordinated changes in their 

metabolic programming. We found that in BO cGVHD, T-cell subsets have altered 

metabolic profiles. Tcons have increased oxygen consumption while Tregs have reduced 

OCR as compared to the healthy, BM only controls (Figure 8). This result suggests that 

Tregs in cGVHD have reduced suppressive ability as mitochondrial respiration has been 

found to be important for Treg function143. Here, we go on to show that specific 

metabolic pathways (glycolysis, FA synthesis and glutaminolysis) are required by donor 

CD4+ T-cells to initiate or sustain BO cGVHD as determined by pulmonary function 

readouts. We further demonstrate that pharmacologic targeting of these pathways can 

result in amelioration of BO and sclerodermatous cGVHD to different extents. For 

glycolysis, Glut1 KO donor T-cells resulted in improved pulmonary function, decreased 

GC reactions and reduced frequencies of IL-17+ and IFNγ+ cells. However, targeting 

glycolysis by 2-DG did not improve outcome of disease. Mice that received T-cells 

deficient in FA synthesis via KO of ACC1 had improved pulmonary function parameters, 
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decreased Tfh, GC B cell, IL-17+ and IFNγ+ frequencies. GLS KO CD4+ donor T-cells, 

unable to undergo glutaminolysis, resulted in improved pulmonary function and had 

reduced Tfh and GC B cell frequencies as well as decreased frequencies of IL-17+ cells 

(Figures 1-4). In BO, inhibition of glutaminolysis via DON given therapeutically 

improved pulmonary function outcome and reduced the GC reaction. DON also reduced 

frequencies of inflammatory cytokine IL-17. In addition, DON treatment was able to 

increase the OCR of Tregs in BO cGVHD (Figure 5-8). In a sclerodermatous cGVHD 

model, only DON was able to significantly reduce skin and clinical scores, though there 

was also increased mortality associated with treatment (Figure 9).  

 

It has been established that distinct metabolic signatures are utilized by immune cell 

subsets. Upregulated glycolysis, glutaminolysis and lipogenesis pathways characterize 

activated Teffs, while Tregs utilize FAO. Ex vivo analysis of Tcons from cGVHD mice 

revealed that that they had higher mitochondrial respiration than the BM only controls 

(Figure 8A). This result agrees with previous findings of increased OXPHOS in 

alloreactive T-cells134. We found that inhibiting the critical pathway of glutaminolysis by 

DON treatment, which improved pulmonary outcome, did not result in a change in 

mitochondrial respiration in Tcons. However, as this OXPHOS increase in alloreactive 

Tcons may not be directly involved in their pathogenesis134, this change may not be as 

important to disease outcome. In Tregs, we observed the opposite finding, that 

mitochondrial respiration was high in BM only and significantly decreased in cGVHD 

cells analyzed ex vivo (Figure 8C). In this instance, we found that DON inhibition 

significantly restored mitochondrial respiration of Tregs. This finding is important 
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because it demonstrates functional metabolic differences in OXPHOS between Tcons and 

Tregs in cGVHD. It also shows that improving Treg OCR can help restore tolerance in 

cGVHD. We were unable to measure extracellular acidification rate (ECAR) in this study 

due to constraints on cell numbers. However, pursuing the differences in glycolytic 

metabolism in Tcons and Tregs in cGVHD is an interesting future direction. It would also 

be relevant to see if inhibition of glutaminolysis by DON results in any compensatory 

metabolic flux through glycolysis. 

 

Donor T-cells lacking Glut1 had reduced Teff populations while sparing Tfrs. Similar 

results were observed with mice that received ACC1 KO T-cells. We did not observe 

increased frequencies of Tregs (data not shown) or increased frequencies of Tfrs in mice, 

but that result is not completely surprising, as most Tfr are BM-derived. If Glut1 CD4+ 

KO or ACC1 CD4+ KO BM were used, perhaps a subsequent increase in Tregs or 

corresponding Tfrs would be found. While characterization of Glut1 KO and ACC1 KO 

T-cells in vitro has shown that they spare the Treg lineage, our lab has gone onto 

interrogate the function of these Tregs. We have found that Tregs from Glut1 KO mice or 

mice with ACC1 inhibition have increased suppressive capacity (data not shown). In 

accordance with that finding, we show that adoptive transfer of Tregs isolated from Glut1 

and ACC1 KO are more effective at treating established cGVHD (Supplemental Figure 

2). 

 

Targeting immune metabolism has become an interesting area for a range of diseases, 

from autoimmune to cancer. Rapidly proliferating and growing cancer cells upregulate 
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the same pathways as activated T-cells. Metformin, a widely prescribed agent for type 2 

diabetes, has been studied in a variety of models and evaluated in over 55 clinical trials as 

a monotherapy or in a combination for cancer treatments144,145. Metformin in combination 

with 2-DG reduced disease in a model of SLE and prolonged graft survival when 

combined with 2-DG and DON146,147. We found here that metformin had a beneficial 

effect in BO cGVHD by improving pulmonary function, however the method of 

improved disease is not clear. The germinal center reaction was not significantly 

decreased by metformin treatment. In the experiment where cytokines were measured, 

mice did not respond to the metformin treatment as observed by increased IL-17+ and 

IFNγ+. One of metformin’s mechanisms of action is targeting OXPHOS, specifically by 

inhibition of complex I of the ETC. It is possible that OXPHOS in cGVHD T-cells is not 

a major contributor to disease pathogenesis and therefore not an effective single target. 

Metformin given in conjunction with an inhibitor for another metabolic pathway would 

possibly be more efficient and yield more reproducible results. We did test metformin in 

combination with DON in BO cGVHD, which did not show any additional benefit to 

DON as single agent (data not shown). 

 

2-DG has been studied as a monotherapy in disease models of experimental autoimmune 

encephalitis (EAE) where it was found to reduce disease70. Although both target 

glycolysis, we did not find 2-DG to improve disease outcome in our models of cGVHD, 

in contrast to the beneficial effect of Glut1 KO in BO cGVHD. This might suggest that 2-

DG is not an effective inhibitor in vivo. Nguyen et al. also found that 2-DG was not 

successful at controlling GVHD and observed toxicity effects of the inhibitor134. Instead, 
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they found that selective glycolytic inhibitor 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-

one (3-PO), improved survival and clinical GVHD score134. We performed a pilot test 

with 3-PO in our BO cGVHD model and did not see a change in cGVHD outcome. 

However, in comparison to Nguyen et al., who administered 3-PO beginning on day 0, 

we did not begin giving drug until disease was established. Potentially targeting 

glycolysis may be an effective approach for cGVHD prevention but not for therapy. 

 

2-DG and metformin also did not have an effect in sclerodermatous cGVHD. Similar 

considerations for these drugs in our BO model also apply in the scleroderma model. 

Again, combination therapy of 2-DG and metformin might provide better therapeutic 

benefit. Another potential reason for the ineffectiveness for therapeutic benefit is that the 

administration of 2-DG or metformin was not given at the appropriate time in disease or 

perhaps not at the optimum dose. In T-cells from lupus prone mice, the timing of 

metabolic inhibition was found to be a factor for the effectiveness of treatment. 

Metformin given at the beginning of cell polarization was able to decrease IFNγ 

production but not when given 2 days into polarization148.  

 

The glycolytic inhibitor DON has also been studied in preclinical cancer models136 , 

cerebral malaria and viral encephalitis where it has shown therapeutic benefit149,150. In 

allograft solid organ transplant, DON used in conjunction with metformin and 2-DG 

yielded therapeutic benefit via suppression of CD4+ and CD8+ T-cells resulting in 

inhibition of rejection in skin and heart transplant models147. We observed that 

monotherapy with DON reduced pathogenic T-cell function in BO cGVHD. The effect of 
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DON on the Treg population is likely important for this beneficial result. Glutamine 

deprivation or DON treatment has been found to skew the activation of T-cells toward a 

Treg phenotype, including expression of Foxp3+ and in vitro suppressor function75. 

Powell et al found that addition of DON enhanced the Treg population of mice receiving 

metformin and 2-DG in solid organ transplant models147. We have found that Tfr 

frequencies were increased in mice treated with DON. In addition to the increased 

frequency, the Tregs from mice treated with DON may also be improved functionally. 

We saw that Tregs from DON treated mice had enhanced mitochondrial respiration ex 

vivo and also that DON treated Tregs have enhanced suppressive capabilities in vitro 

(data not shown). In our sclerodermatous model cGHVD, DON reduced pathological 

signs but did not affect the T-cell functions. This result is surprising, as DON had a 

profound effect on IL-17 in BO cGVHD. In addition, the toxicity associated with DON is 

concerning and not seen in our BO model, the dose of this inhibitor may need to be 

optimized for this model. This result is from one experiment and a repeat could provide 

more insight into the mechanism of DON’s benefit in this model.  

 

We explored a number of different metabolic pathways and metabolic inhibitors in 

cGVHD. However, there are still many other potential inhibitors for targeting glycolysis, 

FA-synthesis and glutaminolysis that could be explored in this area. In addition, there 

still remains much to learn about metabolism in cGVHD. Some experiments above still 

need to be repeated to better clarify how metabolic inhibitors are working in cGHVD, i.e. 

the metabolic and cytokine profile of mice treated with metformin and the mechanism for 

improvement of mice treated with DON in the scleroderma model. Future directions for 
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research include testing an ACC1 inhibitor in BO and sclerodermatous cGVHD as well 

as adoptive transfer of Tregs treated with metabolic inhibitors. 
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Figure Legends 

	

Figure 1. Glut1 expression in donor CD4+ T-cells is necessary for the development 

of cGVHD 

B10.BR mice were conditioned with Cytoxan (120mg/kg/day, days -3 and -2) and TBI 

(8.3 Gy on day -1). On day 0, mice received wildtype (WT) C57BL/6 (B6) TCD BM 

alone (BM only) or with 7.35 x 104 WT B6 purified splenic T-cells (cGVHD) or 7.35 x 

104 Glut1 KO T-cells. (A) Pulmonary function tests performed on day 56 after 

transplantation show that the Glut1 KO T-cells did not induce bronchiolitis obliterans 

(BO) seen in cGVHD mice. (B) The frequency of splenic GC B cells was also decreased 

in mice that received Glut1 T-cells. (C) The frequency of splenic Tfh was decreased in 

mice that received the Glut1 KO T-cells. The TFR frequency was not changed among 

any of the groups (D), however the Tfr:Tfh ratio was significantly improved (E). Data are 

representative of 2 independent experiments with similar results, shown with mean ± 

SEM. Unpaired student t-test, significance: *P> .05; **P> .01; ***P> .001. 

	

Figure 2. ACC1 expression in donor CD4+ T-cells is necessary for the development 

of cGVHD 

Transplant set up the same as figure 1, with BM, cGVHD and an additional group that 

received ACC1 KO T-cells. A) Pulmonary function tests performed on day 56 after 

transplantation show that the ACC1 KO T-cells did not induce BO seen in cGVHD mice. 

(B) The frequency of splenic Tfh was decreased in mice that received the ACC1 KO T-

cells. (C) The frequency of splenic GC B cells was also decreased in mice that received 
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Glut1 T-cells. (D) The Tfr frequency was not changed among any of the groups, however 

the Tfr:Tfh ratio was significantly improved (E). (A) Data are pooled from 3 

experiments, (B-E) are pooled from 2 independent experiments, shown with mean ± 

SEM. Unpaired student t-test, significance: *P> .05; **P> .01; ***P> .001. 

 

Figure 3. Cytokine production is impaired in mice receiving Glut1 KO and ACC1 

KO T-cells 

Transplant set up the same as figures 1 and 2. Analysis of LN taken day 49 after 

transplant. (A) Represent flow plots of IL-17+ vs IFNγ+ gated on the CD4+ population. 

(B) IL-17+ cell frequencies were decreased in groups of mice that received Glut1 or 

ACC1 KO T-cells. (C) IFNγ+ cell frequencies were decreased in groups of mice that 

received Glut1 or ACC1 KO T-cells. (D) IL-17+IFNγ+ cell frequencies were decreased 

in groups of mice that received Glut1 or ACC1 KO T-cells. (E) The frequency of ICOS+ 

cells was decreased in Glut1 and ACC1 KO T-cell groups. (F) MFI of BCL6 was 

significantly decreased in Glut1 and ACC1 KO T-cell recipient mice. Each data point 

represent 2 pooled LN from 1 experiment, shown with mean ± SEM. Unpaired student t-

test, significance: *P> .05; **P> .01; ***P> .001. 

 

Figure 4: GLS expression in donor CD4+ T-cells is necessary for development of 

cGVHD 

Transplant set up the same as figure 1, with BM, cGVHD and an additional group that 

received GLS KO T-cells. (A) Pulmonary function tests performed on day 49 after 

transplantation show that the GLS KO T-cells did not induce BO seen in cGVHD mice. 
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(B) The frequency of splenic Tfh was decreased in mice that received the GLS KO T-

cells. (C) The frequency of splenic GC B cells was also decreased in mice that received 

T-cells. (D) The Tfr frequency was found to be increased in the cGVHD but not the GLS 

KO T-cell group. (E) The Tfr:Tfh ratio, which was decreased in the cGVHD group, was 

found to be significantly improved in the GLS KO T-cell group. Analysis of LN from 

transplant mice showed (F) IL-17+ cell frequencies were decreased in groups of mice that 

received GLS KO T-cells (G) IFNγ+ cell frequencies were decreased in groups of mice 

that GLS KO T-cells. (H) Representative images of Hemotoxylin and Eosin staining, 

focusing on bronchioles, of lungs harvested day 49 after transplant and scoring (I) 

demonstrate that GLS KO had reduced inflammation and improved clinical score. Data 

are representative of 2 independent experiments with similar results, shown with mean ± 

SEM. Unpaired student t-test, significance: *P> .05; **P> .01; ***P> .001. 

 

Figure 5. Metformin treatment improved BO cGVHD pulmonary function 

Conditioned mice received TCD WT B6 BM alone (BM only), with 7.35 x 104 WT B6 

purified splenic T-cells (cGVHD), treated with Metformin (150mg/kg/daily) beginning 

on day 28 after transplant. (A) Mice that were treated with Metformin had improved PFT 

results on day 49 after transplant. (B) The frequency of splenic Tfh trended toward being 

significantly reduced (C) The frequency of splenic GC B cells was not decreased in mice 

treated with Metformin. (D) The Tfr frequency was unchanged in all groups. (E) Mice 

that received Metformin did not have a changed Tfr:Tfh ratio. Data in (A) are pooled 

from three independent experiments, B-E are pooled from 2 independent experiments, 
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shown with mean ± SEM. Unpaired student t-test, significance: *P> .05; **P> .01; 

***P> .001. 

 

Figure 6. DON treatment improved BO cGVHD outcome 

Transplant set up the same as in Figure 7, with cGVHD mice receiving DON treatment 

(1.6mg/kg/EOD) beginning on day 28 after transplant. (A) Pulmonary function tests 

performed on day 49 after transplantation show that DON improved outcome compared 

to cGVHD control. (B) Spleens taken from mice 49 days after transplant showed that 

DON treated mice had enlarged spleens compared to controls. (C) Splenic frequencies of 

CD4+ were significantly decreased in DON treated mice. (D) Splenic CD19+ cell 

frequencies were found to be significantly decreased in DON treated mice compared to 

the cGVHD control. (E) The frequency of splenic Tfh was not changed in mice treated 

with DON. (F) DON treatment increased splenic Tfr frequency. (G) The overall Tfr:Tfh 

ratio was increased in mice that were treated with DON. (H) DON treated mice had 

reduced splenic GC B cell frequencies. Data are pooled from 2 independent experiments, 

shown with mean ± SEM. Unpaired student t-test, significance: *P> .05; **P> .01; 

***P> .001. 

 

Figure 7. Cytokine production is impaired in mice treated with DON  

Transplant set up is the same as figure 6 and 7. Analysis of LN taken day 49 after 

transplant. (A) Represent flow plots of IL-17+ vs IFNγ+ gated on the CD4+ population. 

(B) IL-17+ cell (C) IFNγ+ cell (D) IL-17+IFNγ+ frequencies were decreased in mice 

treated with DON but not Metformin. (E) ICOS+ cell frequencies were also decreased in 
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DON treated mice only. (F) BCL6 MFI was decreased in mice treated with DON. Data 

are from 1 experiment, shown with mean ± SEM. Unpaired student t-test, significance: 

*P> .05; **P> .01; ***P> .001. 

 

Figure 8. Mice treated with DON have altered metabolic profiles from cGVHD 

controls  

Transplant set up the same as figure 8. A-B 3 biologic replicates per group, consisting of 

3-4 pooled spleens per replicate. Cells were sorted using magnet-activated cell sorting 

(MACs) into CD4+ CD25- Tcons and CD4+ CD25+ Tregs. Each biologic replicate was 

run in quintuplicate (A) OCR of CD4+ CD25- T-cells demonstrate that cGVHD controls 

have the highest OCR rate and it is significantly increased from the BM only control (B) 

Spare respiratory capacity was calculated by subtracting basal OCR from total 

mitochondrial respiration (after FCCP addition), was found to be significantly increased 

in Tcons from the cGVHD group. C-D 1 biologic replicate, consisting of 3-4 spleens, ran 

in quadruplicate (C) OCR of CD4+ CD25+ T-cells show that OCR is improved in Tregs 

from mice that received DON treatment as compared to the cGVHD control. Data are 

from 1 experiment, shown with mean ± SEM. Unpaired student t-test, significance: *P> 

.05; **P> .01; ***P> .001. 

 

Figure 9. DON improved sclerodermatous cGVHD outcome  

Balb/c mice received TBI (7 Gy on day -1) and received WT B10.D2 BM alone (BM 

only) or with 1.8 x 104 CD4+ and 0.9 x 104 CD8+ T-cells on day 0. Treatment groups 

received Metformin, DON or 2-DG or vehicle beginning on day 21. (A) Weights from 
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mice in experimental groups were not different. (B) Mice treated with DON had 

increased mortality, statistical analysis calculated using log-rank test. (C) Skin scores 

showed that DON treated mice had significantly improved cutaneous scores. (D) DON 

treatment improved systemic clinical scores. E-G Each sample is LNs from two pooled 

mice (C) IL-17+ frequency was not decreased by any treatments. (D) IFNγ+ population 

was significantly decreased by 2-DG only. (E) IL-17+ and IFNγ+ double positive 

population was also not significantly changed by any of the inhibitors. Data are shown 

with mean ± SEM. Unpaired student t-test, significance: *P> .05; **P> .01; ***P> .001. 

 

Supplemental Figure 1. Adoptive Transfer of Glut1 and ACC1 KO Tregs have 

increased ability to improve pulmonary outcome of BO cGVHD 

Conditioned mice received TCD WT B6 BM alone (BM only), with 7.35 x 104 WT B6 

purified splenic T-cells (cGVHD). On day 28, mice received an infusion of 0.5 x 106 WT, 

Glut1 KO or ACC1 KO purified Tregs. (A) PFTs taken on day 49 after transplant. (B) 

Frequency of splenic Tfh was significantly decreased in mice that received Glut1 and 

ACC1 KO Tregs. (C) Frequency of Tfr was decreased in mice that received Tregs 

compared to cGVHD controls. (D) Ratio of Tfr:Tfh was significantly increased only in 

mice that received Glut1 TO Tregs. (E) Splenic GC B cell frequency was not 

significantly decreased in any of the treatment groups. Data are from experiment, shown 

with mean ± SEM. Significance: *P> .05; **P> .01; ***P> .001. 

 

Supplemental Figure 2. 2-DG treatment did not improve BO cGVHD outcome 
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Conditioned mice received TCD WT B6 BM alone (BM only), with 7.35 x 104 WT B6 

purified splenic T-cells (cGVHD), treated with 2-DG (40mg/kg/daily) beginning on day 

28 after transplant. (A) PFT taken on day 49 after transplant were not improved with 2-

DG treatment. (B) 2-DG treatment did not significantly decrease the frequency of splenic 

Tfh cells. (C) The GC B cell frequency was not changed from cGVHD control. (D) Tfr 

frequency was decreased by 2-DG treatment, resulting in an unchanged Tfr:Tfh ratio 

from the cGVHD control (E). Data in (A) are from two pooled, independent experiments, 

(B-E) are from one experiment, shown with mean ± SEM. Unpaired student t-test, 

significance: *P> .05; **P> .01; ***P> .001. 
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Figure 1 
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Figure 2	 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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  Figure 9 
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Supplemental Figure 1 
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Supplemental Figure 2 
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Chapter IV: Small-Molecule BCL6 Inhibitor Effectively Treats Mice with Non-
Sclerodermatous Chronic Graft-Versus-Host Disease 
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Synopsis 

 
Patient outcomes for steroid-dependent or -refractory cGVHD are poor and only 

ibrutinib has been FDA approved for this indication. cGVHD is often driven by the 

germinal center (GC) reaction, in which T follicular helper cells interact with GC B-

cells to produce antibodies that are associated with disease pathogenesis. The 

transcriptional co-repressor BCL6 is a member of the BTB/POZ transcription factor 

family and master regulator of the immune cells in the GC reaction. We demonstrate 

that BCL6 expression in both donor T-cells and B-cells is necessary for cGVHD 

development, pointing to BCL6 as a therapeutic cGVHD target. A small-molecule 

BCL6 inhibitor reversed active cGVHD in a mouse model of multi-organ system injury 

with bronchiolitis obliterans associated with a robust GC reaction but not in cGVHD 

mice with scleroderma as the prominent manifestation. For cGVHD patients with 

antibody-driven cGVHD, targeting of BCL6 represents a new approach with specificity 

for a master GC regulator that would extend the currently available second-line agents. 
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Introduction 

 
Chronic graft-versus-host disease (cGVHD) is a leading cause of long-term morbidity 

and mortality after allogeneic hematopoietic stem cell transplantation9. Animal models 

have allowed for greater understanding of the pathology of disease and been 

instrumental in developing therapeutic interventions for patients. No one model 

faithfully recapitulates the entire range of clinical, pathophysiological, and immune-

mediated events seen in human cGVHD; thus several preclinical models have been 

developed to represent various patient characteristics including cGVHD without 

scleroderma (generally antibody-mediated) and sclerodermatous cGVHD7. 

 

For cGVHD without scleroderma, bone marrow (BM) with low T-cell doses given to 

conditioned allogeneic recipients can cause chronic T-cell mediated antigenic 

stimulation and coordinated interactions of T follicular helper (TFH) cells, GC B-cells 

and T follicular regulatory (TFR) cells16. The net effects are germinal center (GC) 

formation, plasma cell/blast generation with antibody deposition in cGVHD organs, and 

subsequent lung, liver and gut but not skin fibrosis with bronchiolitis obliterans (BO) as 

a prominent manifestation16. This model simulates active cGVHD patients who have 

circulating TFH cells with an activated phenotype, increased CXCL13 indicative of 

TFH cells, and the capacity to promote B-cell maturation23. 

 
The transcriptional repressor B-cell lymphoma 6 (BCL6) is a master regulator of GC 

reactions, essential for development and function of both TFH and GC B-cells151-155. 

BCL6 has unique roles in each cell type. For example, BCL6 allows GC B-cells 



	

	

	
90	

undergoing somatic hypermutation and DNA double-stranded breaks during class-switch 

recombination to better tolerate this stress by suppressing DNA damage responses and 

checkpoint genes156. BCL6 also regulates many pathways in the B cell receptor (BCR) 

and CD40 signal transduction cascades in mature B cells157. In TFH cells, BCL6 

represses a broad range of promoters involved in T-cell function, specifically controlling 

cell migration and alternative cell fate inhibition158. Mice deficient in Bcl6 are unable to 

form GCs and therefore do not produce high-affinity antibodies159. 

 

We assessed the requirement of BCL6 expression in both donor T-cells and B-cells, as 

sources of BM-derived GC and splenic-derived TFH precursors, respectively, for 

cGVHD in a murine BO cGVHD model16. Further, we have utilized a small-molecule, 

peptidomemidic BCL6 inhibitor, 79-6, for treating established disease in both BO and 

sclerodermatous cGVHD models. 

 

Methods 

 
Mice and Transplantation 
 
C57BL/6 (B6) (Charles River), and B10.BR mice were housed in a pathogen-free 

facility and used with Institutional Animal Care Committee approval. B6→B10.BR 

(BO cGVHD) and B10.D2→Balb/c (scleroderma cGVHD) models, including disease 

severity assessments, were used as described16,22,37. For BO cGVHD, 

cyclophosphamide-treated (120 mg/kg/d, days -3, -2), irradiated (8.3Gy by x-ray, day -

1) recipients received on day 0, B6 T-cell depleted (TCD) BM ± 0.75× 105 purified 

splenic T-cells. Where indicated, BM or splenic T-cells from BCL6fl/fl x CD19-Cre or 
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BCL6 knockout (KO) mice was compared to wild-type (WT) cells. For scleroderma 

cGVHD, irradiated (7Gy, day -1) recipients received B10.D2 BM ± 1.8 × 106 CD4+ and 

0.9 × 106 CD8+ T-cells on day 0. 

 

cGVHD analyses 
 
Pulmonary function tests assessing cGVHD-associated BO were performed as 

described16. Flow cytometry for TFH, TFR, and GC B-cells, fluorescent microscopy, 

trichrome staining16,22 and skin scoring for the scleroderma model39 were performed as 

described. 

 
Results/Discussion 

 
 
BCL6 expression is required in both donor T- and B-cells for BO cGVHD. 
 
Given the importance of BCL6 in regulating GC reactions in response to foreign 

antigen exposure, we sought to determine whether BCL6 expression in donor T- or B-

cells is required for the GC reactions in murine cGVHD. B10.BR mice were 

transplanted with WT BM and WT or BCL6 KO T-cells. Recipients of KO T-cells did 

not develop BO pulmonary dysfunction (Figure 1A) and had reduced GC B-cell due to 

lower TFH cell frequencies (Figure 1B). Pulmonary macrophage infiltration along 

with antibody deposition in the lung, results in pulmonary fibrosis and BO42,98. 

Pulmonary collagen deposition was reduced in mice receiving BCL6 KO T-cells 

(Figure 1C). These results agree with earlier findings that IL-21 KO and ICOS-KO 

donor T-cells do not cause cGVHD22, consistent with donor splenic T-cells as disease 

initiators. 
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To examine the role of BCL6 in donor BM-derived B-cells, B10.BR mice were given 

WT or BCL6fl/fl x CD19-cre (BCL6 KO) BM ± WT T-cells. Mice receiving BCL6 KO 

BM and WT T- cells did not develop pathogenic pulmonary dysfunction (Figure 1D). 

Cells involved in the GC reaction, GC B-cell and TFH frequencies, (Figure 1E) and 

lung collagen deposition (Figure 1F) were decreased. These data indicate that BCL6 is 

a master regulator of GC and TFH cells required for development of BO cGVHD and 

inhibiting either population could be beneficial for therapy. 

 
 
A small-molecule inhibitor of BCL6 ameliorates established murine cGVHD with 
BO 
 
The finding that BCL6 expression is necessary in donor cells for cGVHD development 

suggests that targeting BCL6 might be therapeutically advantageous. In diffuse large B-

cell lymphomas (DLBCLs), BCL6 expression is often upregulated and the gene 

signature is similar to that of a GC B-cell. Computer-aided drug design led to the 

development of compound 79-6, which binds to the BTB domain of BCL6, the site of 

corepressor (SMRT, N-CoR, BCOR) binding critical for repressor activity and DLBCL 

cell survival160. As expected by highly specific BCL6 versus non- BCL6 BTB domain 

binding, 79-6 kills DLBCL cells in vitro and in vivo160. 

 

B10.BR mice received WT BM and WT T-cells. On day 28, after cGVHD was 

established, mice were treated with 79-6 or vehicle. Mice treated with 79-6 had 

improved pulmonary function (Figure 2A). Treatment with 79-6 also resulted in 

significantly decreased splenic GC B-cell frequencies (Figure 2B), and plasma cell 

frequencies in the lung (data not shown). Lung collagen deposition was less in 79-6 
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treated mice (Figure 2C). Splenic TFH frequencies were not significantly reduced in 79-

6 treated mice, although TFR/TFH ratios were improved in some mice (Figure 2B). 

Thus, despite the dependency on BCL-6 expression for donor TFH and TFR 

generation161, the major effect of 79-6 appears to be directly on the GC B-cells in this 

model. 

 
To assess 79-6 efficacy in sclerodermatous cGVHD, BALB/c recipients were given 

B10.D2 BM ± T-cells (2.7 x 106) in doses 36-fold higher than the BO cGVHD 

model37,38. The systemic and cutaneous inflammatory response caused by pSTAT3+ 

CD4+ T-cells results in a Th1-dependent and Th17-associated sclerodermatous 

cGVHD38. The skin is infiltrated with TGF-b1 expressing mononuclear cells, elevated 

C-C chemokines, and macrophage infiltration37. Our findings indicate that a GC 

reaction appears unnecessary (Figure 2D) for cGVHD development in this model, 

agreeing with recent findings162. In contrast to the BO cGVHD model, no improvement 

in skin scores was seen following 79-6 (Figure 2E). IL-17A and IFNg, significant 

contributors to skin cGVHD in this model, remained increased in treated mice (Figure 

2F). 

 
 
In summary, BCL6 is a master regulator of many aspects of the GC and has been 

implicated in various aspects controlling autoimmune responses. In this study, we have 

shown that mice receiving BCL6 KO T or B-cells failed to develop BO cGVHD. 

Importantly, a small-molecule BCL6 inhibitor (79-6) was effective in limiting cGVHD 

in this GC-dependent model. In contrast, in a cytokine-dependent scleroderma model 

with systemic and cutaneous inflammation, 79-6 was ineffective in treating 
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sclerodermatous cGVHD. This provides support that BCL6 inhibition could be a novel 

treatment or prophylaxis for BO cGVHD and potentially other immune diseases in 

which the GC has a role. 

 
Acknowledgements: 
 
This work was supported by the National Institutes of Health grants P01-CA142106, 

PO1 AI 056299, and T32 CA009138 as well as grants from the Leukemia and 

Lymphoma Society of America (Translational Research Grant 6458-15 and 6462-15). 

Thank you to Dr. Marc Jenkins for providing BCL6 KO cells used for T-cell studies. 

 
 
Authorship: 
 
Contribution: K.P. designed experiments and wrote the paper. R.F. designed and 

performed experiments, discussed results and edited the paper. J.Q., and J.B. for 79-6 

synthesis. J.D., L.L., I.M., K.P.P., G.R.H., J.S.S., W.J.M., C.C., J.K., J.A., R.S. and 

J.R. discussed results and edited the paper. A.M. provided BCL6fl/fl x CD19-cre BM. 

B.R.B contributed to experimental design, discussed results and edited the paper. 

 
  



	

	

	
95	

Figure Legends 

 
Figure 1. BCL6 expression in donor T- and B-cells is necessary for 

development of BO cGVHD. 

B10.BR mice were conditioned with cyclophosphamide (120 mg/kg/day, IP) on day -3 

and -2, and irradiation (8.3 Gy by X-ray) on day -1 before transplantation. On day 0, 

mice were transplanted with either T-cell depleted (TCD), B6 BM (BM only) or B6 

TCD BM with purified B6 T-cells (cGVHD) to establish cGVHD. A-C an additional 

group received TCD BM with BCL6 KO T. (A) Pulmonary Function Tests, measuring 

airway resistance, total lung elastance and compliance were performed on day 56 after 

transplant. Mice receiving BCL6 KO T-cells did not develop pulmonary dysfunction 

like that of the cGVHD controls. (B) Frequency of splenic GC B cells and TFH cells 

were analyzed by flow cytometry on day 56 post transplant. GC B cells and TFH cell 

frequencies were decreased in the mice that received the BCL6 KO T-cells. (C) 

Collagen deposition as identified by trichrome staining of lung sections harvested day 

56 post transplant. Mice that received KO T-cells had reduced collagen deposition in 

their lungs. D- F Transplants were performed as described above with the addition mice 

that received either TCD, BCL6fl/fl x CD19-Cre BM (BCL6 KO BM) alone or with 

purified B6 T-cells. cGVHD was assessed as above (D) Mice that received BCL6 KO 

BM with WT T-cells did not develop pulmonary dysfunction. (E) Frequency of TFH 

and GC B cells from spleens of mice that received BCL6 KO BM with WT T-cells 

were reduced. (F) Collagen deposition in the lung was decreased in mice that received 

the BCL6 KO BM with WT T-cells. Data are representative of 1 experiment with 4-6 

mice per group, except (F) which is 2-3 samples per group. Unpaired student t-test was 
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used when comparing 2 groups. Error bars indicate standard error of the mean (SEM). 

Significance: *P> .05; **P> .01; ***P> .001. 

 

Figure 2. Inhibition of BCL6 co-repression activity can treat established BO 

cGVHD not sclerodermatous cGVHD. 

A-C BO cGVHD was established and assessed as described above. On days 28-56, mice 

were treated with vehicle or 50mg/kg 79-6. (A) PFT results demonstrate that 79-6 is 

able to improve pulmonary function compared to cGVHD control. (B) Frequency of GC 

B cells not TFH are decreased in mice treated with 79-6. (C) Collagen deposition in the 

lung was reduced with 79-6 treatment. (A-C) Data are pooled from 2 experiments, 5-8 

mice per group per experiment. D-F Sclerodermatous cGVHD was induced in Balb/c 

recipients treated on day -1 with irradiation (7 Gy by X-ray) and infusion of B10.D2 

BM alone (BM only) or with B10.D2 purified T-cells (Scleroderma). With the 

appearance of significant difference in skin scores (~day 21), mice began treatment with 

50mg/kg 79-6. (D) Analysis of frequency of GC B cells in spleens taken day 50 after 

transplant. Frequency of GC B cells in scleroderma mice demonstrates that the GC 

center is not a significant contributor to this disease. (E) Skin scores were determined 

twice weekly as described39. Treatment with 79-6 was unable to improve skin 

manifestations of disease. (F) Cytokine analysis from pooled (2 mice/sample) lymph 

node harvested at day 50 after transplant. Cells were stimulated with PMA/ionomycin 

for 5 hours and then stained. 79-6 treatment did not change the frequencies of IL-17A+ 

or IFNγ+ CD4+ cells from that of scleroderma controls. (D-F) Data are pooled from two 

experiments, 7-10 mice per group per experiment. Unpaired student t-test was used 



	

	

	
97	

when comparing 2 groups. Error bars indicate SEM. Significance: *P> .05; **P> .01; 

***P> .001. 
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Figure 1 
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Figure 2 
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Synopsis  

 
Chronic Graft-versus-Host Disease (cGvHD) remains a major complication of 

allogeneic stem cell transplantation requiring novel therapies. CD146 and CCR5 are 

expressed by activated T cells and associated with increased T cell migration capacity 

and Th17 polarization. We performed a multi-parametric flow cytometry analysis in a 

cohort of 40 HSCT patients together with a cGVHD murine model to understand the 

role of CD146 expressing subsets. We observed an increased frequency of 

CD146+CD4+ T cells in the 20 patients with active cGvHD with enhanced RORγt 

expression. This Th17-prone subset was enriched for cells co-expressing CD146 and 

CCR5 that harbor mixed Th1/Th17 features and were more frequent in cGvHD 

patients. Utilizing a murine cGVHD model with Bronchiolitis Obliterans (BO), 

we observed that donor T cells from CD146 deficient versus wild type mice 

caused significantly reduced pulmonary cGvHD. Reduced cGVHD was not the result of 

failed germinal center B cell or T follicular helper cell generation. Instead, CD146 

deficient T cells had significantly lower pulmonary macrophage infiltration and T cell 

CCR5, IL-17 and IFN-γ co-expression suggesting defective pulmonary end organ 

effector mechanisms. We, thus, evaluated the effect of TMP778, a small molecule 

RORγt activity inhibitor. TMP778 markedly alleviated cGvHD in murine models 

similarly to agents targeting Th17 pathway such as STAT3 inhibitor or IL-17 

blocking antibody. Our data suggest CD146 expressing T cells as a cGvHD biomarker 

and that targeting Th17 pathway may represent a promising therapy for cGvHD to 

evaluate in clinic. 
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Introduction 

Over the decades, improvements have been made in acute graft-versus-host Disease 

(aGvHD) prevention. In contrast, chronic graft-versus-host disease (cGvHD) that is 

often preceded by aGvHD, continues to be a significant cause of morbidity and 

mortality, affecting an estimated 50% of allogeneic hematopoietic stem cell 

transplantation (HSCT) patients43,163. Efforts have been made to characterize proteomic 

and cellular biomarkers to better define disease severity, predict therapeutic responses 

and improve our understanding of cGvHD pathogenesis164-168. 

 

Donor T effector cells (Teffs) have been shown to mediate alloreactivity toward 

recipient tissue in both human and mice12,43,44 and are required elements of aGvHD and 

cGvHD generation. Both in vitro or in vivo T cell depletion have reduced but not 

eliminated cGvHD incidence and both can be associated with increased infections and 

malignancy recurrence as complications. Offsetting GvHD-causing Teffs are regulatory 

mechanisms that serve to dampen the immune destructive responses that can harm the 

organism. These include cell surface molecules such as co-inhibitory receptors, 

metabolic control switches such as the indoleamine 2,3-dioxygenase tryptophan 

catabolic pathway, and cellular mechanisms such as regulatory T cells (Tregs). 

Relevant to cGvHD in patients, we previously showed that patients developing cGvHD 

presented altered Treg homeostasis with quantitative deficiency166. Strategies to expand 

Tregs in vivo were efficient at reducing but not uniformly eliminating disease severity169. 

Similarly, we observed abnormal homeostasis and chronically activated B cells167,170, 

offering the possibility to deplete or target them85,96,171. Thus, approaches to be used in 
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combination with Treg augmentation would be desirable. Identifying a new Teff cell 

involved in the pathogenesis of the disease would be a key step forward to develop 

prophylactic, therapeutic and prognostic means of reducing the significant 

consequences of cGvHD in patients. 

 

GvHD causing Teffs can be contained within T-helper (Th) cell subsets that have 

been progressively defined according to the expression of surface markers, 

activation molecules, chemokine receptors and their capacity to secrete cytokines. 

Nomenclature defining Th polarization (Th1, Th2, Th9, Th17, Th22, etc.) is expanding 

with the further complexity that Th cells maintain a degree of plasticity, being able to 

convert from one subset to another172. The Th17 subset is defined according to the 

expression of RAR-orphan receptor gamma transcription factor (RORγt)173 and the 

capacity to secrete interleukin-17 (IL-17) upon stimulation. In addition, different surface 

markers have been described such as chemokine receptor (CCR)6, CD161, CCR4, 

IL23R and CD5L to characterize the Th17 subset174,175. Several studies have 

attempted to decipher the role of Th17 in acute GvHD (aGvHD)176,177. However, 

murine models presented conflicting results, as IL-17 knockout (KO) donor T cells 

either reduced178 or exacerbated aGvHD179. Similarly, human aGvHD studies 

reported discordant results. Indeed, blood/tissue Th17 cells were found to be either 

increased180 or decreased181,182. Interestingly, some studies provided data suggesting 

Th17 involvement in the transition from aGvHD to cGvHD. Indeed, Chen et al 

reported the expansion of Th17 in the early phase of aGvHD playing a role in the 

development of later auto-immune-like disease183 and, in parallel, Carlson et al 
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described the role of Th17 in severe skin and lung injuries that resemble to 

cGvHD184. With respect to the pathogenesis of cGvHD, the role of Th17 cells is 

less controversial. Studies have demonstrated a role for Th17 cells in murine models 

with features of auto-immunity183, scleroderma108 and multi-organ system disease with 

broncholitis obliterans (BO) in a CSF-1/CSF-1R98 and signal transducer and activation 

of transcription (STAT)3-dependent manner36,38. In humans, there is a paucity of data. 

Dander et al showed an increase of Th17 cells in the blood of patient with active 

cGvHD180, and a mixed Th1/Th17 signature was observed in the skin of patients with 

active disease185. More recently, we identified candidate biomarkers (CCL14 and 

CD146) in the plasma of patients developing gastrointestinal (GI) GvHD that revealed 

an activated Th17-prone T cell population (CD4+CD146+CCR5+ T cells) participating 

in the pathogenesis of aGvHD186. Interestingly, CD146 appeared associated with 

cGvHD in our recent large proteomic study168. Altogether, these data suggest studying 

the role of Th17 and RORγt pathway during cGvHD pathogenesis, and targeting this 

subset may provide clinical benefit. 

 

Strategies specifically targeting Th17 subset have included antibody-mediated 

neutralization of IL-17 or IL-23, and were predominantly evaluated in the field of 

autoimmune diseases187-189. The Th17 program is dependent on the master regulator 

RORγt, and STAT3 signaling. Dual RORγt or STAT3 pathways inhibitors have 

been developed such as the small GTPase, Rho-associated coiled-coil containing 

protein kinase 2 (Rock2) inhibitor, KD025. We recently showed that KD025 was 

efficient in suppressing murine and human cGvHD through inhibition of RORγt and 
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STAT3, leading to reduced IL-17 and IL-21 cytokine production and T follicular 

helper (TFH) cells that can support pathogenic antibody production during cGvHD36,190. 

Via its effects on STAT5, Treg production also is facilitated35,36. Other inhibitors 

can provide a more specific approach by targeting the Th17 program (e.g. RORγt) 

only without affecting all downstream STAT3 signaling (e.g. TFH and Th17) in order to 

preserve other immune functions such as humoral immunity (STAT 3/4 

dependent)191,192. One such small-molecule RORγt inhibitor is TMP778 which acts 

through several modalities: interruption of RORγt binding its target genes, disrupting 

RORγt interaction with other transcription factors or coactivators and promotion of 

Gata3 transactivation192. Previous reports demonstrated the role of TMP778 

interfering with Th17 cell differentiation and its activity during mouse models of 

autoimmune diseases192,193. Molecular studies showing a STAT3-dependent 

mechanism of action suggest a RORγt inhibitor as a candidate treatment of 

cGvHD. 

 

Herein, we showed that CD146-expressing cells are increased in the context of cGvHD 

in both human and mice, and harbor a Th17 polarization with upregulation of RORγt 

and increased capacity to secrete IL-17. This population was required for cGvHD 

pathogenesis, as CD146 knockout, anti-IL-17 neutralizing antibody and RORγt specific 

inhibition (TMP778) each alleviated disease severity. Altogether, our data support 

that RORγt inhibitors could be used as a new therapeutic option for cGvHD. 
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Results 

	

Increased frequencies of CD146+ and CD146+CCR5+ CD4 T cell subsets during 

cGvHD 

CD146 and CCR5 represent two molecules facilitating migration of T cells through the 

endothelium in response to homing signals released from inflamed tissues194,195. We 

previously demonstrated that patients with GI GvHD presented an increased 

frequency of CD146+CCR5+ T cells compared to patients without GvHD, non-enteritis 

GvHD, or with isolated skin GvHD186. These observations suggest a role for the 

involvement of this population in late aGvHD manifestations. To evaluate the role of 

CD146 and CCR5 expressing cells in the pathogenesis of human cGvHD, we 

performed multi-parameter flow cytometry on peripheral blood samples from 40 HSCT 

patients with and without active cGvHD (n = 20 patients/group) at the time of sample 

collection. Patients’ clinical characteristics are listed in Table 1. 

 
First, we analyzed the expression of CD146 within conventional CD4 T cells (Tcon), 

defined as non-Treg cells i.e. excluding CD25hiCD127low cells. CD146 was 

significantly upregulated in CD4 Tcon during cGvHD compared to patients without 

cGvHD (median %: 6.76 vs. 3.28 respectively, p < 10-4) (Figure 1B). Interestingly, 

CD146+ Tcon cells appeared to be positively associated with cGvHD disease severity 

according to NIH criteria (Figure 1B). We also analyzed the subset co-expressing 

CD146 and CCR5 (CD146+CCR5+). Although representing a smaller fraction within 

CD4+ T cells, CD146+CCR5+ within the Tcon subset was significantly increased 

during active cGvHD (median %: 0.62 vs. 0.27 respectively, p = 0.015) (Figure 1C), 
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similar to the CD146+ fraction. We also examined CD4+ Treg (defined as 

CD25hiFoxP3+), and found, similarly to aGvHD186, a significant up-regulation of 

CD146 (median %: 21.65 vs. 13.2 respectively, p = 10-4) (Figure 1D), and an increased 

frequency of the double positive subset (CD146+CCR5+) within the Treg subset 

(median %: 3.4 vs. 2.1 respectively, p = 0.007) (Figure 1E), during cGvHD. We 

observed similar finding when looking at absolute counts (Sup Fig 1A-D). As we 

previously showed the increase of CD146 expressing subsets in a cohort with aGVHD, 

we analyzed our active cGVHD cohort in which half had previously developed 

aGVHD. This analysis did not reveal any impact of prior aGVHD development (Sup 

Fig 1E-J). Taken together these data indicate that both CD146+ and 

CD146+CCR5+ T cell subsets with increased migration capacity are increased during 

cGvHD. 

 
CD146 expressing CD4+ T cells are skewed towards a Th17 profile during cGvHD  

We next evaluated whether CD146+ Tcons that were increased in patients with cGvHD 

expressed a specific polarization profile. Previous reports suggested that CD146+ 

subsets tended to be polarized towards a Th17 phenotype and function196. As RORγt is a 

major transcription factor contributing to the Th17 polarization of T cell subset, we 

assessed its expression level by flow cytometric quantification of mean fluorescent 

intensity (MFI) in healthy donor samples (Sup Fig 2A-C) and confirmed the up-

regulation of RORγt in CD146+CD4+ (Sup Fig 2A) and CCR5+CD4+ (Sup Fig 2B, C) 

Tcon as well as Treg subsets in addition to the CD146+CCR5+CD4+ Tcon subset 

(Sup Fig 2B, C). We, then, evaluated the relative RORγt expression levels among 

HSCT patients with or without active cGVHD. In our cohort, RORγt expression was 

increased in active cGvHD patients compared to no cGvHD when examining effector 
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CD4 T cells (CD4+ Tcon, median RORγt MFI: 244 vs. 197 respectively, p=0.0045) 

(Figure 2B) as well as in both the CD146+CD4+ Tcon (median MFI: 291.5 vs. 244.5 

respectively, p=0.029) (Figure 2C) and CD146+CCR5+CD4+ Tcon (median MFI: 356 

vs. 269.5 respectively, p=0.042) subsets (Figure 2D). The same trends were observed for 

the CD4+ Treg (median RORγt MFI: 192 vs. 156.5 for active cGvHD and no cGvHD 

respectively, p=0.0066) (Figure 2E), as well as in CD146+CD4+ Treg (median MFI: 

200 vs. 160.5 respectively, p=0.0056) (Figure 2F), and CD146+CCR5+CD4+ Treg 

(median MFI: 210.5 vs. 162 respectively, p=0.0007) (Figure 2G) subsets. Since RORγt 

upregulation in Tregs may have affected Treg function, we assessed suppressor 

function according to CD146 expression levels in an in vitro suppression assay with 

Tcon. We observed a significant decreased suppressive capacity of CD146+ Treg 

compared to CD146- Treg (Figure 2H). Taken together, these data suggest that 

CD146 and CD146/CCR5 expressing cells, in both Tcon and Treg, are polarized 

towards a Th17 phenotype, which is augmented during cGvHD and may contribute to 

its pathogenesis. 

 
CD146+CCR5+ CD4+ T cell subsets harbor a mixed polarization 
 
Because the chemokine receptor CCR5 is associated with Th1 polarization197, we also 

evaluated T-bet expression, a canonical transcription factor of Th1 subset, within our 

population of interest. In Healthy Donors (HD), CCR5 expression within Tcon had a 

greater impact on T-bet upregulation compared to CD146 (T-bet mean MFI: 661.5 in 

CD146-CCR5+ vs. 446.3 in CD146-CCR5-, p=0.0078; 661.5 in CD146-CCR5+ 

vs.520.9 in CD146+CCR5-, p=0.07) (Sup Fig 2D-F). We then evaluated IFN-γ 

production as a key Th1 signature cytokine. Consistent with T-bet upregulation data, the 
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CD146- CCR5+ expressing subset produced a greater amount of IFN-γ compared 

to the reciprocal CD146+CCR5- subset (mean IFN-γ production: 66.15 vs. 23.69 

respectively, p=0.002) (Sup Fig 3A-C). Together, our data showed in HD that 

CD146+CCR5+ expressing CD4+ T cells present both features of Th1 (T-bet/IFNγ) 

and Th17 (RORγt/IL-17) with CD146 driving most of the Th17 phenotype (Sup Fig 2B- 

C and Sup Fig 3D-F). As CD146+ and CD146+CCR5+CD4 T cells are highly 

correlated (Spearman’s: r=0.81, p=0.016, in HD), we evaluated whether CD146+ 

expressing CD4+ T cells were enriched for a Th1/Th17 subset previously described as 

pathogenic. When we analyzed CD146+CD4+ T cells, we observed a significant 

enrichment of a population secreting both cytokines IFNγ+IL-17+ (mean %: 2.36% for 

CD146+ subset vs. 0.179% for CD146-, p=0.002; and 4.579% for CD146+CCR5+ vs 

0.236% for CD4+ excluding the CD146+CCR5+ subset, p=0.002) (Sup Fig 3G and 

3I). Interestingly, in our cohort, the Th1/Th17 (IFNγ+IL-17+) subset within CD146+CD4+ 

T cells appeared to be associated with active cGvHD disease severity (Sup Fig 4) 

(median % of IFNγ+IL-17+CD146+ in CD4+ T cells: 0.0152% for mild vs. 0.0438% 

for moderate, p=0.064; 0.0438% for moderate vs. 0.075% for severe, p=0.367; p=0.048 

between mild and severe). 

 
CD146 deficiency of donor T cells alleviates mouse cGvHD model that includes 

bronchiolitis obliterans (BO). 

Herein, our data from human samples suggest a role for CD146+ subset in the 

pathogenesis of cGvHD. Thus, we hypothesized that HSCT with CD146 KO donor T 

cells would preclude cGvHD generation using a well-established multi-organ system 

cGVHD mouse model system that has BO as a prominent clinicopathological 
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manifestation. We previously showed that B10.BR recipients receiving bone marrow 

(BM) and splenocytes from C57BL/6 (B6) donors developed a systemic multi-organ 

system cGvHD with BO mimicking human cGvHD (shown by pulmonary functional 

tests and lung fibrosis), representing a powerful tool to evaluate therapeutic 

interventions to better understand cGvHD pathogenesis and assess pharmacological 

interventions16,22,36,85. In this model, donor T cells mediate cGvHD via a RORγt, STAT3, 

and IL-17/IL-21 dependent mechanism36,108. In addition, pulmonary fibrosis was shown 

to depend upon Th17198, and donor macrophages in the context of cGVHD-related 

BO98. When using splenocytes from CD146 KO vs WT donors (together with WT 

BM), pulmonary functional tests (resistance; compliance; elastance) performed 2 months 

post-transplant, were each significantly improved and comparable to BM only mice that 

do not develop cGvHD (Figure 3A). There was a statistical trend toward decreased lung 

histopathology (Figure 3B) while histopathology in other target organs (liver and colon) 

was not decreased (not shown) in the CD146 KO group as compared to the WT group. 

Similarly, organ fibrosis assessed by trichrome staining of lung, cryosections 

demonstrated significantly decreased collagen deposition with CD146 KO donors 

compared to WT (Figure 3C), quantitatively confirmed using a hydroxyproline assay 

to measure collagen burden (Figure 3D), whereas, consistent with histopathological 

analysis, no significant differences were seen in liver and colon fibrosis (not shown). 

Flow cytometry of single-cell suspensions was performed to quantify the frequency 

of pathogenic T cell subsets with Th17-related features within the lung. Similar to 

patient data, mice developing cGVHD had a significant increase in the IFNγ+IL-17+ 

subset within both CD146+ and CD146+CCR5+ fractions, which was abrogated when 
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using splenocytes from CD146 KO donors (Figure 4A). As we previously showed 

the involvement of macrophages in the lung fibrosis98, we undertook the 

quantification of CD68 expression on lung cryosection and observed a marked increase 

in macrophage number during cGVHD that was alleviated in mice receiving CD146 

KO splenocytes (Figure 4B). We also previously showed that development of BO 

during murine cGvHD was associated with increased TFH cells along with germinal 

center B cells (GC B cells) within the spleen22. Splenic flow cytometry indicated no 

difference in TFH or GC B cells between the mice receiving CD146 KO vs WT 

(Figure 4C). Taken together, our data indicate that CD146 expression on donor T cells 

is necessary for cGvHD BO development and infiltration of pathogenic IFNγ+IL-17+ 

subset and macrophages in the lung, rather than via direct effects on splenic TFH/GC B 

cell interactions. 

 
We and others have previously described the role of CD146 and ICOS stimulation in 

the development of human pathogenic IFNγ+IL-17+ T cells186,199. Therefore, we 

sought to confirm the role of both CD146 and ICOS in murine IFNγ+IL-17+ T cells by 

differentiating naïve CD146 KO versus CD146 WT T cells with either CD3/CD28 

stimulation of CD3/ICOS stimulation. We showed that Th17 differentiation conditioning 

and ICOS stimulation increased significantly more the number of cells coexpressing 

IL-17/IFN-γ and RORγt/IL-21 in cultures derived from naïve CD146 WT T cells as 

compared to cultures derived from naïve CD146 KO T cells (Sup Fig 5). These data 

suggest a crucial role of CD146 in the development of IFNγ+IL-17+ T cells and BO 

model that point to an effect on the Th17-related homing capacity of pulmonary 

macrophages, similar to the Th17-dependent BO observed in lung transplant198. 
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TMP778 targeting of RORγt suppresses the development of pathogenic 

Th1/Th17 and CD146+CCR5+ CD4 T cells in vitro 

We have now shown that CD146+CCR5+CD4 T cells are Th17 committed, express 

higher levels of Th17 markers and exhibit a pathogenic Th1/Th17 phenotype (co- 

expressing IL-17 and IFN-γ)172. Toward clinical translation, we sought to determine 

whether potentially pathogenic Th1/Th17 cell differentiation could be blocked in vitro. 

Therefore, we measured the effect of TMP778, an inhibitor of the Th17 master 

transcription factor RORγt, on in vitro human Th1/Th17-polarized cells and 

CD146+CCR5+CD4 T cells. Total CD4 T cells from HD were cultured under Th17 

polarizing condition in the presence of increasing doses of TMP778 or vehicle control 

DMSO. TMP778 significantly reduced the frequency of IFN-γ+IL-17+ T cells in a dose-

dependent manner (Figure 5A). In addition, the frequency of CD146+CCR5+ T cells 

was also inhibited in a dose-dependent manner (Figure 5B). Similarly, TMP778 at a 

concentration of 0.1 µM and 1 µM significantly inhibited the generation of Th1/Th17 

and CD146+CCR5+CD4 T cells in allogeneic mixed lymphocyte reaction (MLR) 

cultures (Sup Fig 6). Together, our results indicate that TMP778 can suppress not only the 

differentiation of Th17 but also the development of Th1/Th17 and 

CD146+CCR5+CD4 T cells in vitro. 

 

Pharmacological and neutralizing antibody inhibition of RORγt, STAT3 or IL-17 

reverses established mouse cGvHD 

Results above suggested a relationship between CD146 and Th17 polarity. Thus, we 
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evaluated the in vivo cGvHD effect of pharmacological inhibition of RORγt with a novel 

small molecule inhibitor that showed strong efficiency in other Th17 driven 

disease192 and under the in vitro Th17 polarizing conditions from HD described 

immediately above. TMP778 interacts with RORγt to hamper its transcription factor 

activity and, consequently, IL-17 secretion192,193. Toward clinical translation, we 

treated recipients with TMP778 beginning on d28 at the time of established cGVHD. 

TMP778 treated mice showed a significant improvement of pulmonary function tests 

at d60, reaching the level of recipients receiving CD146 KO splenocytes or BM only 

(Figure 6). Similarly, administration of an anti-IL-17 blocking antibody on d28 

significantly improved each of the pulmonary function test parameters, alleviating 

BO-related cGvHD (Figure 6). 

 

Discussion 

In the present study, we sought to identify and characterize a new T cell subset involved 

in human and murine cGvHD. Defining cellular biomarkers of cGvHD, such as T cell 

subsets, remains a major goal in order to improve our understanding and to develop 

targeted therapies. Herein, we defined a pathogenic CD4 T cell population based on 

the expression of CD146 and CCR5 reflecting its capacity to migrate to inflamed 

tissue and to interact with endothelial barriers in the context of alloreactivity.  

 

CD146 (also called MCAM: Melanoma Cell Adhesion Molecule) is a cell adhesion 

glycoprotein expressed on lymphoid cells, endothelial cells, smooth muscle and tumor 

cells, and displays homophilic or heterophilic interaction200. It has been shown to play 
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a major role in T cell migration through interaction with endothelial cells186,195. Hence, 

CD146 expression on T cells has been shown as a surrogate of subsets with trans-

endothelial migration capacity186 during the course of inflammation. Our study revealed 

that patients with active cGvHD had significantly higher CD146 expression in CD4 T 

cells, including both Tcon and Treg subsets. CD146 can be up-regulated on T cells upon 

TCR or mitogen stimulation, reflecting T cell activation. When binding CD146 

through homophilic interaction, downstream transducing signals induce 

phosphorylation of cellular proteins such as Pyk2, focal adhesion kinase and paxillin 

thus promoting trans-endothelial migration195. Similarly, we also evaluated another 

subset of CD146 expressing cells, the CD146/CCR5 double positive CD4 T cells 

which were increased in patients with cGvHD. This CD146 expressing CD4 T cells 

(including CD146+CCR5+) exhibited Th17 features. Specifically, CD146+CD4 T cells 

express significantly higher concentration of RORγt and IL-17 intracellular 

expression upon stimulation. Previous reports showed that CD146 expressing T cells 

up-regulated IL-17, IL-22 and CCR6 mRNA196. Here, we observed in patients with 

active cGvHD an increased expression of RORγt within CD146+ or CD146+CCR5+ 

T cells (Tcon and Treg) suggesting a strong Th17 signature during cGvHD. The role 

of CD146 in Th17 differentiation remains poorly understood, however we previously 

showed using shRNA (CD146) experiments that naïve CD4 T cells cultured under 

Th17 polarizing conditions had reduced capacity to produce IL-17 and IFN-γ186. We 

have now confirmed these data using murine naïve CD146 KO T cells. Thus CD146 

expression appears as a surrogate marker for IL-17 and IFN-γ pathogenic subset 

without precluding a mechanistic role. Interestingly, CD146-expressing Treg showed a 
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decreased suppressive capacity consistent with the up-regulation of RORγt. This 

underlines the altered homeostasis between Treg and Tcon previously described166, 

and the potential impact of a defective function within regulatory subsets during 

cGvHD. 

 

CCR5 is a chemokine receptor for CCL14 and CCL5, secreted at inflammatory sites, 

shown to promote the homing of inflammatory Teff subset, such as Th1197. We showed 

that CCR5 expressing CD4 T cells expressed greater level of T-bet and IFN- γ. CCR5 

expressing CD4 T cells have been evaluated in the context of aGvHD, but no reports 

investigated its implication on circulating T cells during cGvHD. Morita et al 

reported the expression of CCR5 by a lymphoid infiltrate within the skin of patients with 

cGvHD suggesting its role in the migration of T cells towards inflammatory sites201. 

Interestingly, CD146/CCR5 double positive CD4 T cells appeared to be enriched for a 

subset with a mixed polarization Th1/Th17, as attested by the co-expression of 

RORγt/T-bet and IFN-γ/IL-17. This subset has been shown to harbor a pathogenic role in 

several autoimmune diseases202,203. Indeed, Annunziato et al previously showed that 

Th1/Th17 subset showed increased cytotoxic capacity and lower susceptibility to the 

Treg suppressive activity202. Comparably, Bruggen et al observed a mixed 

Th1/Th17 signature in the skin of patients with lichenoid cGvHD185. 

To understand the role of CD146 expressing T cells in the pathogenesis of cGvHD, 

we utilized donor CD146 KO splenocytes in our multi-organ model of cGvHD with BO 

manifestations16. We observed a significant alleviation of BO-cGvHD. Furthermore, 

we observed an increase in the pathogenic IFNγ+IL-17+ subset within both CD146+ 
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and CD146+CCR5+ fractions in the lung of animals developing cGVHD that was 

alleviated when using CD146 KO splenocytes. In our model using splenocytes from 

CD146 KO mice, the remaining CD146+ or CD146+CCR5+ fractions thus appeared to 

differentiate from WT BM lymphoid progenitors. However, the overall decrease in 

CD146+ and CD146+CCR5+ subsets may be consecutive to thymic injury from cGVHD 

and reduced production of T cells. 

 
We previously showed, in this model, the requirement of allo-antibody production from 

donor B cells differentiated during a GC reaction where TFH cells play a central role16,22. 

However, we didn’t observe any impact on TFH and GC B cell frequencies 

between CD146 KO and WT splenocyte conditions. This suggests that CD146 KO 

does not impair T-B cross talk and B cell differentiation into GC B cells and 

plasmablasts. Instead, CD146 KO appears to hamper Th17 cells that harbor pro- 

fibrotic functions toward lung tissue, as we and other have previously shown204,205; thus 

explaining the improvement of pulmonary function parameters. As we previously 

reported the role of macrophages in the lung fibrosis, we analyzed macrophage 

infiltration using immunofluorescence and showed an increased infiltrate in murine 

cGVHD that was alleviated in mice receiving CD146 KO splenocytes. This underlines 

the central role of Th17 polarized subsets, which harbor the capacity to secrete 

chemokines (CXCL8, CCL20, GM-CSF, IL-1ß and TNF-α) thus promoting a pro- 

inflammatory environment198. 

 

Because the CD146 expressing subset is Th17-polarized and appears as a key player of 

cGvHD, we tested a small molecule inhibitor of the RORγt pathway to 
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specifically target the Th17 derived subset. TMP778 is a pharmacological inhibitor that 

binds to RORγt to block downstream gene expression such as IL-17A/F, IL-22, IL-23R, 

CCR6, but also to prevent RORγt inhibitory effect on T-bet and GATA3 gene 

expression192. TMP778 suppressed IL-17 and IFN-γ co-production and diminished 

the CD146/CCR5 double positive subset not only from differentiated Th17 in vitro 

(ICOS- induced), but also in an alloreactive context (MLR). Importantly, TMP778 

administration to mice receiving WT splenocytes alleviated lung cGvHD. Similarly, we 

observed BO alleviation when using anti-IL-17 blocking antibody, partly mimicking 

downstream effect of TMP778. In addition, RORγt program expression is dependent 

on the STAT3 axis206, as attested by reports on STAT3 deficiency207 or STAT3 

inhibitors35,208 inducing RORγt inhibition and Th17 deficiency. Thus, we also 

administered Cucurbitacin I, a potent STAT3 inhibitor, to evaluate upstream RORγt 

inhibition and observed BO alleviation at a similar level to TMP778 or CD146KO (data 

not shown). 

 

In summary, our study provides data supporting the role of CD146 expressing CD4 T 

cells in the pathogenesis of cGvHD showing enhanced Th17 features, also involved 

in other autoimmune diseases196,209. This proposed new cellular biomarker of cGvHD 

would require to be prospectively validated in order to justify clinical applications 

of RORγt inhibitors showing promising pre-clinical results. 

 
Material and Methods 

 
C57BL/6 (B6; H2b) mice were purchased from the National Cancer Institute. B10.BR 
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(H2k) mice were purchased from Jackson Laboratories. CD146 knockout (KO) mice (on 

the H2b background) were provided for this study by Hong Wei Chu (National 

Jewish Health, Denver, Colorado, USA). Mice were housed in a specific pathogen-free 

facility. All studies were conducted in accordance with the GSK Policy on the Care, 

Welfare and Treatment of Laboratory Animals and were reviewed by the University of 

Minnesota’s institution’s animal care committee (IACUC# 1504-32476A) and by 

Indiana University (IACUC # 10488). 

 

Bone Marrow Transplant and Therapeutic interventions in mice 

B10.BR recipients were transplanted as previously described (31). Briefly, mice were 

given 2 doses of Cyclophosphamide (120 mg/Kg) intraperitoneally (IP). and TBI (8.3 

Gy). Mice were transplanted with 1x107 WT C57BL/6 bone marrow cells supplemented 

with or without 0.6-0.8x105 T cells from either WT or CD146 KO C57BL/6, where 

indicated. Where specified, cGVHD recipients were given anti-IL-17 Ab IP (250 

µg/mice, twice a week from day 28 to day 49), TMP778, prepared as described below, 

was given subcutaneously (SC) (600 µg/mice twice daily from day 28 to 42). Anti-IL17 

blocking antibody (5.1 mg/ml) or isotype (4.9 mg/ml) diluted in PBS were injected IP 

twice a week for 3 weeks. 

 

Pulmonary function tests in mice 

Anesthetized mice were weighed, un-blinded animals were intubated, and lung function 

assessed by whole body plethysmography using the Flexivent system (SCIREQ) and 

analyzed using the Flexivent software version7.3. 
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Flow Cytometry for murine in vitro and in vivo studies 

Spleens, Lymph Nodes, Lungs and Livers were harvested for IL-17 analysis on day 28, 

42, and 56 and single cell suspensions were made. The cells were stimulated with Cell 

Stimulation Cocktail plus Protein Transport Inhibitors (eBioscience: 00-4975-93) for 5 

hours at 37 degrees in complete-RPMI. Cells were stained with fixable viability dye 

eF780 or eF506, anti-CD4, anti-IFN-γ (clone: XMG1.2), anti-IL-17A (clone: eBio17B7), 

anti-IL-21 (clone: FFA21), anti-RORγt (clone: B2D), anti-CCR5 (clone: HM- CCR5 

(7A4)), anti-CD146 (clone: ME-9F1) and anti-CD45.2 (clone: 104). All cells were fixed 

and permeabilized by the FOXP3 Fixation/Permeabilization Concentrate and Diluent kit 

(eBioscience). 

 

Frozen mouse tissue preparation 

All organs harvested were embedded in Optimal Cutting Temperature compound (OCT), 

snap frozen in liquid nitrogen, and stored in -80°. Lungs were inflated by infusing 1 ml of 

OCT: PBS (3:1) intratracheally prior to harvest. 

 

Histology and trichrome staining of mouse tissues 

6 µm cryosections were fixed for 5 minutes in acetone and stained with hematoxylin and 

eosin to determine pathology and with the Masson’s trichrome staining kit (Sigma) for 

detection of collagen deposition. Histopathology scores were assigned as previously 

described16. Collagen deposition was quantified on trichrome stained sections as a ratio 
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of area of blue staining to area of total staining using the Adobe Photoshop CS3 analysis 

tool. Collagen content was quantified by Hydroxyproline assay (Sigma). Briefly, the left 

lobe of each mouse was homogenized in 200 µl DI water and then hydrolyzed in 

hydrochloric acid at 120 C, 5-10 µl of supernatant was transferred to a 96 well plate and 

evaporated to dryness. The amount of Hydroxyproline in the lung homogenate aliquot 

was measured by the Hydroxyproline assay according to the protocol15. 

 

Patient Characteristics 

Laboratory studies were performed on frozen samples from 40 patients who underwent 

allogeneic HSCT at the Dana-Farber Cancer Institute and Brigham and Women’s 

Hospital (Boston, MA). Clinical characteristics of these patients are summarized in Table 

1. Chronic GvHD grade was established at the time of sample collection using NIH 

guidelines8 and summarized in Table 1. Biological samples were collected at the onset or 

flare of cGVHD (70%) or in patients with stable active cGVHD disease (30%). All 

patients and healthy donors were enrolled in clinical research protocols approved by the 

Human Subjects Protection Committee of the Dana-Farber/Harvard Cancer Center (IRB# 

01-206). Written informed consent was obtained prior to sample collection, in accordance 

with the Declaration of Helsinki. The human biological samples were sourced ethically 

and their research use was in accord with the terms of the informed consents. 

 
 
Flow cytometry for human studies 
 
Thawed human PBMC were first stained using a viability dye (eBioscience). A panel 

of surface markers was then used at 4°C for 20 minutes with fluorochrome-conjugated 
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antibodies. The following reagents were used: CD3 (clone UCHT1), CD4 (SK3), CD25 

(M-A251), CD146 (P1H12) and CCR5 (2D7) from BD Bioscience; CD45RA (IMU2711) 

from Beckman; CD127 (eBioRDR5, eBioscience). To evaluate T cell polarization, 

PBMC were stained using antibodies targeting intracellular antigens specific for Treg 

(FoxP3, PCH101, eBioscience), Th1 (T-bet, 4B10, BioLegend) and Th17 (RORγt, 

Q21-559, BD) with the FoxP3 / Transcription Factor Staining kit (eBioscience). For 

cytokine flow cytometry, PBMC were stimulated with PMA (50 ng/mL) ionomycin 

(1 µM) (from Sigma-Aldrich) in the presence of Brefeldin A (BD) for 5h in 

RPMI1640, supplemented with 10% FBS, L-Glutamine and Pencilline/Streptamycine. 

Cells were then fixed and permeabilized with BD Cytofix/Cytoperm kit and stained 

with cytokine- specific antibodies: IFN-γ (clone B27) from BD and IL-17 (clone 

eBio64Dec17) from eBioscience. Flow cytometry standards and quality controls 

were run regularly to ensure stability of the analytical instruments. A minimum of 

150,000 events were recorded in the lymphocyte gate. Cells were analyzed using 

LSR Fortessa (BD Bioscience) and FlowJo v.10 software (Treestar). For Treg 

suppression assay: PBMC from leukopacks (Healthy Donors) were enriched for CD4+ 

T cells (MACS negative selection) and stained with CD4, CD25, CD127, CD146. The 

following subsets were sorted using the FACSAria (BD Bioscience): Tcon (CD8-

CD14-CD19-CD4+CD25-CD127+), Treg CD146+ (CD8-CD14-CD19-

CD4+CD25hiCD127-CD146+) and Treg CD146- (CD8-CD14-CD19-

CD4+CD25hiCD127-CD146-). Purity of sorted subsets was > 95%. Tcon were stained 

with CFSE (1µM). Treg and Tcon subsets were co- cultured for 5 days at different 

ratios upon stimulation with coated αCD3 (Cf=5µg/mL) and soluble αCD28 
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(Cf=3µg/mL). At Day 5, cells were stained with a viability dye and read on Fortessa. 

For suppression, formula = (Tcon alone - Tcon+Treg)/(Tcon alone)*100. 

RORγt and IL17 targeting reagents. 

 
TMP778 powder, synthesized by GlaxoSmithKline and kindly provided by Dr. Jianfei 

Yang (Tempero Pharmaceuticals a company of GSK, Cambridge, MA, USA), was 

dissolved in DMSO at 808.76 mM and stored at -80°C as aliquots. Immediately before 

use, aliquot of TMP778 stock solution was diluted in DMSO to 0.01 mM, 0.1 mM and 

1 mM and then further diluted by a factor of 1000 in culture medium to final 

concentrations of 0.01 µM, 0.1 µM, and 1 µM, respectively. DMSO at 0.1% was used 

as vehicle control. For in vitro treatment, PBMCs were prepared from leukopacks of 

HD (Central Indiana Blood Bank) by Ficoll-Paque density grade centrifugation (GE 

Amersham). Total CD4 T cells were positively isolated using human CD4 microbeads 

(Miltenyi) and activated for 6 days with anti-CD3/anti-ICOS antibody-coated 

Dynabeads M-450 Tosylactivated (Life Technologies) at a bead-to-cell ratio of 1:5 

under the Th17-polarizing conditions: IL-1β (20 ng/ml), IL-6 (30 ng/ml), IL-23 (30 

ng/ml), TGF-β (2 ng/ml), and neutralizing antibodies against IL-4 (5 µg/ml) and IFN-γ 

(2 µg/ml) (eBioscience). Exposure to differentiating cytokines (all from R&D Systems) 

and blocking antibodies was maintained throughout the culture period. For allogeneic 

mixed lymphocyte reactions (MLR), irradiated (3000 cGy) PBMCs from one donor were 

used as the stimulator and mixed in a 1:1 ratio with PBMCs from another donor, used as 

the responder for 8-10 days. TMP778 or DMSO vehicle control was added to the Th17 

and MLR cultures on day 0, replenished every 3 days, and maintained throughout the 

culture period. TMP778-treated Th17 or MLR cells were analyzed by flow cytometry 
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for cell surface expression of CD4, CD146, and CCR5. For intracellular cytokine 

staining of IL-17 and IFN-γ, cells were stimulated with PMA (50 ng/ml; Sigma- Aldrich) 

and ionomycin (1 µg/ml; Sigma-Aldrich), and brefeldin A (3 µg/ml) (eBioscience) 

for 5 h. Intracellular cytokines were stained with the intracellular fixation and 

permeabilization buffer set (eBioscience). All staining antibodies were obtained from 

eBioscience. Stained cells were analyzed using an Attune Flow Cytometer (Life 

Technologies) and FlowJo software. 

 
Statistical analysis 

Baseline clinical characteristics were compared between groups using either Fisher’s 

exact test or Chi-square test for categorical variables or Wilcoxon-rank-sum test for 

continuous variables. Phenotypic and functional data were compared using Wilcoxon- 

rank-sum test for unpaired group comparison and Wilcoxon-signed-rank test for paired 

comparison. Prior to analysis, the normality assumption was examined. All tests were 

two-sided at the significance level of 0.05. For Figure 6, each subplot involved 2 group- 

wise comparisons. To account for the type I error inflation due to multiple comparisons 

we applied the Bonferroni correction. For Figure 5 and supplementary Figure 6, we 

evaluated the mean linear rate of change of IL17+IFN+ and CD146+CCR5+ as a 

function of different concentrations of a RORγt inhibitor, TMP778 (from 0 to 1µM). To 

evaluate statistically this change, we performed a one sample t-test comparing the 

mean linear rate of change (i.e. slope), which was estimated for each value separately 

using least square estimation, to 0. Statistical analyses and graphs for Figures 1-4 were 

performed using Prism software (GraphPad, San Diego, CA), and data are presented 

as mean ± SEM. Statistical analyses for Figure 5, 6 and supplementary Figure 6 were 
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performed using STATA 14 for Windows. 
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Supplemental methods section 
 
Murine CD146 WT vs. CD146 KO Th17 differentiation 
 
T cells were purified from CD146 WT vs. CD146 KO fresh splenocytes. Naïve total T 

cells were negatively selected using a Pan T cell isolation kit followed by positive 
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selection using CD62L microbeads (both Miltenyi Biotec). Purified naïve total T cells 

were activated with anti-CD3/CD28 or anti-CD3/ICOS antibody-coated Dynabeads M- 

450 Tosylactivated (Invitrogen) at a bead/cell ratio of 1:5. Naïve total T cells were then 

differentiated under Th17 conditions using IL-1β (20 ng/ml), IL-6 (30 ng/ml), IL-23 (30 

ng/ml), and TGF-β (2 ng/ml). Exposure to differentiating cytokines (all from R&D 

Systems) was maintained throughout the 5-day culture period. 
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Figure Legends 

 

Figure 1. CD146 and CCR5 expression within CD4+ Tcon (non CD25hiCD127low 

within CD4+ T cells) and Treg (CD25hiFoxP3+ within CD4+ T cells) subsets.  

(A) Color plots representing the gating strategy of CD146 expressing cells according to 

CD45RA, and representative examples of CD146+ and CD146+CCR5+ subsets (in 

CD4+T live lymphocyte gate) in one active cGVHD patient and one patient without 

cGVHD. (B-E) Data shown are dot plots (mean ±SEM) according to different clinical 

groups: No (n=20) or Active cGvHD (n=20) and different clinical grades of cGvHD 

according to NIH criteria (mild n=8; moderate n=8; severe n=4). Unpaired t-test 

comparing the frequencies between groups. Comparisons in B-E were analyzed using 

Wilcoxon rank-sum test 

 

Figure 2. (A-G) Analysis of Th17-related transcription factor according to CD146 

and CCR5 expression.  

(A) Single parameter histogram representing RORγt expression and comparing the 

level of expression in naïve CD4+ T cells (CD45RA+) with the 1 in CD146+CD4+ T 

cells in 1 active-cGvHD and 1 no-cGvHD representative patients. (B-G) RORγt 

intracellular staining in CD146+ and CD146+CCR5+ subsets (Tcon and Treg) revealed 

a skewed polarization towards a Th17 profile in cGvHD patients. Data shown are dot 

plots (mean ±SEM) according to different clinical groups: No (n=18) or active cGvHD 

(n=18). Unpaired t-test comparing RORγt MFI between groups. (H) Comparison of Treg 

suppressive capacity according to CD146 expression. Treg were sorted according to the 
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expression of CD146 and co-cultured with CFSE- labelled Tcon for 5 days at different 

ratios (see legend) upon stimulation with coated αCD3 and soluble αCD28. Bar graph 

representing mean±SEM values after 6 experiments. * p<0.05, ns: not significant, paired 

t-test. Comparisons in B-G were analyzed using Wilcoxon rank-sum test. Comparisons 

in H were analyzed using Wilcoxon signed-rank test. 

 

Figure 3. CD146 expressing T cells are necessary for the development of cGvHD and 

lung fibrosis in a bronchiolitis obliterans model.  

B10.BR mice were transplanted with WT B6 BM without or with WT B6 T cells or B6 

CD146-KO T cells as mentioned. (A) Mice were evaluated at day 60 for pulmonary 

function, measurement at day 56 post-HCT, n = 8 per group. (B) Histopathology score 

of the lung at day 56 post-HCT, n = 3 per group. (C) Lung sections were stained with 

Trichrome for collagen deposition, 20x magnification. Representative data from 3 

experiments; (D) Hydroxyproline quantitative measure in the lung of euthanized mice, 

n = 3-6 mice per group. Paired t-test. Comparisons in A, B, and D were analyzed using 

the Wilcoxon rank-sum test 

 
Figure 4. CD146 deficiency of donor T cells is associated with decreased pathogenic 

IFN-γ+IL-17+ T cells and macrophage infiltration but an intact TFH:GC B cell 

axis.  

(A) Flow cytometry was performed on single-cell suspension from lung of different 

animal groups analyzed by flow cytometry at day 56, after stimulation with PMA- 

ionomycin in the presence of protein transport inhibitor. Data represent frequencies 



	

	

	
128	

(mean and SEM) of IFN-γ+IL-17+ subset within CD146+ (left panel) or CD146+CCR5+ 

fractions (right panel). (B) Lung cryosection were stained for CD68 expression 

(macrophages) together with DAPI to quantify cellular infiltrate. A representative 

example of immunofluorescence staining is shown of animals receiving BM only, BM + 

WT splenocytes (cGVHD) or BM + CD146 KO splenocytes (20x magnification). 

Automated quantification of macrophages relatively to cellular infiltrate was 

performed to ensure reproducible analysis and is summarized in terms of frequencies 

(mean and SEM). n=3 mice per group, BM only n=2. (C) CD146- KO does not impact 

T-B cross talk within lymphoid organ. GC B cells (CD19+GL7+Fashi) and TFH 

(CD4+CXCR5+PD1hiFoxP3-) were analyzed by flow cytometry after spleen 

digestion at day 56 after transplant in animals receiving BM only, BM + WT 

splenocytes or BM + CD146-KO splenocytes. N =3-7 mice per group. Comparisons in 

A-C were analyzed using the Wilcoxon rank-sum test.  

 

Figure 5. Effect of RORγt inhibitor TMP778 on generation of Th1/Th17 cells and 

CD146+CCR5+ T cells among ICOS-differentiated Th17 cells.  

CD4 T cells from healthy donors were activated with anti-CD3/anti-ICOS-coated 

beads under Th17- polarizing conditions in the presence of indicated 

concentrations of TMP778 and vehicle control DMSO. After 6 days, the expression of 

IL-17, IFN-γ, CD14, and CCR5 on T cells were measured by flow cytometry. (A) 

Representative plots of IL-17 and IFN-γ expression with mean±SEM values for 

frequency of IFN-γ+IL-17+ T cells (n=8). (B) Representative plots of CD146 and 

CCR5 expression with mean±SEM values for frequency of CD146+CCR5+ T cells 
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(n=5). Comparisons in A-B were analyzed using a 1-sample t test comparing the mean 

linear rate of change, which was estimated for each value separately using least square 

estimation, to 0. 

 

Figure 6. IL-17 blocking antibody and RORγt inhibitor (TMP778) alleviates 

cGVHD.  

B10.BR mice were transplanted with WT B6 BM only or with WT B6 T cells. As 

indicated, cohorts of recipients receiving WT T cells received an IL-17 blocking 

antibody, a RORγt inhibitor (TMP778) beginning on day 28 post-BMT. Mice were 

evaluated at day 56 for pulmonary function, n = 4-7 mice per group. Comparisons were 

analyzed using the Wilcoxon rank-sum test, with Bonferroni correction for multiple 

comparisons. 

 

Supplemental Figure 1. 
 
(A-D) Data shown are absolute count (median and range) according to different clinical 

groups: No (n=20) or Active cGvHD (n=20). (E-I) Analysis of prior acute GVHD 

development on CD146 expressing subsets. Within our 20 patients that presented with 

active cGVHD, we compared 10 patients that previously developed acute GVHD and 

10 patients that did not. Graphs represent frequencies (mean±SEM) of the different 

subsets according to the prior development of acute GVHD. Unpaired t test. ns = not 

significant. 
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Supplemental Figure 2. RORγt and T-bet expression is associated with CD146 
expressing subsets.  

RORγt and T-bet expression (MFI) were evaluated by flow cytometry according to 

T cell subsets expressing CD146 and/or CCR5 or not, in a set of 8 healthy donors. 

Tcon: non-CD25hiCD127low  within CD4+ T cells, and Treg: CD25hiFoxP3+ within 

CD4+ T cells. Dot plots represent mean±SEM of MFI. Paired t-test. * p<0.05, ** 

p<0.01, *** p<0.001, ns = not significant. 

 

Supplemental Figure 3. IFN-γ and IL-17 production is associated with CD146 and 

CCR5 expression.  

IFN-γ and IL-17 production (% of positive cells) were evaluated by flow cytometry 

upon stimulation by PMA ionomycine for 5 hours in presence of Brefeldin A 

(n=8 healthy donors). Graphs represent cytokine production according to T cell subsets 

expressing CD146 and/or CCR5 or not, in a set of 8 healthy donors. Data represent 

mean±SEM. Paired t-test. * p<0.05, ** p<0.01, *** p<0.001, ns = not significant. 

 

Supplemental Figure 4.  

Frequency of IFNγ+IL-17+CD146+ within CD4+ T cells evaluated by flow 

cytometry upon stimulation by PMA ionomycine in presence of Brefeldin A. Data 

represent mean and SEM according to clinical groups. Unpaired t- test. 
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Supplemental Figure 5.  

Th17 differentiation of naïve T cells from murine CD146 WT or CD146 KO after 

anti-CD3/CD28 or anti-CD3/ICOS stimulation as described in Materials and 

Methods. Representative plots showing IL-17 and IFN-γ coexpression or IL-21 and 

RORγt coexpression in live CD4 T cells and dot plots depicting mean±SEM values for 

frequency of IFN-γ+ IL-17+ T cells or IL-21+ RORγt+ T cells, n= 6. Unpaired t-test. 

 

Supplemental Figure 6.  

Effect of RORγt inhibitor TMP778 on generation of Th1/Th17 cells and 

CD146+CCR5+CD4 T cells from human mixed lymphocyte reactions (MLRs). MLRs 

were carried out in the presence of indicated concentrations of TMP778 and vehicle 

control DMSO for 8-10 days. (A) (Top panels) Representative plots of IL-17 and 

IFN-γ expression depicting mean±SEM values for frequency of IFN-γ+IL-17+ T cells 

(n=7). (B) (Bottom panels) Representative plots of CD146 and CCR5 expression 

depicting mean±SEM values for frequency of CD146+CCR5+ T cells (n=5). Paired t- 

test. 
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Figures and Tables 

 
 
Table	1.	Clinical	characteristics	of	HSCT	patients	
 

	 Active 

cGVHD 

N=20 

 
No cGVHD 

 
N=20 

Age Median 59 60.4 

(range) (25.9 – 75.6) (32.6 – 74.9) 

Sex ratio M/F 1.85 1 

Conditioning regimen MAC 6 9 

RIC 14 11 

Graft Source BM 1 5 

PBSC 19 15 

Donor MRD 6 8 

MUD 11 10 

mmUD 3 2 

Time from SCT (months) Median 31.4 37.7 

(range) (11.5 – 123.8) (12 – 140.9) 

aGVHD (%) Grade 2-4 10 (50) 3 (15) 

cGVHD NIH grade (%) Mild 8 (40) N/A 

Moderate 8 (40) N/A 

Severe 4 (20) N/A 

IST at the time of sample Yes (%) 14 (70) 1 (5) 

Steroid at the time of sample Yes (%) 8 (40) 0 

Mean steroid dose mg/kg/day 0.18 N/A 

 
M = Male; F = Female; MAC = Myeloablative Conditioning; RIC = Reduced Intensity Conditioning; 
MRD = Matched Related Donor; MUD = Matched Unrelated Donor; mmUD = Mismatched 
Unrelated Donor; PBSC = Peripheral Blood Stem Cell; BM = Bone Marrow; SCT = Stem Cell 
Transplantation; aGVHD = acute GVHD; cGVHD = chronic GVHD; NIH = National Institute of 
Health; IST = Immunosuppressive Therapy; N/A = Not Applicable. 
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Figure 3
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Supplemental Figure 2 
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Supplemental Figure 6 
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Chapter VI: Concluding Statements 
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Greater understanding of cGVHD pathophysiology can help advance the utility of 

aHSCT. The risk of infection and malignancy relapse with current broad 

immunosuppressive, prophylactic regimens remains a barrier in aHSCT success and 

limits use to life-threatening conditions. New therapeutic options are needed. Preclinical 

disease modeling is a first step to translating novel therapies into clinical trials.  

 

We found that PI3Kδ represents a potential target for the amelioration of cGVHD. Donor 

T-cells required PI3Kδ for the development of cGVHD. It was an interesting finding that 

PI3KδD190A BM were still able to induce cGVHD, as PI3Kδ signaling is also important 

for B cell activation, which develop from the donor BM. It brings to light the importance 

of this signaling pathway for the development of other immune cells, namely Tregs. 

PI3Kδ is necessary for a development of the Treg population64 and impairment of Tregs 

results in development of cGVHD. Overall, we did find that targeting PI3Kδ was 

effective for the treatment of cGVHD in two models with differing mechanisms of 

pathogenesis. In BO cGVHD, inhibition of PI3Kδ resulted in an overall decrease in Tfh 

and GC B cell frequencies. In sclerodermatous cGVHD, PI3Kδ inhibition was able to 

reduce skin manifestations as well as reduce inflammatory cytokines associated with 

disease. These data support that decreasing T-cell activation promoting pathways is an 

efficient therapeutic strategy for cGVHD. 

 

PI3Kδ signaling regulates many other cellular events, including downstream alterations 

in metabolism. For example, PI3K signaling has been found to promote the trafficking of 

Glut1 for increased glucose uptake and glycolysis210,211. Cellular metabolism is a highly 
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regulated process that directs many aspects of cellular function. As summarized in 

chapter III, donor T-cells require glycolysis, FA synthesis and glutaminolysis in order to 

induce cGVHD. We showed that mice transplanted with donor T-cells lacking glucose 

transporter Glut1, FA synthesis enzyme, ACC1, or glutaminolysis enzyme, GLS, did not 

develop BO cGVHD as compared to the cGVHD controls. However, therapeutic 

approaches to targeting metabolism were not as effective as their genetic KO counterpart. 

Inhibiting glutaminolysis was found to consistently be the most successful therapeutic 

strategy in our murine models. This result may be a result of differing requirements for 

glutaminolysis between Teff and Treg subsets. We did find increased frequency of Tfr as 

well as in vitro support that these regulatory cells are more suppressive. 

 

The field of immunometabolism in expanding- new and improved techniques for 

measuring cellular metabolism are being developed which is allowing for greater 

understanding of these complex pathways. The work outlined in Chapter III is a brief 

glimpse into how these pathways can regulate cGVHD and tested a few potential 

therapeutics. There are still many other metabolic inhibitors that we did not test and more 

are in development. In addition, there still remains much to discover about metabolism in 

cGVHD. Here, we presented a metabolic difference in mitochondrial respiration between 

Tcons and Tregs from healthy, BM only controls and mice with BO cGVHD. This is a 

great first step to exploring metabolism in this model. We would like to go forward to 

develop the metabolic profile of TFH, TFR and GC B cells in cGVHD. While this is a 

difficult undertaking due to numbers needed for assays, advances in technology are 

making it possible to answer more complex questions with fewer number of cells. We are 
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now able to isolate TFH, TFR and GC B cells in high enough purity and enough numbers 

to get RNA sequencing data, which can provide additional insights into cellular 

metabolism. Another interesting consideration is how the profile of T-cells changes 

throughout the course of a chronic disease. In vitro studies of lupus prone T-cells showed 

that metformin treatment was only effective during the activation not the proliferation 

stages of T cell differentiation148. Determining how the metabolism of pathogenic cells 

changes during cGVHD would add to the overall understanding of disease pathogenesis 

and also inform inhibitors that that would best target these cells at different points in 

disease. 

 

The importance of the GC has been established in the BO model of cGVHD. We 

demonstrate that Bcl6, the master transcription factor for T follicular cell subsets and GC 

B cells, is necessary for the development of cGVHD. We also show that a 

peptidomimetic directly inhibiting Bcl6 is an effective therapeutic for cGVHD in a GC 

specific manner. This inhibitor only had therapeutic benefit in GC-driven BO and not 

sclerodermatous cGVHD. Recent studies have shed light of GC-independent mechanisms 

of cGVHD in other murine models162. To that extent, further characterization of our 

sclerodermatous model still remains an area of interest. Our initial, preliminary findings 

have found that the GC is not involved in this model but more studies are still needed. 

 

Finally, Th17 have been implicated in cGVHD. Previously findings found that ROCK2 

KO or inhibition via KD025 ameliorates cGVHD36. The mechanism is believed to be 

partially through ROCK2 regulation of IL-17. Here, we found that CD146+ expression 
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was increased on T-cells from patients with active cGVHD. Further, these T-cells also 

skewed toward a Th17 phenotype, with increased RORγt and IL-17. The CD146+ KO T 

cell subset was also necessary for cGVHD development in our BO model. Mice that 

received CD146 KO T-cells still formed GCs but had improved pulmonary function and 

correspondingly decreased lung macrophage infiltration. We also show that Th17 can be 

targeted for effective treatment of cGVHD by either inhibition of IL-17 directly or 

inhibition of Th17 transcription factor, RORγt, via TMP778.  

 

The implication of this finding goes beyond novel therapeutics for cGVHD to the 

identification of a potential cGVHD biomarker. Biomarker identification in cGHVD is an 

significant area of study for several reasons. Biomarkers can aid in a more confident 

diagnosis, identify patients at risk for disease, direct therapies and evaluate response to 

therapy165. Advances in this area are being made possible thanks to improvements in 

several areas including genomics, transcriptomics, proteomics and cytomics212. In this 

specific case, treating patients with Th17 prone T-cells, as identified by increased CD146 

expression, could spare their T-B cell interactions and allow for a more functional immune 

system. This strategy would allow for dampening immune cells causing cGVHD while 

still allowing immune cell function to fight infections as well as potential recurrence 

malignancies. 

 

While we have presented many potential therapeutic considerations for treatment of 

cGVHD, there still remain unexplored aspects of these novel inhibitors. Importantly, how 

these therapeutics will impact the ability of immune system to respond to infections 
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and/or protect the host from recurrent malignancies are considerations for the 

therapeutics proposed here. Several inhibitors proposed have already demonstrated anti-

tumor effects. For hematological malignancies, PI3Kδ inhibition is in clinical trails for 

CLL and follicular lymphoma79, targeting BCL6 has been successful against DLBCL 

cells160. Metabolic inhibitors are of great interest for a wide number of different 

cancers213,214. GVHD and GVL are closely linked immune responses, with one being 

detrimental and one being beneficial to the host. Additional studies, such as tumor and 

viral/bacterial challenges are warranted for many of these proposed therapies. 

 

In summary, this body of work illuminates signaling pathways and confirms mechanisms 

of cGVHD pathology. Further, we validated several potential therapeutics in murine 

models for novel treatment of disease. This work has potential to be translated into 

treatments for patients and improve their quality of life. 
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