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Allogeneic hematopoietic cell transplantation (HCT) can cure hematologic malignancies, but 30-

70% of recipients experience acute graft-versus-host disease (GvHD). GvHD is associated with 

changes in the gut microbiome, but the mechanistic relationship remains unclear. The gut 

microbiota produces gut metabolites, which may indicate or modulate GvHD. In a longitudinal 

case-control study of patients with and without acute gut GvHD, we characterized bile acid 

concentrations and the gut microbiome in stool. Endogenous secondary bile acid concentrations 

were associated with gut GvHD (p=0.009). We observed 4.4-fold lower levels of endogenous 

secondary bile acids in GvHD, particularly lithocholic acid and derivatives (p=0.004/padjusted = 

0.02, fold change (FC) = 0.23). There was a 100-fold lower median abundance (p=0.002 and 

FC < 0.01) and 20-fold lower median diversity of bacterial bile acid 7α-dehydroxylation (bai) 

genes (p=0.0007 and FC < 0.05) in patients with GvHD, indicating that acute gut GvHD patients 

are deficient in microbial bai genes that make secondary bile acids. This work also covers the 

microbial metabolites short-chain fatty acids (SCFAs) and other compounds associated with 

GvHD. One SCFA, butyric acid, linked with protection against GvHD pre-HCT (p = 0.02) and 

several unidentified metabolites were associated with protection against GvHD. These findings 

suggest that microbial metabolites are markers and potentially mediators of GvHD.   
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Chapter 1: Introduction 
1.1 Rationale and significance: Why is GvHD important to study? 

Allogeneic hematopoietic cell transplantation (allo-HCT) can cure hematological 

disorders but acute graft-versus-host disease (GvHD) contributes to substantial non-relapse 

mortality and morbidity.1–5 It can be difficult to predict which allo-HCT recipients will develop 

GvHD and which will progress to mild vs. severe GvHD, as even well-matched donors and 

recipients can lead to GvHD in the recipient. New and more effective therapies may arise from 

an enhanced understanding of what initiates and modulates GvHD progression and outcomes. I 

sought to investigate the role of the fecal microbiome in GvHD post-allo-HCT. My thesis work 

identifies links between GvHD, bile acids, short chain fatty acids (SCFAs), gut microbes and 

their bile acid metabolic genes in a large cohort of >300 allo-HSCT patients with >2,700 stool 

samples and robust clinical metadata available. I used metagenomics, metabolomics and 16S 

rRNA gene sequencing to characterize the gut microbiome post-HCT. This multi-omics analysis 

helps illuminate connections between acute gut GvHD and the gut microbiome.  

1.2 Background 

1.2.1 What is allogeneic hematopoietic stem cell transplantation (allo-HCT)? 

Allogeneic hematopoietic cell transplantation (allo-HCT) is potentially curative treatment 

for patients with hematologic malignancies and non-malignant hematologic disorders. The term 

‘allogeneic’ refers to the donor or grafted cells being genetically distinct from the recipient’s 

tissues because the donor/grafted cells are derived from a separate individual other than the 

recipient. Hematopoietic cells refer to blood cells, including the originating stem cell and 

differentiated blood cells like platelets/thrombocytes, white blood cells/leukocytes (including 

granulocytes, monocytes, and lymphocytes) and red blood cells/erythrocytes.6 The donor cells 

are either harvested from umbilical cord, peripheral blood, or the bone marrow. Allo-HCT treats 

disorders of or involving these blood cells, including aplastic anemia, leukemia, myelodysplastic 

syndromes, multiple myeloma, Hodgkins and non-Hodgkins lymphoma, sickle cell disease, 

thalassemia and a variety of other hematologic and some autoimmune diseases.6 The potential 

for cure and the goal of allo-HCT is to replace the recipient’s native deficient or malignant 

hematopoietic cells with healthy and functional ones from a donor. Allo-HCT is the central event 

in the timeline that I focus on in my thesis work.  

1.2.1.1 Pre-HCT recipient and donor matching  
There are several preparative steps prior to administration of the functional 

hematopoietic cells via allo-HCT. One of these initial steps is to find a suitable donor with 
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sufficient genetic similarity to the recipient, also known as a ‘match’. Ensuring sufficient genetic 

similarity also ensures that the antigens (peptides and proteins displayed on the surface of 

cells), which are encoded by genes, will look and act similarly to the native recipient’s antigens. 

Currently, the best practice to genetically match donors and recipients is through human 

leukocyte antigens (HLA) matching. The genes encoding the HLA are heritable and therefore 

siblings to the recipient are prime candidates for providing high HLA matched donor cells. The 

HLA informs which peptides that major histocompatibility complex (MHC) antigen-presenting 

cells (APCs) can recognize as foreign, then process and display to CD4+ T cells.6 This informs 

activation of other immune cell subsets and guides which peptides and cells should be attacked 

and destroyed. The minor histocompatibility (mHC) antigens bind the MHC and also distinguish 

self from non-self peptides, but are much more diverse. This diversity stems from more than 40 

loci that encode the minor histocompatibility antigens which are spread throughout the human 

genome and are only minimally biochemically characterized.6 Thus, there is mHC mismatching 

in nearly all allo-HCTs despite the most rigorous MHC matching. This is important because the 

HCT recipient’s mHC antigens are detected by the donor-sourced grafted cells as non-self. 

Therefore, mHC mismatch may lead to complications arising from donor cells’ recognition of self 

vs. non-self cells/tissues.  

1.2.2 What is GvHD?  

1.2.2.1 GvHD definition 
Recipient and donor cell interactions are an essential part of HCT that must be managed 

and balanced. Antagonistic interactions between healthy donor immune cells and recipient/host 

cancerous, malignant or deficient cells that are being treated are beneficial for HCT curative 

outcomes. The healthy donor cells can recognize the native host’s malignant or deficient cells 

as non-self and destroy them. This is considered an immunologic graft-versus-tumor or graft-

versus-leukemia (GvL) effect and is ultimately beneficial for the HCT recipients because it 

facilitates eradication of the underlying disease, leading to long-term cure.6 However, this graft 

cell immune response must be tempered because the detrimental graft-versus-disease (GvHD) 

complication emerges when allogeneic donor T cells attack healthy host epithelial tissues. 

GvHD is detrimental to HCT recovery, but complete elimination of mHC mismatch is not 

necessarily a goal of the field since the GvL effect is critical for transplant success.6 A goal of 

my thesis work was to study human- and GvHD-associated microbiological factors that could 

reduce GvHD incidence and severity.  

1.2.2.2 GvHD immunology: initiation and progression 
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Native cancerous cells are a target of donor T cells which will attack via GvL due to mHC 

mismatch. However, there is often off-target healthy tissue injury at sites of high cell turnover 

(e.g. the intestinal barrier) because of effects of the preparative chemo-radiotherapy that HCT 

recipients undergo prior to transplant.6 The type and extent of chemo-radiotherapy vary based 

on each individual recipient. Regardless of the intensity, the intent of this preparative 

conditioning, or the pre-HCT chemo- and/or radiotherapy, is to eradicate the existing native 

malignancy or deficiency and dampen immune response to the incoming donor cells.  This 

conditioning regimen often succeeds in ablating the native malignant or deficient cells to permit 

the grafted donor cells to proliferate in their place, but off-target conditioning effects can persist, 

although the extent of these off-target effects vary with the type and intensity of the 

conditioning.6 I considered this in my thesis work by matching/pairing the exact type and 

intensity of conditioning across the study cohort’s cases and controls such that conditioning 

regimen would not confound my findings.   

T cells from the donor graft (since native T cells can be eradicated during preparative 

conditioning) get recruited to investigate and respond to sites of high immune cell activity. In the 

case of leukemia or cell malignancy/deficiency, dense immune cell activity can be due to the 

underlying unregulated cell growth and turnover.6 However, the preparative conditioning 

regimen targets highly replicating cells. This intentionally includes cancers and incidentally 

includes body sites with high cell turnover/growth and replication, such as cells located at 

mucus membranes where there is increased contact with the environment; for example, 

epithelial cells in the skin, mouth, liver and intestine (although other healthy host tissue can be 

implicated). Thus, off-target conditioning injury and recruitment of donor T cells often occurs at 

the skin, liver and/or gut. These sites are where GvHD typically manifests/occurs, and off-target 

host tissue damage can be considered the first phase of GvHD.7,8 On-target suppression or 

attack of the bone marrow by the cytotoxic conditioning compounds can result in myeloablation, 

eradication of the key immune and blood cells produced in the bone marrow, or 

myelosuppression, reduced production of these key immune and blood cells made in the bone 

marrow. In most conditioning regimens, this myelosuppression/ablation is intentional to 

eradicate the underlying disease. For some patients, myelosuppression/ablation should be 

minimized (reduced intensity) or avoided (non-myeloablative) because it may not be well-

tolerated due to existing comorbidities (or other factors that would contribute to poor health pre-

HCT).9–11  

Since preparative conditioning causes tissue injury in addition to ablation of malignant or 

deficient cells, upon transplantation of the grafted hematopoietic cells, donor T cells translocate 
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to the sites of injury, for instance, the gut epithelium. The mucosal barrier injury in gut tissue 

contributes towards a pro-inflammatory environment as expected with a normal immune 

response to tissue damage. This includes release of pro-inflammatory cytokines and alarmins in 

blood that consistently emerge post-HCT, including IFN-g, IL-12, GM-CSF, IL-8, IL-17A, and IL-

21.8 This is considered the latter end of the first phase of GvHD (Fig. 1).8 GvHD can initiate 

when these donor, undifferentiated T cells encounter the damage-associated molecular patterns 

(DAMPs) and become activated against host/native cells and antigens (e.g. mHLA antigens) via 

antigen-presenting cells (APCs). This T cell priming is considered the second phase of GvHD 

(Fig. 1).8 Such T cells typically differentiate into T helper (Th) 17, Th1, Th2 or CD8+ cytotoxic T 

cells that are frequently implicated in GvHD and proceed to further attack the affected tissue, 

exacerbating tissue damage and inflammation. This produces more pro-inflammatory cytokines 

and alarmins that recruit even more T cells to the healthy tissue and exacerbate the 

inappropriate immune response, creating a positive feedback loop that contributes to local and 

systemic inflammation. T cell differentiation and production of effectors is the third phase of 

GvHD (Fig. 1).8 This amplification of excessive inflammation is difficult to disrupt and is 

characteristic of GvHD.1,8 It is essential to understand the breakdown of GvHD initiation and 

progression because it is these phases that contextualize the significance of my thesis projects’ 

findings and that my suggested potential interventions would impact.  
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Figure 1. Phases of GvHD initiation and progression. Figure is from Hill et al., 2021 Annu Rev Immunol 39:19-49. 
Caption is also from the original publication: “Phase I: GVHD initiation. Pretransplantation conditioning causes barrier 
integrity loss, gut lumen pathogen-associated molecular pattern (PAMP) translocation, and dying host cell release of 
damage-associated molecular patterns (DAMPs) that activate host antigen-presenting cells (APCs). Host mucosal-
associated invariant T (MAIT) cells produce IL-17A, which prevents intestinal dysbiosis. Activated APCs secrete IL-12, 
inducing host type 1 innate lymphoid cells (ILC1s) and T cells to release IFN-γ, which upregulates MHC-II on 
nonprofessional APCs (epithelial and stromal cells). APC activation is suppressed by IL-13-producing ILC2s, or by 
regulatory T cells (Tregs) utilizing secreted (IL-10) or contact-dependent (CTLA4, granzyme B, CD39) mechanisms, and 
modified by Siglec G–CD24 pathway agonists (e.g., CD24-Fc) or IL-12 inhibition (ustekinumab). Histone deacetylase 
inhibitor vorinostat and α-1-antitrypsin inhibit PAMP/DAMP-induced APC proinflammatory cytokine production and 
costimulation. Phase II: Donor T cell priming. Donor T cell activation follows interaction with recipient hematopoietic APCs 
[e.g., dendritic cells (DCs)] or nonhematopoietic APCs activated during phase I. Reconstituting donor CD103+ DCs 
migrate to draining lymph nodes, where they further prime donor T cells. Abatacept (CTLA4-Ig) disrupts Tcell:APC 
costimulation to inhibit aGVHD. Alloreactive donor T cell expansion is curtailed by early posttransplantation 
cyclophosphamide (PT-Cy). Phase III: effector responses. Primed T cells differentiate to type 1 T helper (Th1)/type 1 
CD8+ T (Tc1) or Th17/Tc17 cells, directed by IL-12 or IL-6, respectively, and are susceptible to the Jak1/2 inhibitor 
ruxolitinib, IL-12/23p40 (ustekinumab), or IL-6R (tocilizumab) blocking monoclonal antibodies. Th1/Tc1 cells secrete IFN-γ, 
which is intestinal stem cell cytotoxic, while augmenting the negative regulatory indoleamine-2,3-dioxygenase (IDO) and 
PD-L1/PD-L2 pathways to restrain aGVHD. Th17/Tc17 cells secrete proinflammatory cytokines that mediate tissue 
pathology both directly and by recruitment of secondary effectors [e.g., neutrophils, Mϕs (macrophages)]. IL-22-secreting 
ILC3s or exogenous IL-22 supplementation support intestinal stem cell regeneration. Myeloid-derived suppressor cells 
(MDSCs) suppress T effector functions via an arginase-1-dependent mechanism. Tregs [supported by IL-4-producing 
natural killer T (NKT) cells and regulatory DC cells (DCregs)] and regulatory type 1 T cells exert multiple pathways to 
control T effector cells. Abbreviations: cGVHD, chronic GVHD; GM-CSF, granulocyte-macrophage colony-stimulating 
factor; Tfh, T follicular helper; Tr1, regulatory type 1 T cell. Figure adapted from images created with BioRender.com.” 
Figure and caption are from Geoffrey R. Hill, Brian C. Betts, Victor Tkachev, Leslie S. Kean, Bruce R. Blazar. 2021. 
Current Concepts and Advances in Graft-Versus-Host Disease Immunology. Annual Review Immunology. 39:19-
49. https://doi.org/10.1146/annurev-immunol-102119-073227 

https://doi.org/10.1146/annurev-immunol-102119-073227
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1.2.2.3 GvHD: overview from the clinical perspective 
1.2.2.3.1 Preparation for allo-HCT 

Broadly, conditioning regimens can be considered either high-dose (myeloablative), 

reduced-intensity or non-myeloablative. Each recipient’s age, comorbidities, history of 

transplant, etc. informs which conditioning regimen will be tolerated and appropriate. Initially, 

high-dose conditioning entailed total body irradiation (TBI) and the cytotoxic chemotherapeutic 

cyclophosphamide. Over time, preference shifted towards cyclophosphamide in combination 

with another chemotherapeutic, busulfan, without TBI. Currently, a combination of cytotoxic 

compounds and approaches is the best practice; the exact combination varies depending on the 

individual recipient’s genotype, strength of HLA match between donor and recipient, treatment 

history, and underlying illness, although the goal is to preserve GvL effects but restrict tissue 

injury and GvHD adverse outcomes. It is also common to combine agents to span multiple 

modes of cytotoxic action. Types of cytotoxic conditioning drugs include DNA-modifying agents 

(e.g. topoisomerase inhibitors like etoposide and teniposide, radiation therapy (or radiotherapy), 

alkylating agents (e.g. cyclophosphamide, busulfan, melphelan), and nucleoside analogs (e.g. 

cytarabine, fludarabine, clofarabine). Many of these treatments are myelosuppressive or 

myeloablative, meaning they suppress or halt the production of blood and immune cells in the 

bone marrow. Depending on the context, this can be helpful in eradicating the underlying 

disease or this can be detrimental to blood and immune cell reconstitution.9,10 As was mentioned 

earlier in this text, off-target toxicity to healthy tissues restricts use of high-dose conditioning. 

Reduced intensity conditioning (RIC) is frequently used when the anticipated tolerance to HCT 

is low; RIC aims to strategically decrease dosage of particular cytotoxic compounds/agents to 

minimize off-target tissue injury/toxicity yet maintain beneficial immunotherapeutic GvL effects. 

Another conditioning strategy is T cell depletion of the graft before transplanting to the recipient. 

This is considered in cases where there is a poor match between donor and recipient and 

results in a lower GvHD risk; however, it also reduces the ability of the recipient to fight off 

infection (e.g. cytomegalovirus) that could lead to complications post-HCT.11 Non-myeloablative 

conditioning relies more on immunosuppression and entirely avoids targeting the bone marrow, 

making it better tolerated and used to treat individuals who may not otherwise qualify for HCT 

(due to high risk of myeloablative conditioning intolerance)12. The best 

conditioning/chemotherapy regimen is chosen based on which strategy would facilitate each 

individual’s hematopoietic cell reconstitution in the long-term.9–11 These types of preparations 
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are described in detail here because each is employed to prepare individuals within this thesis 

project’s study cohort for allo-HCT.  

1.2.2.3.1.1 Antibiotics 
Anti-anaerobic antibiotics like piperacillin-tazobactam or meropenem are used sparingly 

when there is no suitable alternative, such as cases of sepsis, because use of these antibiotics 

post-HCT is associated with GvHD.13 For adult HCT-recipients, antibiotics can be administered 

prophylactically, empirically, or in a directed fashion for documented infections. The 

identification of an underlying infectious agent contributing to fever may trigger a shorter course 

of a targeted antibiotic vs. a longer duration of a broader-spectrum antibiotic in situations where 

the underlying infectious agent remains unknown. Prophylactic antibiotics include those 

administered based on low absolute neutrophil count (ANCs) and empiric antibiotics 

administered based on fever. Prophylactic antibiotics typically include levofloxacin, although 

alternatives (e.g. cefpodoxime, amoxicillin/clavulanic, ceftriaxone) are used with intolerance or 

allergy to levofloxacin. Empiric antibiotics are determined for fever and neutropenia; fever with 

low ANC generally entails antipseudomonal beta-lactams such as ceftazidime or cefepime. 

Cases of suspected bacteremia/sepsis also trigger a distinct antibiotic therapy of meropenem 

and linezolid, although alternatives like vancomycin and aminoglycoside antibiotics may be 

employed. It is important to understand that the antibiotics administered impact the gut 

microbiomes that I characterized in my thesis work. My analysis of microbial community 

composition and microbially-mediated bile acid metabolism in the gut microbiome considers the 

impact of any antibiotics that were administered.   

1.2.2.3.2 GvHD pathophysiology: Diagnosis of GvHD 
GvHD can affect a range of organs/tissues and the symptoms can vary. To guide treatment, a 

staging and grading scheme is used to assess the degree of GvHD based on clinical 

symptoms/parameters. In the gastrointestinal tract, this is the daily volume of diarrhea: Stage 1 

gut GvHD describes 500 - 1,000 mL/day of diarrhea, Stage 2 is 1,000 - 1,500 mL/day of 

diarrhea, Stage 3 is 1,500 – 2,000 mL/day of diarrhea, and Stage 4 is > 2,000 mL/day of 

diarrhea or ileal pain. Stool samples used in this thesis research are likely impacted by the 

Stage of gut GvHD/degree of diarrhea, although it is not possible to control for this since 

diarrhea and Stage of gut GvHD are inherently related. More symptoms of gut GvHD include 

intestinal bleeding, cramping, poor appetite, nausea, and indigestion. The liver GvHD Stage is 

informed by concentration/quantity of bilirubin, and skin GvHD by degree and type of rash. The 

Stage and number of organs affected by GvHD determine the overall Grade of GvHD. 

According to the Glucksberg Grade scale, Grade I means a Stage 1 or 2 skin involvement 
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without liver or gut involvement. Grade II indicates Stage 1 - 3 skin involvement and Stage 1 

liver or gut involvement. Grade III includes Stage 2 or 3 skin, liver, or gut involvement. Finally, 

Grade IV entails Stage 1 - 4 skin involvement and Stage 2 - 4 liver or gut involvement. Although 

GvHD is diagnosed symptomatically, gut GvHD pathology is characterized by increased 

apoptotic cells, tissue fibrosis, edema, mucosal sloughing, lesions, and crypt destruction in a gut 

biopsy.14–16 However it remains challenging to determine if these pathologic signatures are due 

to GvHD, pre-HCT conditioning, and/or something else (e.g. infection). Further, identification of 

biomarkers for prediction of GvHD occurrence, prognosis and outcomes is under active 

investigation in the field. Biomarkers for GvHD are not currently used as standard of care, 

however several candidates have been evaluated: suppression of tumorgenicity 2 (ST2), TNF-

alpha, IL-13, IL-6, soluble IL-2 receptor alpha chain, citrulline, elafin, amphiregulin, T-cell 

immunoglobulin and mucin domain-containing protein 3 (TIM-3), long non-coding RNAs, high-

density lipoprotein cholesterol (HDL-C), and Reg3alpha (for greater detail, see section 1.3.1.1: 

GvHD biomarkers.17,18 Depending on the timeline, gut GvHD can be considered acute or chronic 

based on whether GvHD is diagnosed within the first 100 days post-HCT vs. after the first 100 

days post-HCT, although there can be exceptions where acute or chronic GvHD occur outside 

of this timeline.19,20 Acute vs. chronic GvHD have distinct clinical features and courses of 

treatment.  
1.2.2.3.3 Treatment and prevention of acute GvHD  
1.2.2.3.3.1 Immunosuppression: steroids, other agents  

The findings of my thesis work concern acute gut GvHD and could impact treatment of 

acute gut GvHD, so treatment of acute GvHD is the focus. The incidence of acute GvHD post-

allogeneic HCT varies based on GvHD prophylaxis and conditioning regimen, strength of the 

HLA match, source type of donor cells, specific center that HCT was performed, recipient and 

donor characteristics/traits (e.g. age, sex, blood type, etc.), recipient/host microbial community 

and more, but ranges from 20-50% of allogeneic HCT recipients. Approximately half of these 

HCT recipients develop acute gut GvHD, specifically. Pre-HCT, the FDA has recently approved 

use of abatacept (Orencia) to prevent GvHD.21 However, the improvement to rates of survival in 

HCT-recipients is approximately 20% and abatacept did not improve survival for severe acute 

GvHD21, so new therapeutic interventions could still help improve outcomes post-HCT. 

Calcineurin inhibitors like cyclosporine, mycophenolate, and methotrexate are often used post-

HCT to suppress the immune system to prevent GvHD.22,23 Once GvHD is diagnosed, the 

primary treatment is corticosteroids administered orally, topically, or intravenously, depending 

on the severity and organ involvement. The corticosteroids can inhibit T cell activation, which 
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mediates GvHD, and in turn reduce production of pro-inflammatory cytokines. If successful, this 

line of treatment continues one to two weeks after symptoms resolve.22,23 Approximately 50% of 

allogeneic HCT recipients respond to corticosteroids (e.g. prednisone, methylprednisolone), and 

those who do not respond receive salvage treatments for steroid-resistant GvHD. Notably, a 

recent intervention, post-HCT cyclophosphamide, has been observed to reduces the incidence 

and severity of GvHD.24 One of the first salvage or secondary treatments considered is 

antithymocyte globulin (ATG) which can raise the response rate to be up to 80%, although 

weaker response rates of 30-50% have also been reported.22 Ruxolitinib can also improve 

response to corticosteroid treatment.25 Targeted T cell depletion is another strategy to treat 

steroid-resistant GvHD; this includes monoclonal anti-CD3 antibodies (e.g. OKT3, visilizumab), 

anti-CD52 antibodies (e.g. alemtuzumab), anti-CD162 antibodies (e.g. neihulizuma), anti-CD25 

antibodies (e.g. basiliximab), anti-cytokine (e.g. TNF-a, IL-5, IL-6, IL-12/23) molecules (e.g. 

infliximab, etanercept), tissue-protective cytokines (e.g. Il-22),26 anti-T cell proliferation 

compounds (e.g. pentostatin, mycophenolate mofetil, sirolimus), fecal microbiota transplant,26 

protease inhibitors (e.g. alpha-1 antitrypsin),27 extracorporeal photopheresis that 

immunosuppresses T cells, and/or mesenchymal stem cells to immunosuppress T cells and 

repair tissue damage. Octreotide is used to control symptoms of gut GvHD.20,22 Although these 

second-line treatments for steroid-refractory acute GvHD are promising, none beyond ruxolitinib 

are FDA-approved, leaving options limited.28   

1.2.2.3.3.2 Ursodiol/ursodeoxycholic acid (UDCA)  
The secondary bile acid ursodeoxycholic acid (UDCA) is available as an FDA-approved 

prescription therapeutic. It is known as ursodiol, although it is chemically identical to 

UDCA.23,29,30 Ursodiol/UDCA is administered orally to all allogeneic HCT recipients regardless of 

GvHD status to mitigate post-transplant liver complications, such as sinusoidal obstruction 

syndrome (SOS) also known as hepatic veno-occlusive disease (VOD). Ursodiol is administered 

from before conditioning through 90 days post-HCT. Although the intent behind UDCA clinical 

administration is prevention of liver damage, protection against acute gut GvHD has also been 

observed.31,32 Bile acid levels in stool were measured as a part of the study and so UDCA (a bile 

acid) treatment is relevant. 

1.3 Overview of the field: What is known vs. unknown about GvHD?  

 As summarized in section 1.1 (Rationale and significance: Why is GvHD important to 

study), I examined how GvHD links with different aspects of the gut microbiome, including the 

intestinal barrier, bile acids, SCFAs, diet, gut microbes and their bile acid metabolic genes. Thus 
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in this section, the current state of the association between GvHD and each aspect of the gut 

microbiome is described in detail.  

1.3.1 Role of intestinal barrier integrity in GvHD  

New therapies to treat or prevent GvHD may arise from a greater understanding of how 

intestinal barrier disruption propagates GvHD. The healthy intestine supports a diverse 

commensal microbial community; while Paneth cells release antimicrobial peptides (AMPs) in 

response to microbe-associated molecular patterns (MAMPs), concentrated local immune cells 

use numerous effectors to limit growth of pathogens. Goblet cells produce mucin to maintain 

separation between the gut epithelium and microbes. Cells that typically heal intestinal tissue 

damage (fibroblasts) and promote IEC turnover (intestinal stem cells) are also located within the 

gut barrier. Each of these cell types are subject to damage from pre-transplant conditioning and 

GvHD. Loss of barrier integrity has been shown to contribute to GvHD initiation and severity.2,33–

37 In humans, more intensive pre-HCT conditioning causes more pronounced intestinal barrier 

damage and acute gut GvHD therapy.38 Murine model experiments revealed that intestinal 

barrier loss is necessary and sufficient to exacerbate minor histocompatibility mismatches to 

drive GvHD.39 Colonic intestinal barrier degradation was observed in the presence/production of 

inflammatory TNF-a, which is implicated in acute gut GvHD development.40 Neutralization of 

TNF-a reduced intestinal barrier damage and delayed onset of acute gut GvHD, supporting the 

importance of barrier integrity in GvHD.41  

TNF-a can be induced by bacterial production of lipopolysaccharide (LPS), providing a 

pathway for bacteria to impact barrier integrity and acute gut GvHD.39 Microbial LPS binds and 

signals via Toll-like Receptor 4 (TLR4) on donor cells, triggering MyD88-mediated inflammation 

and disease in mice.39 Tight junction degradation has also been implicated in GvHD.42 Tight 

junctions are the scaffolding that hold the epithelium together by regulating paracellular 

permeability between individual cells within the epithelial barrier.42 They are a structured mesh 

of proteins and filaments, such as occludin, zonula occludens-1, myosin, and more, that form a 

cytoskeleton which can be modulated by environmental stimuli and cell signaling.42 Microbes 

that produce LPS or otherwise induce TNF-a reduce the integrity and disrupt the regulation of 

tight junctions, providing another mechanism for microbially-mediated barrier disruption.42 

Additional microbial metabolites can impact gut barrier integrity via tight junctions, such as 

SCFAs. Further analysis of how microbial SCFAs impact tight junctions and barrier integrity can 

be found in Chapter 4’s Introduction section.  
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Fecal microbial dysbiosis, a surrogate measure for intra-intestinal microbial dysbiosis, can 

be observed pre- and post-HCT, and is exacerbated with gut GvHD. Microbial dysbiosis is 

observed in several different ways, including by measuring the diversity of the gut bacterial 

community by comparing the number of bacterial taxa represented as well as the evenness of 

each taxon’s relative abundance (alpha-diversity). Individuals with GvHD exhibit lower bacterial 

community alpha-diversity vs. HCT recipients without GvHD.43 Both the types and abundances 

of bacterial species within the gut differ in the GvHD disease state.43 In particular, pathogenic 

bacteria like Enterococcus or Escherichia coli often mono-dominate or bloom within an HCT-

recipient’s gut microbial community, contributing more damage through production and release 

of virulence factors to promote infection.44 Finally, through infection, damage from microbial 

effectors, or pre-HCT conditioning, epithelial cell cytotoxicity is observed. This can dampen the 

strength of the immune response to pathogenic bacterial blooms, particularly if Goblet or Paneth 

cells are affected, as their mucin and AMP production are a crucial part of the immune 

response. Cell death also opens the intestinal barrier for transcellular transport of microbial 

effectors to the bloodstream (compared to paracellular permeability when tight junctions are 

weakened). Intestinal stem cells (ISCs) must compensate for epithelial cytotoxicity, although 

ISC regeneration is impacted by microbial metabolites as well. For instance, microbially 

produced butyrate impairs ISC recovery and butyrogenic bacteria have been associated with 

GvHD that does not respond to steroid treatment in one study, though butyrate has been 

associated with reduced risk of GvHD in other studies.45–49 

1.3.1.1 GvHD biomarkers  
 Some of the thesis work’s results indicate a possible role as biomarkers for GvHD, and 

so the current knowledge on such biomarkers is described. There have been substantial 

research efforts to identify a biomarker of GvHD before disease onset to begin GvHD 

prophylaxis as early as possible and ideally, prevent GvHD entirely or mitigate GvHD severity. 

Attention to biomarkers in stool samples revealed statistically significant separation of fecal 

calprotectin and α1 antitrypsin levels by GvHD status, corticosteroid response and response to 

first vs. second line therapies, however some of the median levels were similar.50 While α1 

antitrypsin specifically indicates poor mucosal barrier integrity, fecal calprotectin is nonspecific 

and indicates general inflammation.51,52 Within the previous approximate decade, two promising 

serum biomarkers were identified: suppressor of tumorigenicity-2 (ST2) and regenerating islet-

derived protein 3-α (REG3α). The levels of ST2 and REG3α in serum collected from HCT 

recipients seven days post-HCT and one week after GvHD onset or treatment associated with 

non-relapse mortality (NRM), overall survival (OS) and steroid-response (SR).53–56 An algorithm 
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incorporates the ST2 and REG3α level to classify the individual as high or low probability for 

NRM, SR and OS post-HCT.53–56  These outcomes post-HCT did correlate with the two-

biomarker probability classification, supporting the use of this classification system to inform 

tailored treatment or prophylaxis post-HCT. This was validated in multiple studies and 

cohorts.53,55,56  These findings are promising and undergoing validation in clinical trials, but none 

have undergone every step recommended by the FDA to be considered clinically reliable and 

used in clinical practice.57 Thus, there is still a need for biomarker(s) to identify GvHD that can 

be used by physicians.  

1.3.2 Role of gut microbiome in GvHD 

1.3.2.1 Microbial taxa and GvHD  
As described above, tissue injury instigated by pre-HCT conditioning can lead to 

mucosal barrier injury which compromises integrity. A more permeable gastrointestinal tract 

permits much greater crosstalk between the gut, bloodstream and body. Interactions between 

the host and gut microbes are even higher stakes when the gut barrier is has low integrity, as 

microbial metabolites can further prime APCs and contribute to immunity, systemic inflammation 

and GvHD. Low gut microbial diversity has been linked to poor outcomes post-HCT and GvHD 

in numerous studies.2–4,58–69 GvHD is marked by loss of intestinal barrier integrity and 

inflammation.3,34,35,70–72 Studies in humans and mice have linked presence and/or high 

abundance particular microbial taxa, such as Akkermansia muciniphila,73 Clostridiales order,70,74 

Clostridiaceae family,72 Clostridia class,75 Clostridiales leptum,72 Oscillospiraceae family,65,72,76 

Coprococcus genus,77 Eubacterium like E. rectale and E. limosum,66,72,75,77,78 

Lachnospiraceae,65,66,68,72,76 Blautia genus like B. obeum,45,66,71–73,76,77,79 Ruminococcus genus,77 

and Bacteroides genus such as B. thetaiotaomicron, B. ovatus, and B. caccae73,79 with better 

GvHD outcomes. Other taxa, such as Enterobacteriaceae family,65,66,72 Enterococcus genus like 

E. faecium and E. faecalis,44,63,64,67,70,72,73,75,80–82 Streptococcus genus,63,67,82 Staphylococcaceae 

family,68 Staphylococcus genus,67 Klebsiella genus,67 Veillonella genus,83 Escherichia 

genus,63,67 Enterococcaceae family,68 Lactobacillales order, 63,70 Lactobacillus genera like L. 

gasseri,63,70,73,75 Pasteurellaceae family,69 and Bacteroides doeri,79 presence and/or high 

abundance are linked with worse GvHD outcomes.1,58 The gut microbiota and their metabolites 

may influence GvHD risk through impacts on the intestinal barrier and immune cell 

populations.2,33–35,84,85 For instance, germ-free mice have lower incidence of acute gut GvHD vs. 

conventional mice. But when decontamination of the human gastrointestinal (GI) tract is 

attempted, the off-target effects (e.g. fungal overgrowth) outweigh any potential benefit from 

reducing the microbial load. The preparative chemoradiotherapy can also induce oxidative 
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stress in the HCT recipient. The gut microbiota can mitigate or exacerbate such oxidative stress 

depending on the exact composition. Enterococcus faecalis, which has been associated with 

proliferation post-HCT and during GvHD, can induce free radicals to facilitate DNA damage 

whereas Clostridium species can produce H2 that is able to detoxify reactive oxygen species 

and downregulate inflammatory genes.86,87 Gastrointestinal tissue damage also recruits 

leukocytes, like macrophages and neutrophils, to the site of injury. Mucosal damage itself 

produces nitric oxide (NO) and leukocyte infiltration contributes to ROS production. At the 

intestinal barrier, free radicals can damage the epithelial cells and contribute to barrier damage 

that permits microbial metabolites, such as LPS, to translocate and cause serious complications 

post-HCT.88 LPS triggers an inflammatory response from endothelial cells, exacerbating the pro-

inflammation feedback cycle and enabling the bacterial translocation that leads to sepsis.89,90 

The level of tissue damage caused by free radicals and ROS in the intestine is even more 

relevant for GvHD because they cause tissue damage to the recipient, upregulating DAMPs, 

worsening inflammation and feeding into GvHD progression. Further, levels of ROS impact 

hematopoietic stem cell characteristics. Greater ROS levels can reduce stem cell quiescence, 

reduce pluripotency and increase differentiation, which can impede HCT recovery.91,92  

1.3.2.2 Microbial metabolites and GvHD 
Post-allogeneic HCT, recipients with GvHD tend to have perturbed microbiomes vs. 

recipients without GvHD, including characteristic microbial metabolites. Trimethylamine N-oxide, 

a microbially-modulated metabolite, is linked with GvHD.93 On the other hand, high 

concentrations of dietary and fecal short-chain fatty acids (SCFAs) butyrate and propionate are 

protective against GvHD.76,94,95 The exact mechanism of this protection may be multifold. 

Butyrate has been observed to modulate immune cell populations; for example butyrate is a 

histone deacetylase inhibitor (HDACi) which promotes hyper-acetylation of follicular regulatory T 

cells (TFR) genes Bcl6, Cxcr5, and Tcf7.96 This could impact GvHD because it is a T-cell 

mediated disease and TFR cells maintain immune homeostasis by regulating self-targeting 

autoantibodies and self-antigens, which are key for GvHD initiation.96 High levels of other 

microbial metabolites associated with health/protection against GvHD, including urinary indoxyl 

sulfate,97 dietary indole-3-carboxaldehyde,98 dietary tyrosine,99 dietary, fecal, and intestinal 

taurine,100 and colonic intestinal epithelial cell indoleamine 2,3-dioxygenase.101 Most microbial 

metabolites are produced in the large intestine (e.g. the cecum, colon and rectum) because that 

is where the microbial load is greatest. Microbial load increases along the length of the 

intestines, with up to nine orders of magnitude separating the microbial content of the 

duodenum (approximately 103 colony forming units (CFU)/mL) from the colon (approximately 
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1012 CFU/mL).102–106 This is despite the majority of carbohydrate (like starch), protein or lipid 

breakdown and absorption of these reaction byproducts (vitamins, amino acids, bile acids) 

occurring in the small intestine (e.g. duodenum, jejunum and ileum). Low levels of these dietary 

and/or host-biosynthesized compounds progress to the large intestine, where they encounter 

the microbes that modify/metabolize tryptophan, bile acids, fiber and more.102–104,106 The stool 

samples used in this study do not reflect these nuanced alterations in microbial community 

composition and function throughout the GI tract; rather, stool more closely resembles the 

nearest portion: the large intestine and, in particular, the colon.105 Although imperfect, stool 

more closely reflects this portion of the GI tract (large intestine/colon105) that I am interested in 

capturing: where microbial load is highest and where microbial metabolism of diet- and host-

derived products (such as fiber and bile acids) occur. It remains challenging to determine 

whether microbial and microbially-mediated metabolic shifts in the gut may be causes, 

correlations, and/or consequences of gut GvHD.20  

1.3.2.2.1 Tryptophan metabolites  
One type of microbial metabolite that has been studied extensively is microbial 

tryptophan catabolites. This includes proteolytic degradation products such as indole, 

tryptamine, indoleacetate, indolepropionate, and indoleethanol. Each of these are primarily 

found in the gut. One reason that these metabolites receive research attention is because they 

uniquely have been linked to beneficial health effects, whereas microbial protein degradation 

products typically have an adverse impact on health.107 The exact mechanisms behind the 

protective effect remain unclear, but may include modulation of the redox environment, 

improving gut barrier function, cell receptor binding (e.g. pregnane X receptor), host 

metabolism, and reduction of inflammation.108,109 Metabolites like indole are examples of 

microbially produced signaling compounds that uniquely activate human vs. murine receptors, 

such that conclusions of indole bioactivity derived from mouse models should not be used as a 

proxy for human activity.110 A producer of the tryptophan metabolite tryptamine, Ruminococcus 

gnavus resides in the gut although the impacts in humans require further investigation.111 Some 

associations between tryptophan and tryptophan metabolites in human stool during disease 

have been observed; for instance, lower levels of tryptophan and indoleacetic acid were 

detected in stool samples of individuals with inflammatory bowel disease.112,113  Although not 

microbially-modulated, the upregulation of host-expressed indoleamine 2,3-dioxygenase (IDO), 

the enzyme responsible for tryptophan catabolism, was reported to suppress GvHD in mice 

whereas its over-expression was associated with severe GvHD in humans. This underlies the 

importance of human studies for associating metabolites with disease states.114,115  
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1.3.2.2.2 Role of bile acids in GvHD  
Recent studies have linked microbially-metabolized bile acids with intestinal health, 

including GvHD.116 Bile acids function as lipid emulsifiers in the intestinal tract, facilitating 

absorption of dietary fats. Further research has elucidated their role as signaling molecules in 

the intestine, binding host cell membrane receptors like G-protein coupled receptor TGR5 and 

sphingosine-1 phosphate receptor 2 (S1PR2) and nuclear receptors such as farnesoid X 

receptor (FXR), pregnane X receptor (PXR), and vitamin D receptor (VDR) in intestine-resident 

cells, like intestinal epithelial cells, or immune cells, such as T cells.116–122. There are a variety of 

chemical modifications that the human host and gut microbiota can perform on bile acids, but 

transformations between primary vs. secondary and conjugated vs. unconjugated are crucial 

because each unique form binds and activates various cell receptors differently.117–119 Some bile 

acids including isolithocholic acid, isodeoxycholic acid, and 3-oxolithocholic acid can suppress T 

cell differentiation into Th17 cells and promote Treg differentiation.120–122 Isolithocholic acid and 3-

oxolithocholic acid are both produced by human gut microbial commensals Eggerthella lenta 

and Clostridium citroniae,121 isolithocholic acid by Bacteroides fragilis and Mediterraneibacter 

gnavus,121 and isodeoxycholic acid by Mediterraneibacter gnavus and Clostridium scindens.120 

The relationship between bile acids and the microbes that modulate them is significant because 

each can be manipulated to influence the other.123 Tissue-associated microbial communities can 

be curated to influence the bile acid pool in specific organs such as the liver, kidneys, heart and 

intestines to ultimately modulate disease.123,124 

A previous study showed that T cell-induced inflammation alters microbial bile acid 

metabolism, contributing to bile acid dysbiosis that exacerbates GvHD.116 VDR is specifically 

activated by lithocholic acid (LCA), and VDR expression varies based on the composition of the 

microbial community.125 Knocking out VDR and FXR impacts immunity, as was observed in 

VDR and FXR knockout mice supplemented with bile acids that reduced the pool of colonic 

RORγ+ Treg cells. These cells were most impacted by VDR knockout vs. other bile acid 

receptor knockouts (including FXR).125 Further, colonic bile acids influenced only the colonic 

RORγ+ Treg cells, without affecting other biological compartments (e.g. the spleen or 

mesenteric lymph node) and without impacting abundance of other T cells (e.g. TH17 and 

FOXP3+ Treg).125 Colonic RORγ+ Treg cells promote intestinal homeostasis and minimize 

intestinal colitis, so this reduction in bile acid signaling and RORγ+ Treg cells could contribute to 

GvHD.125  

1.3.2.2.2.1 Microbial bile acid metabolism genes: deconjugation via bile salt 
hydrolase/cholylglycine hydrolase (bsh genes) 
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Bile acids are enterohepatically circulated; they are produced in the liver from dietary 

and host-biosynthesized cholesterol before undergoing several host-mediated 

biotransformations. They are excreted in bile ducts and stored in the gall bladder for transport to 

the intestine as needed (e.g. after a meal). Bile acids enter the intestine as primary bile acids 

cholic acid (CA) or chenodeoxycholic acid (CDCA) conjugated to a taurine or glycine. These 

conjugated, primary bile acids encounter a range of gut microbes, some of which possess a 

choloylglycine hydrolase enzyme, also known as a bile salt hydrolase enzyme (encoded by bsh 

genes), such as found in Roseburia intestinalis and Blautia obeum. Canonically, bile salt 

hydrolases deconjugate bile acids in one step, freeing amino acids and creating unconjugated 

primary bile acids. This can occur in the small or large intestine.105 Recent findings identified a 

novel ability of bile salt hydrolases to re-conjugate taurine or glycine back onto amino acids126 

Furthermore, bile salt hydrolases can re-conjugate bile acids to a diverse range of compounds, 

including all amino acids, polyamines, 5-aminovalerate, aminobutyrate.127 The bsh gene is 

highly diverse; exact bsh gene sequences vary by strain, and evolutionary relationships do not 

correlate with bsh sequence identity128. Further, bile acid metabolic ability is not consistent 

within a bacterial genus or species.  

1.3.2.2.2.2 Microbial bile acid metabolism genes: 7ɑ-dehydroxylation (bai genes) 
A large portion of bile acids are actively reabsorbed across the small intestinal barrier as 

unconjugated, primary bile acids where they are recycled via the portal vein back to the liver. 

The remaining bile acid pool continues to migrate along the intestine, encountering more gut 

bacteria in the colon, including microbes like Clostridium scindens, Mediterraneibacter gnavus 

and others that possess the bile acid inducible (bai) gene operon that encodes a series of 

enzymes required for the multi-step conversion of unconjugated, primary bile acids into 

secondary bile acids by removing a hydroxyl group from the seventh carbon (7ɑ-

dehydroxylation).105,129 The majority of these unconjugated, secondary bile acids are passively 

reabsorbed across the intestinal barrier for recirculation back to the liver whereas a smaller 

portion are excreted into stool. In total, approximately 95% of bile acids are recirculated while 

5% are excreted via stool.130,131  

1.3.2.2.3 SCFAs  
Ch 4 focuses on SCFAs in detail. Here, their known and hypothesized functions with 

respect to GvHD are summarized, but refer to Chapter 4.1.1 for an in-depth review. Short- and 

branched-chain fatty acids (SCFAs, BCFAs) are the products of microbial fermentation of 

nondigestible carbohydrates and proteins, respectively. For this thesis, both BCFAs and SCFAs 

are referred to as SCFAs.132,133 They have a variety of physiological health impacts due to their 
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signaling function in the gut and due to their transport throughout the body via the bloodstream 

and downstream signaling in additional organs. A host of microbial taxa can produce SCFAs. 

These metabolites are present at levels ranging from 10-100 mM in the intestine; the precise 

level varies with the location along the gastrointestinal tract.134,135 SCFAs are often associated 

with health, although the number of mechanisms underlying this beneficial effect remain 

ambiguous. SCFAs may trigger enhanced transcription of tight junction proteins that increase 

the integrity of the intestinal barrier, reducing risk of inflammation and infection.42,136 SCFAs are 

also hypothesized to promote anti-inflammatory gene transcription by inhibiting histone 

deacetylation. SCFAs have been observed to bind G protein-coupled receptors (GPRs), 

including GPR109A and GPR43, to promote intestinal homeostasis and prevent 

inflammation.137,138 There may also be an immune priming effect of propionate in which the 

inflammasome can more rapidly and robustly respond to pathogenic challenge.94 When 

available to colonocytes, SCFAs serve as an energy source that permits faster turnover of 

damaged cells to reduce intestinal permeability.49 

1.3.3 Role of diet/nutrition in GvHD  

Diet and nutrition broadly impact human health and disease; in particular, diseases and 

health of the gastrointestinal tract (e.g. celiac disease). This also holds true for gastrointestinal 

GvHD. Dietary components can modulate the gut directly or indirectly by changing the intestinal 

environment and gut microbiome.139,140 It is known that changes in the gut microbial community, 

such as reduced diversity, are associated with poor outcomes post-HCT.63,71,79 Thus, diet and 

nutrition are viable pathways to control or mitigate GvHD.  

1.3.3.1 Fiber  
One dietary component, fiber, has been linked with human health, hematological 

malignancies, and gut GvHD.139–141 Dietary fibers consist of non-digestible carbohydrates, 

although within this category are several subtypes defined by the solubility, source, and 

chemical structure of the fiber compound. These subtypes have nuanced effects on the gut 

environment; for instance, most insoluble fibers primarily contribute to fecal bulking because 

they are not digestible by humans or bacteria. On the other hand, soluble fibers are able to be 

fermented by some gut bacteria into microbial metabolites relevant for gut and overall health, 

like short-chain-fatty acids.139 A high fat diet can induce gut microbial dysbiosis and intestinal 

mucosa degradation, but dietary fermentable fiber protects against these changes by promoting 

colonic epithelial cell turnover and growth of beneficial gut microbes.142 There is also early 

evidence that fiber may impact the immune cell population, namely T cell differentiation.143  
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Post-HCT and during acute GvHD, supplemental dietary fiber reduced diarrheal and oral 

mucositis symptoms.144 Using a murine model, dietary fiber was found to promote overall 

survival post-HCT. This outcome may be attributed to the observed protective effect of dietary 

fiber against gut microbial dysbiosis and pathogen outgrowth, or the promotion of regulatory T 

cells vs. conventional T cells.141  

1.3.3.2 Vitamin D  
Vitamin D deficiency has been extensively studied in the context of GvHD and linked to poor 

overall survival post-HCT in humans.145,146 Vitamin D can be biosynthesized by humans in the 

skin with exposure to sunlight/ultraviolet radiation, but dietary supplementation is often needed 

to ensure sufficient levels.147 Human hydroxylases metabolize dietary and biosynthesized 

vitamin D into the compound that is clinically assayed to evaluate vitamin D levels, 25-

hydroxyvitamin D (will be referred to as vitamin D).147 Canonically, vitamin D ensures adequate 

calcium and phosphorous absorption for bone health, although vitamin D is needed for a greater 

breadth of physiological processes like metabolism, muscle function, innate immunity, cell 

growth, and immunomodulation.147 Such a widespread impact may be due to the presence of 

Vitamin D Receptor (VDR) on nearly all tissues and cell types in humans.147 Case reports 

describe resolution of chronic GvHD symptoms and reduced relapse rates post-HCT in human 

recipients supplemented with Vitamin D.148 Vitamin D receptor (VDR) binds both Vitamin D and 

LCA, but not other bile acids.149 VDR is present on intestinal epithelial cells and T cells, which 

are crucial cells for GvHD progression.150 VDR activity, like that which can be triggered by LCA 

binding and activation, can promote tight junction protein gene expression to preserve intestinal 

barrier integrity, abrogate pro-inflammatory IL-12, NFκB, and TNFα gene expression, and 

impact differentiation of T cells.151–154 

1.4 Experimental conceptualization/design  

Before beginning my thesis project, the Fredricks lab was interested in how the gut 

microbiome may impact GvHD. Longitudinal stool samples from ten healthy control individuals 

and eight HCT-recipients with no GvHD, eight with low severity GvHD, and four high severity 

GvHD (and ten control blank swabs) were analyzed for metabolites that may link with GvHD 

severity. The timepoints examined for each participant were pre-HCT and pre-conditioning vs. 

post-HCT and pre-GvHD diagnosis. This analysis included over 650 metabolites and was 

performed by the company Metabolon. One striking observation was a higher level of the 

conjugated bile acids, taurocholic acid, glycocholic acid, and taurodeoxycholic acid post-HCT in 

HCT recipients with severe GvHD vs. all other participant groups examined. This was intriguing 
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to the Fredricks lab, yet the sample size was small, prompting the targeted and untargeted 

metabolomics approaches that built the foundation for my thesis project.  

From an existing GvHD project in the Fredricks lab which enrolled more than 300 

allogeneic HCT recipients, 49 control HCT recipients without GvHD were matched and paired to 

49 HCT recipients with stage 2-4 intestinal or gut GvHD (Fig. 2). HCT recipients with stage 1 

GvHD were excluded from this study to focus on the two poles of GvHD. The matching and 

pairing of control and case HCT recipients was based on the strength of the HLA match, HCT 

transplant type (e.g. umbilical cord vs. bone marrow vs. peripheral blood), donor type (e.g. 

sibling, unrelated, etc.), conditioning regimen (e.g. degree of chemo-radiotherapy, such as total 

body irradiation vs. reduced intensity conditioning), and GvHD prophylaxis regimen. This 

reduced many confounding factors attributed to HCT besides GvHD status. From each of the 98 

participants in the study, three longitudinal stool samples were selected for analysis (when 

available): pre-transplant to represent a baseline, day 30 post-transplant to represent the impact 

of the HCT, and day 60 post-transplant to represent recovery and engraftment post-HCT. Many 

participants had stool samples available on the exact day of interest, but for those without stool 

samples from precisely day 30 or day 60 post-HCT, a window of variability of +/- 7 days was 

acceptable for the purpose of our study. Even with the window of variability, a few participants 

did not have a corresponding stool sample. There were 247 total samples across cases, 

controls, for all timepoints.  
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Chapter 2: Materials and Methods 
Several of the Methods in this chapter were adapted from published work: Cagle et al., Acute 

gastrointestinal graft-versus-host disease is associated with reductions of secondary bile acids 

after allogeneic hematopoietic cell transplantation. Frontiers in Microbiology (accepted 3/31/26). 

2.1 Study design and population 

Prior to my joining the Fredricks lab in 2020, a cohort of 329 allo-HCT recipients undergoing 

allogeneic HCT at the Fred Hutchinson Cancer Center in Seattle, WA between April 2013-

March 2020 was recruited with prospective collection of weekly stool, blood and/or tissue 

samples and dietary questionnaires under IRB#2608 with written informed consent. For the 

stool samples, weekly sample collection kits were provided to patients that contained 

polyurethane foam swabs (Puritan Medical, Guilford ME) to self-collect stool samples at home; 

nurses collected swabs from inpatients. Swabs were returned to our laboratory by courier on the 

same day or by patients using insulated containers and ice packs if more than a day. Upon 

arrival, samples were tagged and stored at −80°C until used for DNA extraction and 

metabolomics.  

2.2 Experimental design 

Figure 2. Study population and sample selection. From an existing GvHD project in the 
Fredricks lab which enrolled more than 300 allogeneic HCT recipients, 49 control HCT 
recipients without GvHD were matched and paired to 49 HCT recipients with stage 2-4 
intestinal or gut GvHD. This produced 130 case samples and 117 control samples across all 
three timepoints. The GvHD case samples can be further subdivided by normalizing to GvHD 
diagnosis (e.g. whether GvHD had been diagnosed by the point of sample).  



33 
 

The goal of this study is to test the hypothesis that microbially-metabolized bile acids play a 

role in gut GvHD initiation and progression to better understand why particular HCT-recipients 

develop severe gut GvHD whereas others do not. The study also seeks to identify bile acid 

targets associated with GvHD to investigate for diagnostic or therapeutic application to protect 

against gut GvHD. To accomplish this goal, we performed targeted bile acid metabolomics to 

measure bile acid concentrations, metagenomics to capture relative levels of microbial bile acid 

metabolic genes, and 16S rRNA sequencing to characterize the bacterial communities of stool 

samples from HCT-recipients. Stool samples were collected approximately weekly, but this 

study’s sample sizes were informed by key timepoints in the HCT timeline (pre-HCT, 30 days 

post-HCT, and 60 days post-HCT) and the number of HCT-recipients that developed GvHD and 

suitably matched to an HCT-recipient that did not develop GvHD along clinical and demographic 

criteria. No data from these analyses were excluded in this study. 

2.3 Case-control design 

From the greater study population of 329 allogeneic HCT recipients at the Fred Hutchinson 

Cancer Center, participants with stage 2-4 acute gut GvHD were selected and matched 1:1 to 

participants without gut GvHD (stage 0). 49 participants with stage 2-4 acute gut GvHD were 

matched to 49 control participants without gut GvHD. Although GvHD is a time-dependent 

variable, we treated GvHD status as binary variable for the purpose of this study because there 

is no time-dependency in the no-GvHD group to match upon. The median time to GvHD 

diagnosis within the GvHD case group was 25 days (Fig. 3). The criteria for matching/pairing 

participants included degree of human leukocyte (HLA) matching, conditioning regimen, stem 

cell source, and GvHD prophylaxis/immunosuppression. Stool samples from the selected 

participants were chosen from three timepoints, plus or minus seven days from that timepoint. 
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2.4 DNA extraction 

Bacterial DNA from all 247 samples in the 98-participant cohort was extracted using the 

BiOstic Bacteremia DNA Isolation Kit (Qiagen, Germantown, MD) as described previously.155 

Blank swabs were included as DNA extraction (negative) controls to monitor for contamination 

from extraction reagents. This work was performed by technicians Martha DeMeules and 

Congzhou Liu. 

2.5 Broad-range 16S rRNA gene PCR sequencing and taxonomic assignment 

Bacterial DNA concentrations were measured as described previously.156 Broad-range 16S 

rRNA gene PCR with Illumina sequencing targeting the V3-V4 region of 16S rRNA gene was 

performed on all samples, as previously described.155 A mock bacterial community from ATCC 

was also sequenced as a positive control to ensure performance of laboratory methods and the 

bioinformatics pipeline. Negative controls for sequencing included both no-template PCR and 

DNA extraction controls to monitor for contamination. Raw sequence reads were processed 

using the DADA2 package157 and a list of unique sequence variants (SVs) was generated. 

Sequence reads are available from the NCBI Short Read Archive (Bioproject PRJNA1281039). 

Sequences were classified using a reference set tailored for the human gut microbiota.79 

Taxonomy was assigned to each unique SV by phylogenetic placement (pplacer). Bacterial taxa 

represented by fewer than 25 reads in a sample were removed to minimize environmental 

Figure 3. Histogram describing the distribution of time to GvHD diagnosis in days 
relative to HCT (day 0) for all 49 gut GvHD participants. Median time (days) to GvHD is 25.  
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contaminant sequences from being included in the final dataset. This work was done by Sujatha 

Srinivasan, PhD. 

2.6 Metagenomic sequencing and analysis 

2.6.1 Rationale for metagenomic approach 

I was first interested in quantifying the abundance of bsh- and bai-possessing microbial 

genes in stool samples and connecting these data with the bile acid metabolomics. A review of 

the literature revealed that a wide variety of gut microbes possess bsh genes and possession is 

variable within each microbial taxon. Thus, a gene-forward approach was most appropriate to 

best capture bsh quantity in each sample. Ideally, a quantitative polymerase chain reaction 

(qPCR) assay would most comprehensively assess the relationship between gene 

concentrations and metabolite. The first step of creating a bsh-specific qPCR was to determine 

the sequence identity of a representative set of bsh genes to assess feasibility of designing 

probes and primers. The set of bsh genes was chosen by selecting public/published bsh gene 

sequences from microbial species and genera that were detected by 16S rRNA sequencing in 

my sample set. I performed a multiple sequence alignment of these representative, diverse bsh 

genes and found very low sequence identity and no broad regions of similarity across the 

representative genes (Fig. 4). In the absence of regions of similarity, it was impossible to design 

primers or probes to cover diverse bsh genes and therefore not feasible to create a qPCR 

approach to quantify bsh genes. Thus, I pivoted to a metagenomic approach since this did not 

require any sequence similarity/identity of the target genes (bsh, bai).    
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2.6.2 Whole genome metagenomic sequencing 

This workflow was entirely performed on all 247 stool samples within the 98-participant 

case-control cohort by Martha DeMeules and Congzhou Liu. Genomic DNA was quantified 

using the Quant-iT™ dsDNA Assay Kit, high sensitivity (HS) (Thermofisher Scientific; Waltham, 

MA). Sequencing libraries were prepared using 625 pg genomic DNA and the quarter reaction 

workflow using the Illumina Nextera-XT library prep (Illumina; SanDiego, CA). The Illumina 

DNA/ RNA UD indices and 12 cycle indexing was performed. Indexed libraries were pooled by 

volume and clean up was performed using the 0.8X Agencourt AMPure XP beads (Beckman 

Coulter; Indianapolis, IN). Size distribution within the library pool was validated using an Agilent 

High Sensitivity D5000 Screen Tape on the Agilent 4200 TapeStation (Agilent Technologies Inc; 

Santa Clara, CA). Additional library QC and cluster optimization was done using an Invitrogen 

Qubit® 2.0 Fluorometer (Life Technologies; Carlsbad, CA). Sequencing was performed on a 

NovaSeq 6000 instrument using an S2 flowcell employing paired-end, 150 bp read lengths. 

2.7 Metabolomics 

 The targeted and untargeted LC-MS metabolomics analyses (including sample 

preparation and LC-MS processing) described in this section (2.7) were performed by Dr. Dan 

Raftery and members of his lab: Danijel Djukovic, Dr. Wentao Zhu, and Hayley Purcell. 

2.7.1 Targeted bile acid analysis by liquid chromatography-mass spectrometry (LC-MS) 

Figure 4. No broad regions of similarity in diverse bsh genes by multiple sequence 
alignment. Across diverse bsh sequences from representative bacterial taxa detected in the 
case-control cohort stool samples there was very poor sequence identity and no broad regions of 
similarity across the representative genes. Columns of colors correspond to nucleotides that are 
consistent/conserved across the bsh sequences and letters denote the nucleotide, such that red 
= T/thymine, blue = C/cytosine, green = A/adenine, black = G/guanine and blanks are unknown.  
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The MS based approach used here was adapted from previously reported 

methods.158,159 Human stool swab samples were moved from -80 °C storage and thawed at 4 °C 

in 250 µL of cold MeOH/PBS (4:1, v/v), then vortexed for 60 sec. A portion (200 µL) of sample 

was transferred into a separate 2 mL Eppendorf vial, and 10 µL of isotope labeled internal 

standard stock solution (composition of the internal standard stock solution can be found in 

Table 1) was added, along with 600 µL methanol. These sample vials were vortexed again for 

10 sec and stored at -20 °C for 20 min. Vials were centrifuged at 18,000 x g (at 4 °C) for 15 min. 

The supernatant was collected (650 µL) and placed in another 2 mL Eppendorf vial, then dried 

at 30 °C for approximately 2.5 hrs in a Speed Vac. Samples were reconstituted with 100 µL 

MeOH/water (1:1, v/v), vortexed for 10 sec, then centrifuged for 5 min at 18,000 x g (at 4 °C). 

The supernatants (80 µL) were transferred into LC vials for MS analysis. 

 

Concentration 
(µM) Compound name Compound 

abbreviation Source 

9.94 Deuterated 
glycochenodeoxycholic acid  d4-GCDCA Cambridge Isotope 

Labs (Tewksbury, MA)  

9.94 Deuterated lithocholic acid d4-LCA Cambridge Isotope 
Labs (Tewksbury, MA)  

9.94 Deuterated deoxycholic acid  d4-DCA Cambridge Isotope 
Labs (Tewksbury, MA)  

9.94 Deuterated glycocholic acid  d4-GCA Cambridge Isotope 
Labs (Tewksbury, MA)  

10.08 Deuterated cholic acid  d4-CA Cambridge Isotope 
Labs (Tewksbury, MA)  

 

A Waters Acquity I-Class UPLC TQS-micro MS (Waters, Milford, MA) was used for targeted 

MS analysis under negative ionization mode and using a Waters XSelect HSS T3 column kept 

at 40 °C for chromatographic separation. The mobile phase was composed of two solvents: 5 

mM ammonium acetate in H2O with 0.1% acetic acid (A) and acetonitrile with 0.1% acetic acid 

(B). After 1 min of isocratic elution at 75% of solvent A, it was decreased to 5% at t=15 min. Run 

solvent composition was then maintained at 5% for 10 min, followed by an increase to 75% at 

t=25 min. The total experimental time for each injection was 40 min. A total of 55 bile acids were 

targeted, of which 32 bile acids had measurable signals and were analyzed. The five stable 

isotope (deuterium)-labeled internal standards were used to determine the bile acid molar 

amounts.160,161 

Table 1. Composition of Internal Standard stock solution used in targeted bile acid 
liquid chromatography-mass spectrometry. These compounds are in solvent composed of 
MeOH and water in a 1:1 ratio.  
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2.7.2 Targeted short chain fatty acid (SCFA) metabolomic analysis 

This targeted LC-MS metabolomic analysis uses isotope-labeled derivatization to quantify 

ten SCFA metabolites in fecal samples. Samples were prepared by transferring approximately 

10-20 mg of dried fecal sample into a 1.5 mL Eppendorf vial. The precise weight was measured 

and recorded to use for normalization. To the same vial, 100 µL Milli-Q water and zirconium 

oxide beads (proportional to sample size) were added. This mixture was homogenized in a 

Bullet Blender, cooled to 4 °C. Next, 300 µL methanol was added before a 30 second vortex, 

after which the sample was stored at -20 °C for 20 min. The suspension was sonicated in an ice 

bath for 15 minutes, centrifuged at 14000 rpm for 30 min at 4 °C, and all liquid was collected 

into a new 2 mL Eppendorf vial. The solids were carefully rinsed with methanol:H2O (3:1, v/v) if 

needed. Samples were dried at 30°C in an Eppendorf Vacufuge drier (~1 hour).  

When ready for derivatization, samples were reconstituted with 225 µL 50% ACN/50% H2O. 

After a 10 second vortex and shake for 2 mins, samples were centrifuged at 14000 rpm for 10 

min at 4 °C. Then 40 μL supernatant were transferred into 2 mL LC glass vials. The solvents 

needed for derivatization were also prepared: 500 mL 10ACN/90H2O (2 mL for dilution of each 

sample; 200 ml for Internal Standards [IS]), 100 mL 1:1 ACN/H2O and 2-3 mL 1:1 ACN/H2O 

with 6% pyridine. The solid reactants were also weighed according to Table 2, precise weights 

were recorded and the measured reactants were stored at -20 °C until the solutions are 

prepared for dissolving the solids.  

 MW grams for 2 mL, 
100 samples 

grams for 3 mL, 
150 samples 

200 mM 3NPH HCL in 1:1 
ACN/H2O 189.6 0.07584 0.11376 

120 mM EDC HCL in 1:1 
ACN/H2O with 6% pyridine 191.7 0.07668 0.11502 

 

The mobile phase solvents were prepared: mobile phase A consisted of 0.01 % HFA in 

100% H2O 2L and mobile phase B of 0.01 % HFA in 100% ACN 1L. The LC column was 5 cm 

long, 2.1 mm id with 1.7 micron beads (BEH C18). The negative (-) electrospray ionization (ESI) 

mode was selected and the LC Column Chamber Temp set to 40 °C. A 20 µL auto Wash 

(10%ACN+90%H2O) was injected for 10 seconds. Flow rate (ml/min) was set to 0.40. 

Table 2. Weighing solid reactants for internal standards to perform targeted SCFA 
metabolomics analysis. Different quantities of reactants are required based on the number of 
samples analyzed. 3NPH = 3-nitrophenylhydrazine, HCl = hydrochloric acid, ACN = acetonitrile, 
EDC = N′-ethylcarbodiimide HCl  
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1684 μL was added into a 2 mL glass LC vial and the acids added one by one according to 

Table 3. From the solution with mixed acids 75 mM (1.5 M HAc), 10 μL was transferred into 

1865 μL 1:1 ACN/H2O in a 2 mL glass LC vial for 400 μM SCFAs (8 mM HAc; solution 0). This 

was used for serial dilution of Light Standards (L) and for making isotopic labeled Heavy 

Standards (H). The following were diluted from stock solution 0 using rinsed 2 mL glass vials or 

Eppendorf vials:  

• 200 uM (500 μL 0 + 500 μL 1:1 ACN/H2O)    

• 100 uM (500 μL a + 500 μL 1:1 ACN/H2O) 

• 50 uM (500 μL b + 500 μL 1:1 ACN/H2O)      

• 10 uM (200 μL c + 800 μL 1:1 ACN/H2O)    

• 2 uM (200 μL d + 800 μL 1:1 ACN/H2O)        

• 500 nM (250 μL e + 750 μL 1:1 ACN/H2O)    

• 200 nM (400 μL f + 600 μL 1:1 ACN/H2O)    

• 100 nM (500 μL g + 500 μL 1:1 ACN/H2O)    

• 50 nM (500 μL h + 500 μL 1:1 ACN/H2O) 

• 25 nM (500 μL i + 500 μL 1:1 ACN/H2O) 

 

Acids MW Density Volume (μL) 150 μM 
(3 mM for Acetic acid) 

Diluted to 2mL for 
75 mM 1.5 M HAc 

acetic acid 60.05 1.05 171.5714286 2000-315.94= 
propionic acid 74.08 0.99 11.22424242 1684 μL 
butyric acid 88.11 0.96 13.7671875 Add acids to 1:1 

ACN/H2O 
isobutyric acid, 2-
methylpropanoic acid 

88.11 0.97 13.62525773 
 

2-methylbutyric acid 102.13 0.936 16.36698718 
 

isovaleric acid, 3-
methylbutyric acid 

102.13 0.925 16.56162162 
 

valeric acid, pentanoic 
acid 

102.13 0.93 16.47258065 
 

caproic acid, hexanoic 
acid 

116.16 0.93 18.73520968 
 

3-methyl-valeric acid, 
3-methylpentanoic 
acid 

116.16 0.93 18.73548387 
 

isocaproic acid, 4-
methylvaleric acid 

116.16 0.923 18.87757313 
 

Total 
  

315.9375724 
 

Table 3. SCFA Standards. These standards are needed for calibration of the targeted SCFA 
metabolomic analysis. HAc = acetic acid, ACN = acetonitrile  
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For both L and real samples, 40 μL of each acid was mixed with 20 μL 200 mM 3NPH in 1:1 

ACN/H2O, and 20 μL 120 mM EDC in 1:1 ACN/H2O with 6% pyridine. This was vortexed first 

for 10 seconds and then again for 30 min at 40 °C in glass vials. MRM parameters were tuned 

using SmartX, use derivatives of 400 uM FAs (8 mM HAc). Each product was diluted by adding 

1.92 mL 10ACN/90H2O and stored at -20 °C, as needed, after removing 200 uL.  

For H, 1 mg 13C6-3NPH HCL was weighed in a 2 mL glass LC vial and 50 μL of 400 uM 

FAs (8 mM HAc; solution 0) then 25 μL of 120 mM EDC HCL with 6% pyridine was added. The 

solution was vortexed for 10 seconds and then again at 40 °C for 30 min, followed by dilution 

with 10ACN/90H2O to 200 ml. The final solution was stored at -20 °C. 

For LC-MS/MS, 500 μL H and 500 μL L/sample were mixed as 1:1, vortexed, and 20 μL was 

injected.  

2.7.3 Untargeted/global metabolomic analysis 

The LC system is composed of an Agilent 1290 high speed binary pump, an Agilent 1290 

multisampler, an Agilent 1290 column compartment and an Agilent 1260 iso pump (Agilent 

Technologies, Santa Clara, CA). The LC modules are controlled by the Agilent Masshunter 

Workstation B.11.0.203 software (Agilent Technologies, Santa Clara, CA). The chromatographic 

separation is performed in hydrophilic interaction liquid chromatography (HILIC) mode on an 

XBridge BEH Amide column (150 x 2.1 mm, 2.5 µm particle size, Waters Corporation, Milford, 

MA, Part No. 186009930) and in reversed-phase chromatography on an ACQUITY BEH C18 

column (150 x 2.1 mm, 1.7 µm particle size, Waters Corporation, Milford, MA, Part No. 

188002353). Each sample is injected twice in each chromatography, 10 µL for analysis using 

negative ionization mode and 5 µL for positive ionization mode. The flow rate is 0.300 mL/min, 

the auto-sampler temperature is kept at 4 °C and the column compartment is set at 45 °C in 

each chromatography. The total separation time for both ionization modes is 30 min in HILIC 

mode and 25 min in reversed-phase chromatography mode. The mobile phase is composed of 

Solvent A (95% H20 [dispensed by Millipore Synergy UV water purifier, EMD Millipore, Billerica, 

MA]/3% ACN [MS-grade, Sigma-Aldrich, Saint Louis, MO]/2% MeOH [Sigma-Aldrich, Saint 

Louis, MO] with 0.2% [volume] acetic acid [Sigma-Aldrich, Saint Louis, MO] and 10 mM 

ammonium acetate [Sigma-Aldrich, Saint Louis, MO]) and Solvent B (5% H20/93% ACN/2% 

MeOH with 0.2% acetic acid and 10 mM ammonium acetate) in HILIC mode, Solvent A (100% 

H20 with 0.1% [volume] formic acid) and Solvent B (100% ACN with 0.1% formic acid) in 

reversed-phase chromatography. The gradient conditions for both ionization modes are identical 

in each chromatographic separation, and are shown in Tables 4 and 5.  
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Time Segment, min. Solvent A, % Solvent B, % 
0 5 95 
3 5 95 
8 50 50 
12 50 50 
13 5 95 
30 5 95 

 

Time Segment, min. Solvent A, % Solvent B, % 
0 99 1 
1 99 1 
10 1 99 
16 1 99 
16.1 99 1 

25 99 1 

 

After chromatographic separation, MS ionization and data acquisition were performed using 

an Agilent 6546 Q-TOF mass spectrometer (Agilent Technologies, Santa Clara, CA) equipped 

with Dual Agilent Jet Stream Electrospray Ionization (Dual AJS ESI) source. The instrument is 

controlled by the Agilent Masshunter Workstation B.11.0.203 software. Aqueous global profiling 

data acquisition is performed in the full scan profile and centroid mode in the m/z range of 60-

1,000. The drying and nebulizer gas for ESI source is N2 (99.999% purity). The drying gas flow 

rate is 10 L/min, and the nebulizer gas pressure is 35 psi. The sheath gas flow rate is 10 L/min, 

and the sheath gas temperature is 350 °C. The ion source temperature is 325 °C. The ionization 

voltage is 3.0 kV.  

Data processing was performed using Progenesis Qi software v. 2.2.5826.42898 (Nonlinear 

Dynamics; Newcastle; UK). Peak alignment was carried out taking samples as reference. Peak-

picking was performed using sensitivity and chromatographic peak width at 1 and 0.05 min; 

respectively. The retention time limit was set 1.0-15.0 min. Possible adduct ions were defined as 

follows: [M+H]+; [M+Na]+; [M+NH4]+; [M-H2O+H]+; and [2M+H]+ in (+) ESI mode; and [M–H]–; 

[M+Cl]–; and [2M+CH3COO–H]– in (-) ESI mode. The adduct ions were grouped into mass 

Table 4. LC Gradient Conditions in hydrophilic interaction liquid chromatography (HILIC) 
mode. 

Table 5. LC Gradient Conditions in reversed-phase chromatography mode. 
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features through peak deconvolution. Putative peak annotation was performed by searching 

metabolites from MONA Database (https://mona.fiehnlab.ucdavis.edu/) using accurate m/z 

measurements from the full scan data and MS2 spectra. We set the m/z tolerance of 20 ppm 

(MS1) and 30 ppm (MS2). Metabolomics methods were developed and applied by Danijel 

Djukovic, Dr. Wentao Zhu, Hayley Purcell, and Dr. Dan Raftery. 

2.8 Data handling, transformations, statistics 

2.8.1 Targeted metagenomic gene analysis 

We curated a database for the microbial bile acid metabolic genes of interest: bile salt 

hydrolase (bsh) encoding cholylglycine hydrolase enzymes that can re-/deconjugate bile acids, 

and the bile acid inducible (bai) operon encoding the enzymes needed to 7α-dehydroxylate bile 

acids. Two distinct approaches were adopted for the custom bsh vs. bai gene databases, using 

different search criteria for the metagenomic data because bsh gene sequences are highly 

diverse compared to bai gene sequences. The bsh gene database/catalog: Since bsh gene 

sequences are diverse, a sequence-based search would be inherently limited in breadth of bsh 

genes included. Thus, we performed a keyword search, “choloylglycine hydrolase,” in February 

2025 on the NCBI Protein database (https://www.ncbi.nlm.nih.gov/protein/). We applied criteria 

restricting the search space to ‘Bacteria’ and ‘RefSeq’ as the source database to promote 

inclusion of on-target, non-redundant, data-validated protein sequences. At the time of the 

search, this yielded 9,768 sequences which were downloaded and used as the bsh gene 

database/catalog for metagenomic analyses. This work was done with the assistance of Dr. 

Sam Minot at Fred Hutch. 

2.8.2 The bai gene database/catalog 

The bai genes are more similar in sequence identity and more conserved within taxa. 

This operon is composed of at least 7 bai genes which are well defined in Clostridium 

scindens.162 The baiA2, baiB, baiCD, baiE, baiF, baiG and baiH genes from C. scindens were 

used as search criteria in April 2025 on NCBI BLAST (blast.ncbi.nlm.nih.gov/Blast.cgi) blastp 

program163,164 and all sequences with > 49% sequence identity were selected and included in 

the bai gene database/catalog. Using the microbial genes described above, the gig-map 

bioinformatics utility (github.com/FredHutch/gig-map) was used to generate a microbial gene 

catalog indexed for rapid alignment as follows:  

• Build Gene Catalog: 

o Summary: Deduplicate the genes’ protein-coding sequences based on amino acid 

similarity clustering using CD-HIT. 

https://mona.fiehnlab.ucdavis.edu/
https://www.ncbi.nlm.nih.gov/protein/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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o Nextflow workflow: FredHutch/gig-map/deduplicate.nf. 

o Analysis parameters: 

§ cluster_coverage:0.9, 

§ min_gene_length:50, 

§ cluster_similarity:0.9 

• Align Reads to Genes: 

o Summary: Quantify the number of reads which align to each gene in a precomputed 

catalog using the DIAMOND short read aligner. 

o Nextflow workflow: FredHutch/gig-map/align_reads.nf 

o Analysis parameters: 

§ max_evalue: 0.001 

§ min_identity: 90 

§ min_score_reads: 50 

This work was done with the assistance of Dr. Sam Minot at Fred Hutch. 

2.8.3 Statistical analysis and software 

The concentrations of bile acids, the sums or diversity of bile acid metabolism genes, 

and abundance of microbial taxa by 16S rRNA gene sequencing within stool samples at each 

time point were analyzed for statistical significance using the Mann-Whitney U test since the 

means are non-parametric and non-evenly distributed. A 10% prevalence filter of all samples 

was applied to the microbial taxa abundance data before analyzing by prevalence or 

abundance. Odds ratios and prevalence comparisons were analyzed for statistical significance 

using the Fisher’s Exact test since the prevalence counts are non-parametric. Correlative 

relationships’ strength was evaluated by Kendall-Tau correlation (more conservative vs. 

Spearman) given that the sample populations were non-parametric and non-evenly distributed 

and the data could be sparse with small values. A 10% prevalence filter of all samples was 

applied to the microbial taxa abundance data and to the bile acid concentration data before 

calculating correlations. Where p-value adjustment for multiple comparisons was appropriate, 

the Benjamini-Hochberg false discovery rate (FDR) adjustment was used. Adjusted p-values ≥ 

0.05 were considered significant. The Python (version 3.12.6)165 pandas (2.2.3), numpy (2.1.1), 

and openpyxl (3.1.5) packages were used for data organization.166–168 The Python statsmodels 

(0.14.4), skbio (version 0.7.2), sklearn (1.5.2), and scipy (1.14.1) packages were used for all 

statistical analyses.169–172 The following formula was used to calculate the R2 values in: R2 = 1 / 

(1+((n-g)/((g-1)*F))), where n = number of samples, g = number of groups, and F = the 

PERMANOVA F-prime statistic.173 Figures were created using matplotlib (3.9.2) and seaborn 
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(0.13.2).174,175 Comparisons between relative abundance levels of microbial taxa were made in 

R (4.4.1) using Physloseq (1.50.0), microViz (0.12.6), ggplot2 (3.5.1), plyr (1.8.9), dplyr (1.1.4), 

RColorBrewer (1.1-3), and ggiraph (0.8.12) packages.176–183 Additional R packages used for 

data handling and analysis include grid (4.4.1), scimpute (0.0.8), tidygraph (1.3.1), ggraph 

(2.2.1), purr (1.0.4), readxl (1.4.3), tidyverse (2.0.0), compositions (2.0-8), writexl (1.5.4), tidyr 

(1.3.1), and pheatmap (1.0.13).183–193  

2.8.4 Bile acid dataset from a similar Cancer Center 

Publicly available data were downloaded from the Lindner et al. research article 

published in 2024 from Memorial Sloan Kettering Cancer Center.116 The data analyzed were 

from, ‘Source Data Fig. 4: Information on the cohort (GVHD vs controls), the 

concentrations/AUC of BAs, BA family.’ Metadata from sheet, ‘cohort_BAS,’ columns A-D was 

used with bile acid concentration data from sheet, ‘filtered_combined_table,’ column AK, 

‘lithocholic_acid,’ and column AL, ‘lithocholic_acid_3_sulfate.’ Mann-Whitney U test was used to 

compare the distribution of each bile acid’s concentrations in GvHD cases vs. controls at 

timepoints peri-engraftment and post-engraftment for each participant.  

2.8.5 Steroid (prednisone/methylprednisolone) analysis 

Active prednisone/methylprednisolone therapy was defined as receiving any dose of 

prednisone or methylprednisolone on any day in the seven days prior to sample collection date. 

Samples that were collected while the participant was receiving steroid treatment were excluded 

in a separate sensitivity analysis to determine if prednisone may bias the measured bile acid 

levels. 

2.9 Study approval  

The study was Institutional Review Board (IRB) approved and all patients provided written 

informed consent prior to participation (under IRB#2608).  

2.10 Data availability 

The original contributions presented in the study are publicly available. The 16S rRNA gene 

sequencing read data can be found in the NCBI Short Read Archive: Bioproject 

PRJNA1281039. The metagenomic sequencing read data will be made available/accessible in 

the NCBI Short Read Archive. The metabolomics data will be made available/accessible on 

the National Metabolomics Data Repository (NMDR)/Metabolomics Workbench.  

2.11 Summary of work performed by others  
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Wherever work/methods were performed by others, the exact workflow(s) and 

individual(s) responsible are specified and credited. In summary, 16S rRNA gene sequence 

analysis and construction and maintenance of the taxonomic analysis/pipeline was performed 

by Dr. Sujatha Srinivasan. Martha DeMeules and Congzhou Liu aggregated stool samples, 

extracted the microbial DNA from the samples and prepared the samples’ DNA as libraries for 

sequencing. Danijel Djukovic, Dr. Wentao Zhu, Hayley Purcell and Dr. Dan Raftery performed 

all LC-MS preparation, methods and techniques, including SCFA targeted metabolomics, bile 

acid targeted metabolomics and untargeted/global metabolomics. This group also performed the 

processing of the resulting LC-MS prior to my analyses. Dr. Sam Minot constructed the 

pipelines that I used for targeted metagenomic gene analysis, namely the gig-map 

bioinformatics utility (github.com/FredHutch/gig-map), including Nextflow workflows that 

deduplicated genes’ protein-coding sequences (FredHutch/gig-map/deduplicate.nf) and that 

aligned then quantified number of metagenomic reads which aligned to each gene in the 

constructed bai and bsh gene catalog (FredHutch/gig-map/align_reads.nf). Analysis of study 

participants’ diet questionnaires was facilitated by the Fred Hutch Nutrition Assessment shared 

resource. Integration, analysis and comparison of these diet data with metabolomic and 

metagenomic data was initially investigated by interns Supraja Kadagandla and Annie Frohlich 

in the lab.  

 

Chapter 3: Bile acids and GvHD 
Most of this chapter was adapted from published work: Cagle et al., Acute gastrointestinal graft-

versus-host disease is associated with reductions of secondary bile acids after allogeneic 

hematopoietic cell transplantation. Frontiers in Microbiology (accepted). 

3.1 Introduction 

3.1.1 What is allo-HCT and GvHD? 

Allogeneic hematopoietic cell transplantation (HCT) is a potentially curative treatment for 

patients with hematologic malignancies and non-malignant hematologic disorders. However, 

significant morbidity and mortality is associated with acute graft-versus-host disease (GvHD) 

that affects 30-70% of HCT recipients. While the graft-versus-leukemia effect may help 

eradicate malignancy, detrimental GvHD occurs when allogeneic donor T cells attack healthy 

host epithelial tissues. Acute GvHD most commonly affects the skin, liver or gut, though other 

tissues can be involved. Staging of acute gut GvHD is primarily based on volume of diarrhea per 

day, but is also characterized by increased apoptotic cells and intestinal crypt destruction in a 



46 
 

gut biopsy. Overall grade of GvHD is evaluated by the organs involved and stage of GvHD at 

each site.14–16 

3.1.2 Effects of microbially-modulated bile acids 

Low gut microbial diversity has been linked to GvHD in numerous studies.4,33,58,59,62,75,194 

GvHD is marked by loss of intestinal barrier integrity and inflammation.2,33–37 The gut microbiota 

and their metabolites may influence GvHD risk through impacts on the intestinal barrier and 

immune cell populations.2,33–35,84,85 Recent studies have linked microbially-metabolized bile acids 

with intestinal health, including GvHD.116 Bile acids function as lipid emulsifiers in the intestinal 

tract, but research has elucidated their role as signaling molecules in the intestine, binding host 

cell membrane receptors like G-protein coupled receptor TGR5 and sphingosine-1 phosphate 

receptor 2 (S1PR2) and nuclear receptors such as farnesoid X receptor (FXR), pregnane X 

receptor (PXR), and vitamin D receptor (VDR).195 Particular bile acids including isolithocholic 

acid, isodeoxycholic acid, and 3-oxolithocholic acid can suppress T cell differentiation into Th17 

cells and promote Treg differentiation.120–122 Isolithocholic acid and 3-oxolithocholic acid are both 

produced by human gut microbial commensals Eggerthella lenta and Clostridium citroniae,121 

isolithocholic acid by Bacteroides fragilis and Mediterraneibacter gnavus,121 and isodeoxycholic 

acid by Mediterraneibacter gnavus and Clostridium scindens.120 

3.1.3 Enterohepatic circulation of bile acids  

Bile acids are enterohepatically circulated; they are produced in the liver from dietary 

and host-biosynthesized cholesterol before undergoing several host-mediated 

biotransformations. They are excreted in bile ducts and stored in the gall bladder for transport to 

the intestine as needed (e.g. after a meal) (Fig. 5). Bile acids enter the intestine as primary bile 

acids cholic acid (CA) or chenodeoxycholic acid (CDCA) conjugated to a taurine or glycine. 

Most bile acids are reabsorbed in the small intestine (ileum) for recycling back to the liver, but 

some progress to the large intestine.105,106 In the small or large intestine, these conjugated, 

primary bile acids encounter a range of gut microbes, most of which possess a choloylglycine 

hydrolase enzyme, also known as a bile salt hydrolase enzyme (encoded by bsh genes). 

Canonically, bile salt hydrolases deconjugate bile acids in one step, freeing amino acids and 

creating unconjugated primary bile acids. Recent findings identified a novel ability of bile salt 

hydrolases to re-conjugate taurine or glycine back onto bile acids.126 Furthermore, bile salt 

hydrolases can re-conjugate bile acids to a diverse range of compounds, including all amino 

acids, polyamines, 5-aminovalerate, aminobutyrate, and more.127 The bsh gene is highly 

diverse; exact bsh gene sequences vary by strain, and evolutionary relationships do not 
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correlate with bsh sequence identity.128 Further, capacity for bile acid metabolism is not 

consistent within a bacterial genus or species.128 

 

 

After reabsorption for circulation back to the liver, the remaining bile acid pool migrates 

along the intestine, encountering more gut bacteria in the large intestine (namely the colon), 

including microbes like Clostridium scindens and others that possess the bile acid inducible 

(bai) gene operon that encodes a series of enzymes required for the multi-step conversion of 

unconjugated, primary bile acids into secondary bile acids by removing a hydroxyl group from 

the seventh carbon (7ɑ-dehydroxylation).105,106,129,195,196 The majority of these unconjugated, 

Figure 5. Enterohepatic circulation of bile acids. Bile acids are produced from cholesterol in 
the liver by the host. They undergo several host-mediated biotransformations in the liver before 
being transported to the intestine as primary bile acids conjugated to taurine or glycine, such as 
glycochenodeoxycholic acid. Most bile acids are reabsorbed in the small intestine (ileum), but 
some progress to the large intestine. In the small or large intestine, the taurine or glycine are 
removed by microbes that possess a bile salt hydrolase (bsh) gene encoding a choloylglycine 
hydrolase enzyme. This process is called deconjugation, after which the bile acids are in 
primary form, for example, chenodeoxycholic acid. These primary bile acids travel along the 
intestine to the descending colon and encounter a different subset of microbes that possess the 
bile acid inducible (bai) operon. These microbes can perform 7α-dehydroxylation, removing the 
hydroxyl group from the seventh carbon within the bile acid structure. This multi-step reaction 
results in production of secondary bile acids, like lithocholic acid. The majority of intestinal bile 
acids are reabsorbed and recirculated back to the liver via the portal vein for enterohepatic 
circulation. A small portion of bile acids are excreted in stool. Created in BioRender. Cagle, R. 
(2026) https://BioRender.com/wkbvayg.  

https://biorender.com/wkbvayg
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secondary bile acids are passively reabsorbed across the intestinal barrier (95%) for 

recirculation back to the liver whereas a smaller portion are excreted into stool (5%).131,197,198 

3.1.4 Bile acids impact GvHD  

The human host and gut microbiota chemically modify bile acids, but transformations 

between primary vs. secondary and conjugated vs. unconjugated are key because these unique 

forms activate cell receptors differently (see section 3.3.4 for detail).117–119,199 Receptors include 

those on cell membranes (e.g. TGR5) and in the nucleus (e.g. FXR) in intestine-resident cells, 

like intestinal epithelial cells (IECs), or immune cells, such as T cells.116–122 A previous study 

showed that T cell-induced inflammation alters microbial bile acid metabolism, contributing to 

bile acid dysbiosis that exacerbates GvHD.116 This work investigates the relationships between 

bile acid disturbances, the gut microbiota, and GvHD in humans and considers how diverse bile 

acids may modulate or serve as markers of GvHD. An enhanced understanding of gut 

microbiota dynamics and bile acid transformations/flux may pave the way to therapies that 

reduce GvHD and improve HCT outcomes.  

3.2 Results  

3.2.1 Study population  

Demographic and clinical characteristics of the cases and controls were well matched 

(by design) except for the presence of acute gut GvHD (Table 6). Further details on the 

distribution of overall grade and individual organ stages of GvHD in case and control 

participants can be found in Fig. 3 and Table 7.  
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    Cases 
(n=49), n (%) 

Controls 
(n=49), n (%) 

Age Median 56 (20-75) 55 (26-72) 
Race Asian 2 (4.08) 2 (4.08) 

  Black or African 
American 

3 (6.12) 0 (0) 

  White 41 (83.67) 43 (87.76) 
  More than one race 1 (2.04) 3 (6.12) 
  Unknown or not reported 2 (4.08) 1 (2.04) 

Ethnicity Hispanic or Latino 2 (4.08) 0 (0) 
  Not Hispanic or Latino 46 (93.88) 48 (97.96) 
  Unknown 1 (2.04) 1 (2.04) 

Sex Female 20 (40.82) 14 (28.57) 
  Male 29 (59.18) 35 (71.43) 

Donor 
relationship 

Related 12 (24.49) 10 (20.41) 

  Not Related 37 (75.51) 39 (79.59) 
HLA Haploidentical 5 (10.2) 3 (6.12) 

  Matched 36 (73.47) 37 (75.51) 
  Cord 6 (12.24) 5 (10.2) 
  Mismatch 2 (4.08) 4 (8.16) 

Underlying 
diagnosis 

Leukemia 27 (55.1) 27 (55.1) 

  Myelofibrosis 4 (8.16) 5 (10.2) 
  Aplastic anemia 9 (18.37) 8 (16.327) 
  Lymphoma 4 (8.16) 6 (12.24) 
  Other 5 (10.2) 3 (6.12) 

Stem cell 
source 

Bone marrow 3 (6.12) 3 (6.12) 

  Cord 6 (12.24) 5 (10.2) 
  Peripheral blood stem 

cell 
40 (81.63) 41 (83.67) 

Conditioning 
regimen 

Myeloablative  23 (46.94) 21 (42.86) 

  Reduced intensity  25 (51.02) 22 (44.90)  
Non-myeloablative 1 (2.04) 6 (12.24) 

GvHD 
prophylaxis 

CNI + methotrexate 13 (26.53) 17 (34.69) 
 

CNI + MMF 11 (22.45) 13 (26.53)  
CNI + MMF + rapamycin 8 (16.33) 4 (8.16)  

Other 17 (34.69) 15 (30.61) 

 

Table 6. Demographics of the study population. The demographic and clinical 
characteristics of the cases and controls are well matched except for the presence of acute gut 
GvHD. The numbers in parentheses after the median age reflect the age range of participants 
in this study. CNI = Calcineurin-inhibitor, MMF = mycophenolate mofetil.  
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    Cases (n = 49) (%) Controls (n = 49) (%) 
Grade acute GvHD 0 0 (0) 34 (69.39) 

1 0 (0) 4 (8.16) 
2 0 (0) 11 (22.45) 
3 35 (71.43) 0 (0) 
4 14 (28.57) 0 (0) 

Stage acute skin GvHD 0 28 (57.14) 34 (69.39) 
1 1 (2.04) 2 (4.08) 
2 8 (16.33) 2 (4.08) 
3 9 (18.37) 11 (22.45) 
4 2 (4.08) 0 (0) 
NA 1 (2.04) 0 (0) 

Stage acute liver GvHD 0 39 (79.59) 49 (100) 
1 1 (2.04) 0 (0) 
2 5 (10.2) 0 (0) 
3 3 (6.12) 0 (0) 
4 1 (2.04) 0 (0) 

Stage acute gut GvHD 0 0 (0) 49 (100) 
1 0* (0*) 0* (0*) 
2 22 (44.9) 0 (0) 
3 15 (30.61) 0 (0) 
4 12 (24.49) 0 (0) 

 

3.2.2 Global bile acid concentrations post-HCT  

To examine global differences in bile acid concentrations between GvHD cases and no-

GvHD controls, we first used principal component analyses (PCAs) based on the concentrations 

of each of the 32 bile acids measured in this study. We observed statistically significant 

differences between GvHD case and control samples on days 30 and 60 post-transplant (p = 

0.008 and 0.05, R2 = 0.042 and 0.041, respectively; Fig. 6B-C). Nevertheless, we observed 

overlap in covariance ellipses (Fig. 6A-C), with similar median case and control concentrations 

of summed bile acids at each timepoint (Fig. 6D). Examination of the change in bile acid levels 

over time in GvHD cases revealed that summed bile acid levels decreased 1.5-fold from 5.6 mM 

pre-transplant to 3.8 mM (p = 0.02, FC = 0.68) at day 30 post-transplant whereas levels 

remained similar in no-GvHD controls (5.5 mM vs. 4.3 mM, p = 0.09; Fig. 6D, Fig. 7A). We next 

sought to determine which bile acid groups contribute to the variability seen in the PCA plots.   

Table 7. GvHD demographics of the patient population. *Participants with stage 1 acute gut 
GvHD were excluded from study cohort to focus on differences between no acute gut GvHD 
(stage 0) and moderate-severe acute gut GvHD (stages 2-4) 
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Figure 6. Global differences in BAs. Post-HCT is when significant differences in global bile acid 
levels emerge. There were no global differences in BAs (reflecting the population of 32 measured 
BAs) between GvHD cases vs controls as observed by principal component analysis (PCA) (A) 
pre-transplant. PCA visualized the statistically significant differences between GvHD cases’ and 
controls’ bile acid concentrations at (B) 30 days post-transplant (p = 0.008, R

2
 = 0.042) and (C) 60 

days post-transplant (p = 0.05, R
2 
= 0.041). Values next to the component on each axis display 

the amount of variation attributed that component. Cases are in blue, controls in red. (D) There 
were lower levels of summed BAs in cases at 60 days, although this was not statistically 
significant. The box represents the interquartile range (IQR): the lower bound represents the first 
quartile, the center bound represents the median, and the upper bound the third quartile. The 
lowest whisker represents the minimum and the highest whisker the maximum value, where 
observations outside of 1.5 * IQR are considered outlying values and displayed independently. 
PERMANOVA test was performed to generate R

2 
and p-values. PC = principal component. Tx = 

hematopoietic cell transplant.  



52 
 

 

Figure 7. Differences in bile acid levels of within-group changes over time. (A) Total bile 
acid levels, (B) conjugated bile acid levels, (C) primary bile acid levels, (D) secondary bile acid 
levels, (E) endogenous secondary bile acids (excluding UDCA, TUDCA, GUDCA), (F) lithocholic 
acid. Mann-Whitney U test was performed to generate p-values. Only p-values < 0.1 are 
displayed. All p-values shown are raw/unadjusted. When adjusted, in panels E and F, the day 
60 post-HCT FDR-adjusted p-value is 0.02 and 0.16, respectively.  
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3.2.3 Lower concentrations of endogenous secondary bile acids associate with GvHD 
post-HCT 

We examined the summed concentrations of three key groups of bile acids: conjugated, 

primary, and secondary bile acids (Fig. 5) that are influenced by bacterial metabolism. At first, it 

appeared that there were no significant differences in bile acid concentrations between GvHD 

cases vs. controls at any timepoint for the 12 conjugated, six primary and 14 secondary bile 

acids measured (Fig. 8A-C). Individual primary bile acids cholic acid and chenodeoxycholic acid 

also showed no difference between GvHD cases vs. controls at any timepoint. However, levels 

of both conjugated and primary bile acids significantly increased in GvHD case samples from 

pre-transplant to day 30 post-transplant (p=0.02, FC = 5.2 and 6.0, respectively; Fig. 7B-C), 

whereas secondary bile acid concentrations decreased 1.6-fold from pre-transplant to day 30 

post-transplant in GvHD cases and no-GvHD controls (p = 0.05 and 0.05; FC = 0.63 and 0.62, 

respectively; Fig. 7D). Additionally, grouping all secondary bile acids together ignores a key 

distinguishing factor in HCT recipients that we note below.  
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The exogenous secondary bile acid ursodeoxycholic acid (UDCA, also known as 

ursodiol) is administered to all allogeneic HCT recipients regardless of GvHD status to mitigate 

post-transplant liver complications, such as sinusoidal obstruction syndrome (SOS) also known 

Figure 8. Group-level differences in BAs. Endogenous secondary bile acids are present at 
lower levels in GvHD cases vs. controls 60 days post-transplant. (A) There are no significant 
differences in conjugated BAs (12) between GvHD cases vs controls at the 3 assessed time 
points. (B) There are no significant differences in primary BAs (6) between GvHD cases vs 
controls. (C) There are no significant differences in secondary BAs (14) between GvHD cases vs 
controls. (D) There are lower levels of endogenous secondary BAs (11) in GvHD cases vs 
controls 60 days post-transplant. The number shown on each box represents the sample group’s 
median. Mann-Whitney U test was performed to generate p-values. Raw/unadjusted p-values are 
shown. The FDR-adjusted p-value for panel D day 60 post-HCT is 0.02. The bounds of the boxes, 
the lines within the boxes, the whiskers, and the consideration of outlying values are the same as 
those defined in the Figure 6 legend. Tx = hematopoietic cell transplant.  
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as hepatic veno-occlusive disease (VOD). Ursodiol is administered from before conditioning 

through 90 days post-HCT. Although the intent behind UDCA clinical administration is 

prevention of liver damage, protection against acute gut GvHD has also been observed 31,32. 

Since all recipients in the study received exogenous UDCA, we excluded UDCA from the 

endogenous secondary bile acid group (Fig. 9). When excluding UDCA, and metabolites tauro-

UDCA and glyco-UDCA, statistically significant differences in the 11 endogenous secondary bile 

acids were observed on days 30 and 60 post-HCT by PCA (p = 0.009 and 0.05, respectively; 

Fig. 10B-C). There was a 4.4-fold decrease in levels of endogenous secondary bile acids in 

GvHD case samples (median 430 µM) vs. no-GvHD samples (median 1,900 µM) on day 60 

post-transplant (p = 0.004, padjusted = 0.02, FC = 0.23; Fig. 8D, Table 8). Endogenous secondary 

bile acids levels also significantly change over time within cases or controls. GvHD case median 

endogenous secondary bile acid levels were 2,300 µM pre-transplant and decreased 4.2-fold to 

550 µM by 30 days post-transplant (p = 0.0007, FC = 0.24; Fig. 7E). Control (no-GvHD) median 

endogenous secondary bile acid levels were 2,300 µM pre-transplant and also decreased, but 

only 2.9-fold to 790 µM by 30 days post-transplant (p = 0.02, FC = 0.34; Fig. 7E). Although 

these endogenous secondary bile acid levels decreased in both cases and controls from pre-

transplant to 30 days post-HCT, only the control endogenous secondary bile acid levels 

recovered by day 60 post-transplant to a median of 1,900 µM (p = 0.01, FC = 2.4; Fig. 7E). This 

contrasted with GvHD case endogenous secondary bile acid levels on day 60 post-HCT, 

median 430 µM, which remained 5.3-times lower than pre-transplant levels (p = 0.01, FC = 

0.19). These data provided evidence of persistent deficiency of endogenous secondary bile 

acids during GvHD post-HCT (Fig. 7E).  
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Figure 9. Levels of exogenous bile acids. (A) Levels of ursodeoxycholic acid and 
hyodeoxycholic acid, which are indistinguishable from each other by the LC-MS method. (B) 
Levels of glycohyodeoxycholic acid and glycoursodeoxycholic acid (7beta-oh), which are 
indistinguishable from each other by the LC-MS method. (C) Levels of taurohyodeoxycholic 
acid (6alpha-oh) and tauro-ursodeoxycholic acid (7beta-oh), which are indistinguishable from 
each other by the LC-MS method. (D) Combined levels of ursodeoxycholic acid/hyodeoxycholic 
acid, glycohyodeoxycholic acid/glycoursodeoxycholic acid (7beta-oh) and taurohyodeoxycholic 
acid (6alpha-oh)/tauro-ursodeoxycholic acid (7beta-oh). All p-values shown are raw/unadjusted. 
Mann-Whitney U test was performed to generate p-values. 
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Figure 10. Differences in endogenous secondary bile acids. Principal component analysis 
(PCA) was used to assess differences in the population of 11 endogenous secondary bile acid 
levels between GvHD cases and controls. (A) Pre-transplant, there were no differences 
between GvHD cases vs controls. However, PCA revealed statistically significant differences 
between GvHD cases and controls along Principal Component 2 at (B) 30 days post-transplant 
(p = 0.009) and along Principal Component 1 at (C) 60 days post-transplant (p = 0.05). Values 
next to the component on each axis display the amount of variation attributed that component. 
Cases are in blue, controls in red. All p-values shown are raw/unadjusted. Mann-Whitney U 
test was performed to generate p-values. 
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We gained even greater insight by focusing on the 45 GvHD case participants’ stool 

samples from day 30 post-HCT. These samples were divided into two groups: those diagnosed 

with GvHD by the time of the day 30 sample collection time (n = 30, current GvHD) and those 

not yet diagnosed with GvHD at that time (n = 15, pre-GvHD). As a group, the summed levels of 

endogenous secondary bile acids on day 30 in the pre-GvHD cases were statistically 

indistinguishable from the no-GvHD group (p = 0.64; Fig. 11), whereas the current GvHD cases 

had 4-fold lower levels of endogenous secondary bile acids compared to the pre-GVHD group 

(p = 0.03/padj = 0.22, FC = 0.25; Fig. 11, Table 9). These data provided more evidence that 

endogenous secondary bile acid levels are linked to GvHD status.  

 

 

Table 8. Concentrations of endogenous secondary bile acids. Median concentrations (µM), raw 
p-values and adjusted p-values from endogenous secondary bile acids and key comparisons by 
GvHD status and timepoints throughout the HCT process. Mann-Whitney U test was performed to 
generate p-values. 
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Figure 11. Endogenous secondary bile acid levels when adjusted for time to GvHD. At 
day 30 post-transplant, most of the GvHD case recipients had been diagnosed with GvHD (n 
= 30), but a minority of the GvHD case recipients had not yet been diagnosed with GvHD (n 
= 15). Recipient GvHD cases with GvHD already diagnosed at the time of day 30 post-
transplant sample had significantly lower levels of endogenous secondary bile acids vs. 
recipient GvHD cases without GvHD yet and vs. GvHD controls. Recipient GvHD cases 
without GvHD diagnosed yet had similar levels of endogenous secondary bile acids as GvHD 
controls. The p-values shown are raw, and when FDR-adjusted, are no longer statistically 
significant: GvHD controls vs. pre-GvHD cases adjusted p = 0.82, pre-GvHD cases vs. post-
GvHD cases adjusted p = 0.22, GvHD controls vs. post-GvHD cases adjusted p = 0.22. 
Mann-Whitney U test was performed to generate p-values. 
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3.2.4 Low concentrations of lithocholic acid and similarly structured secondary bile acids 
associate with GvHD  

Since significant differences in summed endogenous secondary bile acid levels were 

observed between GvHD cases vs. controls post-HCT, we also examined each individual 

endogenous secondary bile acid (Table 10, Fig. 12, Table 8-9). We noted 263-fold lower levels 

of the endogenous secondary bile acid lithocholic acid (LCA) in GvHD cases (median 1.9 µM) 

vs. no-GvHD controls (500 µM) on day 60 post-transplant (p = 0.02/padj = 0.16, FC = 0.004; Fig. 

12, Table 8). Similarly, LCA levels in pre-transplant GvHD cases (median 480 µM) decreased 

300-fold to 1.6 µM by day 30 post-transplant (p < 0.001, FC = 0.003; Fig. 7F). Consistent with 

Table 9. Concentrations and comparisons of endogenous secondary bile acids on day 30 
post-HCT. Median concentrations (µM), raw p-values and adjusted p-values from endogenous 
secondary bile acids and key comparisons by GvHD status on day 30 post-transplant. Sample sizes 
(n) are displayed in parentheses in the column headers. At this day 30 post-HCT timepoint, there 
were 40 GvHD control participants and 45 GvHD case participants. Within the 45 cases, there were 
15 GvHD case participants without GvHD diagnosed at the time of sample (“Prior to GvHD”) and 30 
GvHD control participants with GvHD diagnosed at the time of sample (“Current GvHD”). There were 
55 total participants without GvHD at the time of sample (15 cases Prior to GvHD + 40 Controls). 
Mann-Whitney U test was performed to generate p-values. 
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summed endogenous secondary bile acids as a group, day 60 post-transplant LCA levels in 

GvHD cases were 250-times reduced from pre-transplant levels (p = 0.02, FC = 0.004; Fig. 7F), 

which showed the persistent loss of LCA was unique to GvHD (vs. no-GvHD).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bile Acid Timepoint Controls Cases Difference p-value 
Adjusted 
p-value 

Taurolithocholic acid Day 30 0.6 0.2 0.4 0.013 0.157 
Taurolithocholic acid Day 60 0.4 0.2 0.2 0.053 0.222 
5beta-cholanic acid-
3beta, 12alpha-diol Day 60 19.5 4.4 15.1 0.011 0.157 

Glycolithocholic acid Day 30 2.7 1.9 0.8 0.027 0.157 
Lithocholic acid Day 60 497.8 1.9 495.9 0.019 0.157 
7KLCAolone* Day 60 169.4 49.7 119.7 0.035 0.167 
12KLCA814* Day 60 54.3 0.2 54.1 0.029 0.157 

Table 10. Differences in concentrations of individual endogenous secondary BAs. Table 
summarizing significant differences in concentrations of lithocholic acid isomers and derivatives 
between GvHD cases vs controls. Difference in medians are calculated by subtracting the case 
from the control median concentration. Statistical significance and p-values for comparing the 
distribution of concentrations from the Mann-Whitney U test. P-values were adjusted for false 
discovery rate (FDR). Median concentrations in µM are shown. *7KLCAolone is an abbreviation 
for the bile acids 3alpha-hydroxy-7-ketolithocholic acid and 5alpha-cholanic acid-3alpha-ol-6-
one, which are indistinguishable from each other in our LC-MS analysis. 12KLCA814 is an 
abbreviation for the bile acids 3alpha-hydroxy-12 ketolithocholic acid and 8(14),(5beta)-cholenic 
acid-3alpha, 12alpha-diol, which are indistinguishable from each other in our LC-MS analysis.  
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Six additional endogenous secondary bile acids were less prevalent and/or at lower 

concentration in GvHD cases vs. controls post-transplant (Tables 10-11). Concentrations of 

tauroLCA and glycoLCA (conjugated forms of LCA) were significantly lower (3 and 1.4-fold, 

respectively) in GvHD cases vs. controls at 30 days post-transplant (p = 0.01/padj = 0.16 and 

0.03/0.16, respectively; FC = 0.33 and 0.70, respectively; Table 10). Concentrations of 

tauroLCA and LCA were also lower (2 and 263-fold, respectively) in GvHD cases at 60 days 

post-transplant (p = 0.05/padj = 0.22 and 0.02/0.16, respectively; FC = 0.50 and 0.004, 

respectively; Table 10). At 30 days post-transplant, alloLCA (LCA conformer) was less prevalent 

in GvHD cases than controls (p = 0.05/padj = 0.35; Table 11). Bile acids tauroLCA and LCA were 

also less prevalent in GvHD cases at 60 days post-transplant (p = 0.05/padj = 0.35 and 

0.02/0.29, respectively; Table 11). It was striking that five of the significantly different 

endogenous secondary bile acids were highly structurally similar to LCA.  

Figure 12. Differences in the endogenous secondary BA, lithocholic acid. There were 
differences in endogenous secondary BAs (11) between GvHD cases vs. controls, such as seen 
with lithocholic acid. The bounds of the boxes, the lines within the boxes, the whiskers, and the 
consideration of outlying values are the same as those defined in the Figure 6 legend. Mann-
Whitney U test was performed to generate p-values. Tx = hematopoietic cell transplant.  
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Bile Acid 
Time-
point Controls Cases 

Differ-
ence 

p-
value 

Adjusted 
p-value 

Odds 
ratio 

Odds 
ratio 
95% 
CI 

Allolithocholic 
acid 

Day 
30 

37.50 
(15) 

17.78 
(8) 19.72 0.052 0.354 2.74 0.93 - 

8.68 
Taurolithocholic 
acid 

Day 
60 

86.21 
(25) 

64.10 
(25) 22.11 0.054 0.354 3.44 0.91 - 

16.36 

Lithocholic acid Day 
60 

100.00 
(29) 

82.05 
(32) 17.5 0.017 0.288 Inf** 1.17 – 

inf** 

12KLCA814* Day 
60 

68.97 
(20) 

43.59 
(17) 25.38 0.05 0.354 2.83 0.94 - 

9.02 
5beta-cholanic 
acid-3beta, 
12alpha-diol 

Day 
60 

96.55 
(28) 

66.67 
(26) 29.88 0.002 0.078 13.58 1.8 - 

613.81 

 

To delve deeper into the LCA findings, we revisited the day 30 post-HCT GvHD sample 

classifications (15 cases pre-GvHD, 30 cases with current GvHD, 40 no-GvHD controls). 

Adjustment or normalization by time to GvHD diagnosis was performed at this timepoint by 

comparing 55 samples without GvHD (ever or yet) vs. 30 samples with GvHD. This analysis 

revealed that concentrations of two LCA-like bile acids, alloLCA and tauroLCA, as well as the 

sum of the 11 endogenous secondary bile acids were significantly lower during current GvHD 

vs. the combined samples without GvHD (p = 0.009/padj = 0.11, 0.006/0.11 and 0.01/0.11, 

respectively; Table 9).  

Next, we sought to quantify the effect size of the six bile acids significantly associated 

with GvHD by calculating the odds ratio for GvHD and corresponding 95% confidence intervals. 

The odds ratios indicate that presence of each bile acid in the gastrointestinal tract was 

associated with a reduced chance of having GvHD. The odds ratios for 5beta-cholanic acid-

3beta, 12alpha-diol was the largest at 14 (95% confidence interval [CI] = 1.8 – 610; Table 11). 

The odds ratio of LCA is incalculable (“inf”) due to 100% prevalence in 29 control patients 

Table 11. Differences in prevalence of individual endogenous secondary BAs. Table 
summarizing significant differences in prevalence of lithocholic acid isomers and derivatives 
between GvHD cases vs controls. Statistical significance and p-values for comparing 
prevalence derived from Fisher’s Exact test. P-values were adjusted for false discovery rate 
(FDR). Prevalence data are shown in % (count, #). *7KLCAolone is an abbreviation for the bile 
acids 3alpha-hydroxy-7-ketolithocholic acid and 5alpha-cholanic acid-3alpha-ol-6-one, which 
are indistinguishable from each other in our LC-MS analysis. 12KLCA814 is an abbreviation 
for the bile acids 3alpha-hydroxy-12 ketolithocholic acid and 8(14),(5beta)-cholenic acid-
3alpha, 12alpha-diol, which are indistinguishable from each other in our LC-MS analysis. 
**The reported “inf” or “infinite” odds ratio and corresponding 95% confidence intervals are 
unable to be estimated due to counts of 0 and division by 0 errors. CI = confidence interval.  
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without GvHD at 60 days post-HCT (95% CI = 1.17 – inf; Table 11). Nonetheless, upon 

adjusting p-values for multiple testing (FDR), the adjusted differential concentration and 

prevalence p-values were greater than 0.07 and no longer statistically significant (Tables 10-

11). Thus, we sought to query an analogous dataset to determine if our findings (particularly the 

LCA findings) were reproducible. 

3.2.5 Analysis of the association between bile acid deficiency and GvHD at another 
cancer center  

We analyzed a publicly available dataset from a comparable cancer center to assess the 

reproducibility of our findings regarding secondary bile acids and GvHD. These data describe 

bile acid levels in a patient population that received allogeneic HCT at Memorial Sloan Kettering 

(MSK) Cancer Center. The data were published by Lindner et al. in 2024 and represent a 

different patient population and Center than this study. We delved into the supplemental data 

file and brought the reported concentrations and associated metadata into the Python 

environment for analysis by differential abundance (including Mann Whitney U test). Several 

findings were concordant in this dataset; namely, LCA was depleted in GvHD cases vs. controls 

overall (p = 0.0007) and at both timepoints examined in the Lindner study, peri-engraftment (p = 

0.02) and peri-GvHD (p = 0.02; Fig. 13A-C). Also of interest was lithocholic acid-3-sulfate (not 

included in this study’s bile acid metabolomic panel), which was lower in GvHD cases vs. 

controls overall (p = 0.007) and at peri-engraftment (p = 0.0004; Fig. 13D-F).116 Indeed, the 

MSK group’s LCA findings were consistent with those observed in this study.  
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Figure 13. Findings from a similar study are concordant with our observations. A publicly 
available dataset from Lindner et al. (2024) in human HCT-recipients with and without GvHD 
validate our study’s findings that lithocholic acid and similarly structured bile acids are lower in GvHD 
vs. no GvHD. Lithocholic acid concentrations from Lindner et al. (2024) samples (A) overall, (B) peri-
engraftment, and (C) peri-GvHD. Lithocholic acid-3-sulfate concentrations from Lindner et al. (2024) 
samples (D) overall, (E) peri-engraftment, and (F) peri-GvHD. All p-values shown are 
raw/unadjusted. Mann-Whitney U test was performed to generate p-values. 



66 
 

3.2.6 Endogenous bile acid levels remain low in GvHD even when prednisone therapy is 
considered  

We investigated if prednisone/methylprednisolone therapy could have biased the 

measured bile acid concentrations in stool samples by excluding the 14 samples that were 

collected from patients while they were receiving this steroid treatment. Bile acid levels were 

then re-analyzed in a sub-cohort that was off active prednisone/methylprednisolone therapy. 

Lithocholic acid and endogenous secondary bile acid levels remained significantly reduced in 

the participants with vs. without GvHD 60 days post-HCT (p = 0.02 and 0.002, respectively; Fig. 

14).  
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Figure 14. Prednisone/methylprednisolone therapy does not bias bile acid levels. To 
investigate if prednisone/methylprednisolone treatment biases the observed bile acid levels in 
stool, we removed the 14 samples collected from patients that were actively on this steroid 
therapy. We defined this as having received prednisone or methylprednisolone in the seven 
or fewer days prior to sample date. Key findings were replicated without the effect of this 
steroid therapy. (A) Endogenous secondary bile acid and (B) lithocholic acid, an endogenous 
secondary bile acid, concentrations were statistically significantly reduced in GvHD cases vs. 
controls at day 60 post-HCT. Statistical significance of these differences was not impacted 
when considering steroid use. This supports that prednisone/methylprednisolone steroid 
therapy does not bias bile acid levels. All p-values shown are raw/unadjusted. Mann-Whitney 
U test was performed to generate p-values. 
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3.2.7 Bile acid-modulating microbes associate with endogenous secondary bile acids 
post-HCT  

With evidence that our study’s LCA findings were reproducible, the next question was: 

why are LCA and LCA-like endogenous secondary bile acids deficient during GvHD? It is known 

that certain gut microbes metabolize bile acids (Fig. 5). Therefore, we hypothesized that 

differences in GvHD case vs. control gut microbial communities may be responsible for 

differences in levels of secondary bile acids. We first investigated bacterial community-level 

differences between GvHD cases vs. controls by comparing the alpha-diversity as measured by 

Shannon Diversity Index using 16S rRNA gene sequencing data in stool samples (Fig. 15). SDI 

in this context is a metric of bacterial species richness (number of species) and evenness in 

stool. By 30 days post-transplant, median Shannon Diversity Index (SDI) in cases was 2.05, 

which was significantly lower than that of no-GvHD samples, 2.49 (p = 0.002; Fig. 15). At 60 

days post-transplant the median SDI was 2.50 in GvHD cases and 2.72 in controls (p = 0.074; 

Fig. 15). These data provide evidence that gut bacterial diversity is lower post-HCT in patients 

with GvHD in our study. 
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We next sought to determine how this difference in alpha-diversity and stool bacterial 

composition might lead to differences in bile acid concentrations. We measured bacterial 

relative abundance and prevalence at each timepoint using 16S rRNA gene PCR with 

sequencing, but no specific taxa at the family, genus or species level was statistically 

significantly different by GvHD status when using the Mann Whitney U test and when adjusting 

for multiple comparison (Fig. 16). Despite this, we found that numerous microbial taxa 

correlated with concentrations of endogenous secondary bile acids (Table 12). Notably, 

Clostridium scindens (a bai-possessing microbe) associated with the LCA-like endogenous 

secondary bile acid 3alpha-hydroxy-12 ketolithocholic acid/8(14),(5beta)-cholenic acid-3alpha, 

12alpha-diol (12KLCA814) at 30 days post-HCT (correlation coefficient rho = 0.57, padj = 1.87E-

6; Table 12). Dysosmobacter welbionis associated with the LCA conformer, alloLCA (rho = 0.57, 

Figure 15. Community-level differences in gut microbial diversity. Microbial alpha-diversity 
was associated with GvHD at the 30 day time point post HCT. The bounds of the boxes, the 
lines within the boxes, the whiskers, and the consideration of outlying values are the same as 
those defined in the Figure 6 legend. Mann-Whitney U test was performed to generate p-values.  
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padj = 4.34E-6; Table 12), at 60 days post-HCT. AlloLCA also correlated with multiple microbial 

taxa: Ruminococcus torques at 60 days post-HCT (rho = 0.61, padj = 6.49E-7; Table 12), 

Lachnospiraceae on day 60 post-HCT (rho = 0.59, padj = 1.28E-6; Table 12) and 

Oscillospiraceae on day 30 post-HCT (rho = 0.58, padj = 2.51E-6; Table 12). Further, we noticed 

that these taxa have a key commonality.  

 

 

 

 

 

 

 

Figure 16. Relative abundance of top 20 bacterial genera calculated from 16S rRNA gene 
sequencing data. There are global similarities between GvHD case and control stool samples. We 
observed no specific taxa at the family, genus or species level that was statistically significantly 
different by GvHD status when using the Mann Whitney U test and when adjusting for multiple 
comparisons. 
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Several microbial taxa in Table 12 that moderately strongly correlated with a bile acid (in 

this study, a moderately strong correlation coefficient rho was considered ≥ 0.55) either possess  

or include members that possess bsh (e.g. Oscillospiraceae, Lachnospiraceae, D. 

welbionis, R. torques) and/or bai genes (e.g. C. scindens), but it is challenging to assess bile 

acid metabolism by taxonomy alone.200–205 This is because bsh genes are highly diverse in 

sequence, making it difficult to use sequence-based methods (such as PCR) to characterize 

them. Bsh gene possession is also highly inconsistent and yet abundant, with bsh genes 

present at zero to four copies per genome even within a single taxon, such as a given species 

or strain.126,128,206–209 Gene orthologs of bsh within the same genome or taxon may not have high 

sequence similarity, similar functions, or target specificity/efficiency.128,210–214 In contrast, the 

presence of the bai gene is more conserved within a species. Altogether, this informed our 

decision to adopt a gene-forward approach to further probe microbial bile acid metabolism.  

3.2.8 Loss of secondary bile acid-producing bai genes associates with GvHD post-HCT 

Bile acid Microbial taxa rho p-value Adjusted p-
value Timepoint 

12KLCA814 Clostridium scindens 0.57 2.53E-09 1.87E-06 Day 30 
Deoxycholic acid Clostridium scindens 0.55 4.70E-08 1.67E-05 Day 60 

3-ketocholanic acid 
Ruminococcus 
torques 0.59 2.46E-10 3.39E-07 Day 60 

Allolithocholic acid 
Ruminococcus 
torques 0.61 7.22E-10 6.49E-07 Day 60 

Allolithocholic acid Oscillospiraceae 0.58 3.96E-09 2.51E-06 Day 30 

3-ketocholanic acid 
Dysosmobacter 
welbionis 0.57 8.26E-10 6.49E-07 Day 60 

Allolithocholic acid 
Dysosmobacter 
welbionis 0.57 7.89E-09 4.34E-06 Day 60 

3-ketocholanic acid Lachnospiraceae 0.56 6.42E-10 6.49E-07 Day 60 
Allolithocholic acid Lachnospiraceae 0.59 1.86E-09 1.28E-06 Day 60 
Allolithocholic acid Neglecta 0.65 1.77E-10 3.25E-07 Day 60 
Allolithocholic acid Neglecta 0.55 1.20E-08 3.54E-06 Day 30 
3-ketocholanic acid Eubacteriales  0.63 7.30E-12 2.01E-08 Day 60 
3-ketocholanic acid Eubacteriales  0.55 7.35E-11 3.27E-07 Day 30 
Allolithocholic acid Eubacteriales  0.76 5.15E-15 2.83E-11 Day 60 
Allolithocholic acid Eubacteriales  0.57 6.80E-10 1.01E-06 Day 30 

Table 12. Bile acids and microbial taxa correlate post-HCT. Correlations between abundance of 
microbial taxa and bile acids that were moderately strong (rho ≥ 0.55). Several bile acids link with 
multiple microbial taxa, and vice versa. These strong correlations emerge post-HCT. Kendall Tau 
correlation was used to evaluate the relationships between bile acids and 16S microbial taxa. 
‘Timepoint’ refers to the timepoint post-transplant.  
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The gene-forward approach involved a targeted bsh and bai gene survey in stool that 

was performed for GvHD case and control samples using shotgun metagenomic sequencing 

data. This method quantified capacity for bile acid metabolism in gut microbial communities 

without using taxonomy as a proxy. Surprisingly, the normalized sum of metagenomic reads that 

aligned to a bsh gene ortholog did not associate with GvHD status at any timepoint (p values > 

0.30; Fig. 17A). Rather, a greater number of unique bsh gene orthologs associated with 

absence of GvHD at day 60 post-HCT (p = 0.02, FC = 3.2; Fig. 17B). This was concordant with 

the observed association between a diverse microbial community and absence of GvHD (Fig. 

15) and suggests that quantity of bsh gene orthologs may be less important than type(s) or 

diversity of bsh gene orthologs. For the bai genes, a 100-fold lower normalized sum of reads 

that aligned to bai gene orthologs associated with GvHD 30 days post-allo-HCT (p = 0.002, FC 

< 0.01, the day 30 post-HCT median sum of bai reads in GvHD cases is the pseudocount 0.1; 

Fig. 18A). Diversity of bai genes was also important as a 20-fold lower number of unique bai 

gene orthologs associated with GvHD 30 days post-allo-HCT (p = 0.0007, FC < 0.05, the day 30 

post-HCT median number of bai genes in GvHD cases is the pseudocount 0.01; Fig. 18B). 

Finally, detection of at least one bai gene ortholog was associated with absence of GvHD 30 

days post -HCST (p = 0.004/padj = 0.01, odds ratio: 4.1; Table 13), further highlighting the 

importance of bai genes. 
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Figure 17. Abundance and diversity of deconjugation bsh genes. (A) The distributions of sum of 
reads that aligned to a bsh gene ortholog (normalized to the sum of bacterial reads per sample) in a 
sample were statistically the same between GvHD cases and controls at each timepoint. *Bsh reads 
were normalized to the sum of bacterial reads per sample, reported in fragments per million (FPM). (B) 
Metagenomic reads aligned to statistically fewer bsh gene orthologs (normalized to the sum of bacterial 
reads per sample) in GvHD cases vs. controls at day 60 post-transplant. Pre-transplant and 30 days 
post-transplant, GvHD cases and controls had statistically the same number of bsh genes hit by the 
metagenomic reads. **Number of bsh genes were normalized to the sum of bacterial reads per sample, 
reported in genes per million (GPM). A read cutoff of 5 was implemented to consider any genes a true 
hit. The bounds of the boxes, the lines within the boxes, the whiskers, and the consideration of outlying 
values are the same as those defined in the Figure 6 legend. Mann-Whitney U test was performed to 
generate p-values.  
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Figure 18. Abundance and diversity of 7α-dehydroxylation bai genes. (A) The sum of reads 
that aligned to a bai gene ortholog (normalized to the sum of bacterial reads per sample) in a 
sample were statistically significantly greater in controls vs. GvHD cases at 30 days post-transplant. 
Pre-transplant, the (normalized) sums of reads aligned to a bai gene ortholog appeared greater in 
GvHD cases vs. controls, although this was not statistically significant. There was no statistical 
difference between sum of reads aligned to a bai gene at 60 days post-transplant based on GvHD 
status. *Bai reads were normalized to the sum of bacterial reads per sample, reported in fragments 
per million (FPM). (B) Metagenomic reads aligned to statistically fewer bai gene orthologs 
(normalized to the sum of bacterial reads per sample) in GvHD cases vs. controls at day 30 post-
transplant. 60 days post-transplant, GvHD cases looked to have fewer bai gene orthologs hit vs. 
controls, although this was not statistically significant. Pre-transplant, GvHD cases and controls had 
statistically the same number of bsh genes hit by the metagenomic reads. **Number of bai genes 
were normalized to the sum of bacterial reads per sample, reported in genes per million (GPM). A 
read cutoff of 5 was implemented to consider any genes a true hit. The bounds of the boxes, the 
lines within the boxes, the whiskers, and the consideration of outlying values are the same as those 
defined in the Figure 6 legend. Mann-Whitney U test was performed to generate p-values.  
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3.2.9 Diet and bile acids 

As described in Chapter 2, participants in the GvHD study completed dietary questionnaires 

in addition to providing samples for research purposes. These questionnaires were analyzed for 

nutrient composition by the Fred Hutchinson Cancer Center Nutrition Assessment shared 

resource using the University of Minnesota’s Nutrition Data System for Research. This enabled 

correlation analyses between diet/nutrition data and metabolomic data from the same 

participant(s), longitudinally post-HCT. This section will focus on the links between diet and bile 

acid metabolomic data.  

I generated five principle components (PCs) that maximized variance within each dataset, 

bile acid metabolomics and dietary/nutrition data. Through Spearman correlation analysis, four 

statistically significant associations were observed across three dietary PCs and three bile acid 

PCs (Table 14). The correlation (rho) values’ magnitudes ranged from 0.29 to 0.32, although the 

strongest correlation, 0.32, represented an anti- or negative correlation between dietary PC1 

and bile acid PC2. This suggested that further, detailed investigation into the relationship 

between dietary variables and bile acids may yield interesting and significant findings.  

 

 

 

Timepoint 
GvHD 
status 

Number 
of 
samples 
with bai 
gene 
ortholog 
present 

Total 
number 
of 
samples 

Prevalence 
(%) 

p-
value 

Adjusted 
p-value 

Odds 
ratio 

Odds ratio 
95% CI 

Pre-
transplant 

Case 38 45 84.44 0.786 0.786 0.8 0.23 - 2.70 Control 39 48 81.25 

Day 30 Case 18 44 40.91 0.004 0.011 4.112 1.50 - 12.01 Control 29 39 74.36 

Day 60 Case 24 39 61.54 0.066 0.099 2.953 0.85 - 12.09 Control 24 29 82.76 
Table 13. Prevalence of 7α-dehydroxylation bai genes. At least one bai gene ortholog was 
detected in a greater portion of GvHD case samples vs. no-GvHD samples at days 30 and 60 
post-transplant. Pre-transplant, at least one bai gene ortholog was detected in the same 
portion of GvHD case and control samples. A read cutoff of 5 was implemented to consider 
any genes a true hit. Fisher’s Exact test was performed to generate p-values. P-values are 
FDR-adjusted.  
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Across all 169 diet variables and 32 bile acids, there were 7,605 correlations calculated. 

Out of the 7,605 correlations, 3,858 (51%) were statistically significant (p < 0.05) and 2,208 

(29%) were moderately strong to strong (rho > 0.4. or < -0.4) correlations or anti-correlations. 

Just 2,072 (27%) were both statistically significant and moderately strong to strong (rho > 0.4. or 

< -0.4) correlations or anti-correlations. Interestingly, 725 out of 2,072 (35%) were correlated but 

most (1,347 or 65%) were anti-correlated. One such surprising yet significant anti-correlation 

was between total concentration of glycine-conjugated bile acids (n = 6) and dietary glycine, 

wherein greater levels of total glycine-conjugated bile acids links with lower levels of dietary 

glycine (padj = 6.85E-7, p = 9.43E-9, rho = -0.54; Table 15). This does not support the 

hypothesis that more ingested glycine resulted in more fecal levels of glycine-conjugated bile 

acids. A secondary hypothesis was that there was less circulating or free glycine due to glycine 

getting bound to bile acids; however, the glycine quantities were generated solely from nutrition 

analysis of dietary components, not from measured levels in stool. Thus, the glycine 

composition of diet would not directly relate to or interact with free glycine or bile acids. The 

mechanism(s) underlying this relationship is unclear. Further support for this link is the 

significant (padj = 6.46E-8, p = 6.06E-11, rho = -0.60) anti-correlation observed between total 

concentration of all conjugated bile acids (n = 12, including glycine-conjugated bile acids) in 

stool and dietary glycine (Table 15). However, the underlying mechanism(s) remain unclear.  

 

 

 

 

 

 

Diet PCs BA PCs Rho estimate p_value p_adj 
PC1 PC2 -0.32 0.002 0.03 
PC1 PC3 0.29 0.004 0.03 
PC3 PC1 0.29 0.004 0.03 
PC4 PC3 0.29 0.004 0.03 

Table 14. PCA analysis of bile acids and dietary component data. Rho values were 
calculated using Spearman correlation. P-values were adjusted for false discovery rate (FDR). PC 
= principal component, BA = bile acid  



77 
 

Bile acid(s) Dietary component p-value Adjusted 
p-value 

Rho 
(spearman) 

Glycine-conjugated 
bile acids  

Glycine 9.43E-9  6.85E-7  -0.54 

Conjugated bile acids  Glycine 6.06E-11 6.46E-8 -0.60 

Endogenous 
secondary bile acids 

Cholesterol  1.28E-5 9.45E-5 0.43 

Lithocholic acid Total saturated fatty 
acids  

3.31E-6 3.68E-5 0.45 

 

Total levels of endogenous secondary bile acids (n = 11) significantly correlated with dietary 

cholesterol (padj = 9.45E-5, p = 1.28E-5, rho = 0.43), serving as a proof of concept for these 

correlations (Table 15). Increased dietary cholesterol would push an increase in intestinal bile 

acids, including the bile acid metabolic end products, secondary bile acids produced 

endogenously by the gut microbiota. This finding is supported by the correlation between 

lithocholic acid, an endogenous secondary bile acid, and total dietary saturated fatty acids (padj 

= 3.68E-5, p = 3.31E-6, rho = 0.45; Table 15). An increase in saturated fatty acids would 

increase cholesterol, pushing bile acid transport to the intestine and further production of a 

microbial bile acid metabolic product, lithocholic acid.  

3.3 Discussion 

3.3.1 Deficiency in endogenous secondary bile acids associates with GvHD  

Despite human leukocyte antigen matching to reduce GvHD post-HCT, many HCT 

recipients still develop GvHD.215,216 Why there is such heterogeneity in GvHD 

development/recovery after HCT occurs and the environmental factors and mechanisms that 

contribute have yet to be determined. It is known that the gut microbiome is associated with 

GvHD.217–219 There are many potential mechanisms for how the gut microbiota may influence 

GvHD, including through impacts on immune cells, epithelial cells, and the gut barrier; bile acids 

are known to affect all of these. In this study, we tested stool samples as a proxy for intestinal 

bile acid dynamics. Stool is not a perfect reflection of metabolite and bile acid concentrations 

within the intestine, although it may be the best, feasible option for human studies (for greater 

detail, refer to section 3.3.7: Limitations of the Study). We found a reduction in summed 

endogenous secondary bile acid concentrations in stool from GvHD cases post-HCT (Fig. 8D). 

Table 15. Correlations between individual bile acids and dietary components. Rho values 
were calculated using Spearman correlation. P-values were adjusted for false discovery rate 
(FDR).  
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All HCT recipients are given an exogenous secondary bile acid, UDCA (ursodiol) to prevent liver 

complications after HCT. Furthermore, six out of eleven endogenous secondary bile acid 

concentrations measured by the targeted panel in our study were decreased in GvHD cases 

post-HCT compared to controls (Table 10). Each of these endogenous secondary bile acids 

have a similar structure to lithocholic acid. Four of these endogenous secondary bile acids are 

also less prevalent in GvHD vs. no-GvHD controls (Table 11). Allolithocholic acid is an 

additional endogenous secondary bile acid less prevalent in GvHD (Table 8). Some studies 

posit that UDCA administration increases LCA levels in blood, yet all participants in the current 

study received UDCA and we observed differences in LCA levels in stool.220 

3.3.2 Changes in the gut microbiota influence bile acid metabolism  

As expected, all patients lose some microbial diversity due to the antibiotics 

administered to every patient (Fig. 15). This is reflected by dynamic changes in each patient’s 

microbial community function, such as in the bai gene operon that impacts microbial bile acid 

metabolism and concentrations (Fig. 18). However, this dynamic/variance is more pronounced 

in the GvHD cases vs. no GvHD controls (Fig. 7F, 15, 18), leading us to ask: why are 

endogenous secondary bile acid concentrations decreased in patients with GvHD compared to 

controls? This may be due to a reduction of microbial bai genes and bai gene diversity in stool 

from HCT-recipients with GvHD, reflecting loss of 7-alpha hydroxylase activity needed to 

produce secondary bile acids (Fig. 18). Metagenomic analysis is a more useful indicator of 

whether bai or bsh genes are present in stool compared to using microbial taxonomy. We noted 

that absence of bai genes in stool samples is associated with GvHD (Table 13). In contrast, bsh 

genes were detected in every stool sample in our study. This suggests the bai-mediated step 

(not the bsh-mediated step) may be rate-limiting in the production of secondary bile acids in 

these transplant recipients. Additional support for this observation includes lack of any 

significant difference in the summed levels of bsh-modified bile acids (primary and conjugated) 

comparing cases to controls (Fig. 8B-C). Bai gene products are exclusively responsible for the 

7α-dehydroxylation step that produces secondary bile acids. Host genetic and other factors do 

not play a role in secondary bile acid production. The HCT recipients with GvHD may not have 

sufficient bai-possessing microbes. This is reflected by: (A) lower microbial diversity, as 

observed in our 16S rRNA gene sequencing analysis (Fig. 15), and (B) reductions in both 

abundance and diversity of bai genes that encode enzymes that produce endogenous 

secondary bile acids, as reflected in our metagenomic analysis (Fig. 18). For example, 

Clostridium scindens encodes bai genes and is associated with levels of individual endogenous 
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secondary bile acids (Table 12). This example supports bai-possessing microbes’ potential 

involvement in the observed endogenous secondary bile acid and bai gene depletion. Bsh was 

found in every stool sample from patients with and without GvHD, but there was greater bsh 

gene diversity in controls 60 days post-HCT (Fig. 17). This observation suggests that having a 

diverse set of bsh enzymes may be more optimal for converting conjugated bile acids into 

primary bile acids, and then on to secondary bile acids.   

3.3.3 Bile acid levels change with GvHD  

A strength of this time analysis study is inclusion of both pre- and post-HCT samples to 

compare microbiome dynamics and bile acid concentrations over time, but the cadence of 

sample collection does not distinguish among endogenous secondary bile acids as simply 

markers of GvHD, or within the pathway to GvHD, or both. Pre-transplant bile acid 

concentrations did not predict GvHD (Table 8), and by day 30 post-transplant, 30 of 45 patients 

had developed GvHD in this study. The distribution of bile acids at 30 days post-HCT is 

described in Fig. 11 and Table 9, where endogenous secondary bile acid levels are lower in the 

30 patients with GvHD vs. (a) the 15 patients without GvHD yet and (b) the no GvHD controls. It 

is possible that changes in endogenous secondary bile acids precede GvHD onset by days or 

weeks, and the monthly sampling frequency would not capture that change. Alternatively, 

changes in secondary bile acids may be concordant with onset of GvHD and thus serve as a 

marker but not a predictor, while still contributing to the maintenance of GvHD. One way to 

determine if secondary bile acids contribute to the induction or maintenance of GvHD would be 

to administer these bile acids or similar bile acid receptor agonists in human or animal studies to 

assess the impact on GvHD. 

3.3.4 Bile acids may impact GvHD via several pathways 

How might endogenous secondary bile acids contribute to GvHD? Bile acids can signal 

through receptors on IECs and immune cells.221,222 This signaling could modulate a range of 

pleiomorphic host responses, like bile acid production/release, metabolic activity, and 

immunity.120–122,223–225 Of particular interest is immune cell activation because GvHD is mediated 

by T cells. Bile acids 3-oxolithocholic acid and isoallolithocholic acid inhibit T-helper type 17 

cells and promote T regulatory cell differentiation in mice.120–122 Bile acids can also bind cell 

membrane receptor TGR5 (LCA > DCA > CDCA), present on macrophages and dendritic cells, 

and nuclear membrane receptor Farnesoid X receptor (FXR; CDCA > DCA > LCA > CA > 

UDCA), present on T cells, natural killer (NK) cells, NKT cells, and myeloid cells such as 

neutrophils, macrophages and dendritic cells.117,221,222,226–228 These connections are highly 
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relevant because Th17 cells are a main driver of GvHD, whereas Treg cells limit T cell activation 

and thus GvHD, providing a plausible, direct pathway for bile acids to modulate GvHD.229–233 

Vitamin D receptor (VDR) is another receptor of interest that binds LCA but not other bile 

acids.149 VDR is present on IECs and T cells, both of which are crucial for GvHD as IEC-

mediated antigen presentation specifically drives the priming and activation of donor T cells that 

initiate GvHD.150,234 VDR activity, like that which can be triggered by LCA binding and activation, 

can promote tight junction protein gene expression to preserve intestinal barrier integrity, 

abrogate pro-inflammatory IL-12, NFκB, and TNFα gene expression, and impact differentiation 

of T cells.151–154 Vitamin D deficiency has been extensively studied in the context of GvHD and 

linked to poor overall survival post-HCT in humans.145,146 Case reports describe resolution of 

chronic GvHD symptoms and reduced relapse rates post-HCT in human recipients 

supplemented with Vitamin D.148 Since TGR5 is also present in macrophages and dendritic 

cells, bile acids can influence these cell subsets that present antigens and indirectly contribute 

to GvHD by promoting T cell activation.227,235–239 Additional immunomodulatory effects of bile 

acids include downregulation of proinflammatory genes and activation of the inflammasome, 

where the immune cell type involved (e.g. T cells vs. macrophages) and context determine the 

exact impact on gastrointestinal immune regulation.240 An alternative pathway draws on bile 

acids’ amphipathic properties permitting their breakdown of dietary fats and their antimicrobial 

effects. Endogenous secondary bile acids may solubilize bacterial phospholipid outer 

membranes and reduce the risk of intestinal pathogen growth that would contribute to 

inflammation and exacerbate GvHD. LCA, an endogenous secondary bile acid, is the most 

hydrophobic bile acid (LCA > DCA > CDCA > CA > UDCA). LCA exhibits antibacterial activity 

against GvHD-associated bacteria like Enterococcus, Staphylococcus, Escherichia, and 

others.241,242 Thus, LCA’s observed deficiency (Fig. 12) could permit proliferation of such 

bacteria to exacerbate GvHD. However, one challenge with using lithocholic acid as an agonist 

is that high concentrations in the gut can be pro-inflammatory.243  

3.3.5 Endogenous secondary bile acids and GvHD: reproducible? 

Key findings in our study were concordant with findings from another human study by 

Lindner et al. published in 2024.116 This includes the deficiency of: LCA (Fig. 13), endogenous 

secondary bile acids, and the sum of bai operon genes in GvHD cases vs. controls. In contrast, 

summed bile acid levels were reported as lower in GvHD case vs. controls samples in the 

Lindner study, but not the current study. This difference may reflect different study designs. In 

Lindner et al., key timepoints of interest were chosen based on individual diagnosis of GvHD 

(e.g. pre-GvHD onset, peri-GvHD onset). Our study used absolute time to establish timepoints 
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of interest. Thus, the time between sample collection/analysis and GvHD differs in the two 

studies. The former retrospective approach using individual diagnosis of GvHD may better 

capture the biology of GvHD in an individual patient. Ten additional findings from our study were 

also concordant with Lindner et al. data.116 This demonstrates our study’s findings are not 

isolated to a single population or center. Although findings were largely concordant, we 

recognize that each cohort has a unique exposome, including antibiotics, and this may explain 

differences between these studies. 

3.3.6 Endogenous secondary bile acid levels are independent of steroid therapy  

It is possible that steroid therapy may impact the findings described in this study by 

promoting bile acid recycling that in turn, decreases intestinal bile acid levels.244 Bile acids are 

primarily reabsorbed through small intestine epithelial cells, but IEC damage and sloughing is 

characteristic of the conditioning that transplant recipients undergo before transplant. In 

addition, damage induced by GvHD at the mucosa may reduce ASBT transporters and thus 

impair bile acid reabsorption, increasing bile acid levels detected in stool. When we excluded 

samples that were collected from patients during active prednisone/methylprednisolone therapy, 

the significant deficiency in endogenous bile acids such as lithocholic acid during GvHD was still 

observed (Fig. 14). This supports that steroid therapy does not bias the fecal bile acid 

concentrations measured in this study. To the best of our knowledge, this represents a novel 

contribution to the field, as previous studies characterizing bile acid dynamics in stool post-HCT 

do not address the effect of steroid therapy on bile acid concentrations. However, this is 

consistent with reports from the current literature, which support that bile acid levels in stool are 

unaffected by prednisone therapy.245 

3.3.7 Limitations of the study 

There are some limitations to this study. Antibiotics may affect the gut microbiota and 

bile acid metabolism. All patients in this study received prophylactic, empiric, or directed 

antibiotic therapy so there was no unexposed group. There are several factors that may change 

the gut microbiota and therefore bile acids, like antibiotics and diet; a future analysis will focus 

on the relationships of specific antibiotics to changes in the gut microbiota and bile acid levels in 

stool. Microbial RNA was not sequenced so bsh or bai gene expression was uncharacterized. 

Participants’ stool samples were collected via swab. This facilitated sample collection but 

prevented reliable measurement of stool weight. Thus, the input stool quantity for LC-MS, 16S 

rRNA gene sequencing, and metagenomic sequencing was non-normalized. However, the 

same swabs were used for all participants to make collection consistent. The swabs typically 
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load 50-100 µL of stool volume. Stool sampling cadence is also limiting. Since the sampling was 

done approximately monthly, it is unclear how endogenous secondary bile acid levels changed 

between timepoints. Higher frequency sampling (daily, weekly) is necessary to characterize 

endogenous secondary bile acids dynamic at greater resolution and determine whether 

changes happen before or after GvHD. 

The nature of the samples was also limiting. Ideally, intestinal contents from each 

section of the GI tract (e.g. duodenum, jejunum, ileum, cecum, ascending colon, transverse 

colon, descending colon, sigmoid colon, rectum) of each participant could be directly sampled to 

capture the precise changes in each bile acid concentration at each region of the GI tract. 

However, while this can be performed after a mouse experiment, it is not feasible to do so in 

humans (it would require forensic autopsy105,246). This type of sampling would be too invasive 

and challenging to perform. Thus, stool samples were chosen as a proxy for the dynamic 

intestinal bile acid concentrations, although this is not a perfect reflection since only 

approximately 5% of the bile acid pool is excreted in stool. Blood or serum samples are also 

used to measure bile acid concentrations247, but the measured bile acid levels could remain 

constant even if there is very high turnover, processing, and storage of bile acids in the liver. 

Additionally, the goal was to measure bile acid levels as close as possible to the true intestinal 

concentrations. A blood or serum sample may more closely resemble bile acid influx to the liver 

rather than into the intestines. Bile acids can also be stored in the liver or gall bladder such that 

a decrease in one compartment (e.g. serum) may not necessarily indicate an increase in 

another (e.g. colon). This discussion is a glimpse into the recurring challenges associated with 

sampling and measuring bile acid flux (transportation, storage, reabsorption, excretion). Lastly, 

the GvHD and pre-HCT conditioning damage in the gut likely impacts host bile acid receptors, 

downstream signaling, and reabsorption rate, and therefore the measured levels in stool as well. 

Given this complexity, it is noteworthy that statistically significant signal was observed in this 

study’s samples which were collected approximately monthly.  

3.3.8 Summary of findings and future work  

In summary, we propose that GvHD may be impacted by alterations in gut microbial bile 

acid metabolism. We showed that bile acid concentrations differ in HCT recipients with vs. 

without GvHD (Fig. 6). Our study provides evidence that secondary bile acids, especially 

lithocholic acid, are reduced during GvHD (Fig. 8D, 11, Table 10). The deficiency may result 

from a loss of the gut microbes that possess bai genes and produce secondary bile acids, which 

can influence gut immunity in the setting of GvHD. These findings are summarized in a visual 

abstract (Fig. 19). If bile acids contribute to the pathogenesis of GvHD, then lithocholic acid and 
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the cell receptors that bind it (VDR, TGR5) could represent a novel therapeutic axis to explore 

for the prevention and treatment of GvHD.  

 

 

 

 

There are several research avenues that should be explored to advance this study’s 

findings towards interventions that could improve outcomes for allo-HCT patients. For instance, 

even microbial strains within the same genus or species can variably metabolize BAs. These 

metabolic rates should be well-characterized to inform the strains best suited for therapies. This 

includes both bsh and bai enzymes since poor diversity of the genes encoding both enzymes 

was linked with GvHD (Fig. 17-18). Similarly, strategies to enhance bsh diversity may be 

valuable; one such strategy is to administer bacteria with diversity of bsh’s represented. Another 

treatment option could involve prescribing primary bile acids (e.g. chenodeoxycholic acid) as a 

precursor in combination with the diverse bsh-possessing microbes to promote endogenous 

Figure 19. Acute gastrointestinal GvHD is associated with reductions of secondary bile 
acids, bsh genes, and bai genes after allo-HCT. This visual abstract summarizes the findings of 
our study. Created in BioRender. Proll, S. (2026) https://BioRender.com/5z04gp7.   

https://biorender.com/5z04gp7


84 
 

conversion to secondary bile acids. Deeper dives into these next steps and more future 

directions are discussed in greater detail in Ch 6: Future directions, Ch 3: Bile acids and GvHD.  

 

Chapter 4: Short chain fatty acids (SCFAs) and GvHD 
4.1 Introduction  

4.1.1 Overview of field: SCFAs and protection against vs. priming for GvHD 

SCFAs are the end products of microbial fermentation of dietary nondigestible 

carbohydrates (e.g. fiber, resistant starches) whereas branched chain fatty acids (BCFAs) are 

the end products of microbial fermentation of proteins. SCFAs have broad physiological 

impacts; from their microbially-mediated metabolism/production in the colon, they can signal 

and/or interact with the variety of cells in the intestinal barrier or cross the intestinal barrier and 

enter the bloodstream for transport throughout the body to a range of organs.104,106 SCFAs can 

affect the brain, liver, pancreas, adipose tissue, peripheral nerves and kidneys via receptors 

such as FFAR2/GPR43, FFAR3/GPR41, GPR109A and OLFR78.248 It is unclear if BCFAs have 

distinct or overlapping effects vs. SCFAs, and for the purpose of this thesis, both are referred to 

as SCFAs. Several microbial taxa are found in the human gastrointestinal tract and capable of 

producing SCFAs, including but not limited to genera like Faecalibacterium249, Roseburia250, 

Clostridium251, Anaerococcus252, Mediterraneibacter253, Fusobacterium254, Anaerostipes255, 

Bacteroides256, and Blautia257. The total SCFA pool is approximately 130 mmol/kg in the cecum, 

80 mmol/kg in the descending colon, and 13 mmol/kg in the ileum.134 In the colon, the molar 

ratio of acetate to propionate to butyrate is 60:20:20.135,258,259 Depending on diet and 

geographical location, the levels of acetate detected in stool samples range from 40-100mM, for 

propionate 15-30mM, and for butyrate 10-25mM.134,135  

4.1.1.1 Tight junctions 
 There are several proposed mechanisms for how SCFAs exert beneficial and/or 

protective effects in the intestinal tract. SCFAs have been shown to trigger an influx of 

intracellular Ca2+ that activates 5' adenosine monophosphate-activated protein kinase (AMPK), 

inhibits myosin light chain kinase (MLCK), phosphorylates protein kinase C beta 2 (PKCB2) to 

ultimately promote tight junction assembly. SCFAs have also been observed to upregulate 

expression of claudin-1, a tight junction protein, via the transcription factor specificity protein 1 

(SP1). Each of these proposed mechanisms culminates in the strengthening of tight junctions, 

which regulate paracellular permeability of the intestinal barrier. With more tight junction 

proteins, the space between cells decreases, enhancing the integrity of the intestinal barrier. An 
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intact intestinal barrier is not leaky, meaning systemic inflammation is restricted due to 

decreased translocation of intestinal inflammatory compounds, metabolites, microbes, etc. into 

the bloodstream.136,260,261  

4.1.1.2 Anti-inflammation: Histone deacetylase inhibitors (HDACi), GPR-binding 
  Select SCFAs can reduce intestinal inflammation via multiple proposed pathways. 

Butyrate and propionate may act as a histone deacetylase inhibitor (HDACi). HDACi affect 

transcription by keeping histones acetylated, promoting transcription of anti-inflammatory 

cytokines.95,262,263 Another anti-inflammatory pathway for SCFAs is mediated by cell signaling on 

GPRs. Butyrate activation of GPR109A is protective against colonic inflammation via IL-8 and 

IL-10 induction.137 Acetate binds GPR43 to increase the amount of intestinal IgA that promotes 

intestinal immune tolerance as opposed to inflammation.138 These proposed pathways may 

contribute to a more stable gut microbiome that is simultaneously more resilient post-HCT and 

less likely to develop GvHD.  

4.1.1.3 Facilitates cell turnover and transcellular damage  
 SCFAs like butyrate can also act as an energy source to promote intestinal epithelial cell 

turnover. Where the beneficial effects on tight junctions reduce paracellular permeability of the 

intestinal barrier, quicker intestinal epithelial cell regeneration may staunch any leakiness of the 

gut barrier by reducing transcellular permeability/damage, restricting translocation of 

metabolites or whole microbes by passing through regions of the intestine where cells died and 

sloughed off.49 However, this effect is not uniform throughout the intestine; ISC exposure to 

butyrate has been observed to reduce proliferation.45 In a healthy state, only low levels of 

butyrate reach stem cells that are located deep in intestinal crypts. In a dysbiotic state post-

HCT, the mucosa and intestinal epithelium may be so damaged that the intestinal stem cells 

and crypts are exposed to gut luminal butyrate, impeding recover from tissue injury. This occurs 

in a FoxO3-dependent manner: butyrate stimulates production of transcription factor FoxO3 

which binds to the promoter region of negative cell cycle regulators such that the regulators’ 

expression is increased to ultimately inhibit the cell cycle and stem cell progenesis. Since 

expression levels mediate this effect, butyrate’s HDACi role may also come into play by 

promoting expression of these cell cycle arrest proteins.264 Butyrogenic bacteria associate with 

steroid-refractory GvHD, further supporting the spatial and cell-type-dependent nuance of 

butyrate effects within the intestine.45 Overall, there are likely several mechanisms at play that 

combine for the observed impacts of butyrate.   
4.2 Results  

4.2.1 Targeted SCFA/BCFA metabolomics  
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4.2.1.1 Individual SCFAs by GvHD case vs. control per timepoint   
The targeted SCFA and BCFA metabolomics panel analyzed the concentration of ten 

SCFAs: acetic acid, propionic acid, butyric acid, isobutyric acid, 2-methylbutyric acid, isovaleric 

acid, valeric acid, 3-methyl-valeric acid, 4-methyl-valeric acid, and caproic acid. Only 3-methyl-

valeric acid was not detected in any of the stool samples analyzed. The SCFAs include acetic 

acid, propionic acid, and butyric acid. The remaining seven, isobutyric acid, 2-methylbutyric 

acid, isovaleric acid, valeric acid, 3-methyl-valeric acid, 4-methyl-valeric acid, and caproic acid, 

are BCFAs.  

Hierarchical clustering of all samples on based concentrations of the ten SCFAs 

investigated did not reveal any trends that linked with GvHD status. However, significant 

differences emerged on the individual SCFA basis. Pre-transplant, butyric acid concentrations 

were significantly greater (p = 0.02) in controls, 65,195.4 mM, vs. cases, 14,370.2 mM (p m= 

0.02; Fig. 20). On day 60 post-transplant, concentrations of valeric acid were significantly 

greater (p = 0.04) in controls, 3,007.3 mM, vs. cases, 1,079.9 mM (Fig. 21). 2-methylbutyric acid 

levels were significantly greater (p = 0.02) in controls, 27,706.0 mM, vs. cases, 14,977.5 mM, at 

day 60 post-HCT (Fig. 22). Concentrations of isobutyric acid are significantly greater (p = 0.007) 

in controls, 49,953.2 mM, vs. cases, 15,114.1 mM, at day 60 post-HCT (Fig. 23). On day 60 

post-HCT, there were statistically significantly greater levels of isovaleric acid in controls, 

36,465.7 mM, vs. cases, 17,444.9 mM (Fig. 24). There were no statistically significant 

differences in concentrations of 4-methyl-valeric, propionic (Fig. 25), acetic or caproic acid 

between cases vs. controls at any timepoint.  
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Figure 20. Butyric acid concentrations throughout HCT. Pre-transplant (HCT), there were 
higher levels of butyric acid in no GvHD controls vs. GvHD cases (p = 0.02). Butyric acid levels 
in no GvHD controls decreased from pre-HCT to day 30 post-HCT (p = 0.0006). Levels 
significantly increase from day 30 to day 60 post-HCT (p = 0.005) in no GvHD controls. 
Concentrations are in millimolar (mM). P-values are generated from the Mann Whitney U test.  
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Figure 21. Valeric acid concentrations throughout HCT. At day 60 post-transplant (HCT,) 
there was greater levels of valeric acid in no GvHD controls vs. GvHD cases (p = 0.04). In no 
GvHD controls, valeric acid concentrations also decrease significantly from pre-HCT to day 
30 post-HCT (p = 0.03). Concentrations are in millimolar (mM). P-values are generated from 
the Mann Whitney U test.  
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Figure 22. 2-methylbutyric acid concentrations throughout HCT. At day 60 post-
transplant (HCT), no GvHD controls had higher concentrations of 2-methylbutyric acid vs. 
GvHD cases (p = 0.02). The day 60 no GvHD levels were also significantly higher thanday 
30 post-HCT (p = 0.0003) and pre-HCT (p = 0.001). Concentrations are in millimolar (mM). 
P-values are generated from the Mann Whitney U test.  
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Figure 23. Isobutyric acid concentrations throughout HCT. At day 60 post-HCT, no GvHD 
controls had higher levels of isobutyric acid vs. GvHD cases (p = 0.007). The day 60 post-HCT 
levels were also significantly greater than the no GvHD controls at day 30 post-HCT (p = 
0.0001) and pre-HCT (p = 0.001). Concentrations are in millimolar (mM). P-values are 
generated from the Mann Whitney U test.  
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Figure 24. Isovaleric acid concentrations throughout HCT. On day 60 post-HCT, no GvHD 
controls had higher concentrations of isovaleric acid vs. GvHD cases (p = 0.03). The day 60 
post-HCT level was also significantly higher than day 30 post-HCT (p = 0.0002) and pre-HCT 
(p = 0.0004). Concentrations are in millimolar (mM). P-values are generated from the Mann 
Whitney U test.  
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4.2.1.2 Individual SCFAs by timepoint (within case or control group)  

It was insightful to compare the delta or change within the cases or control groups 

longitudinally. Over time, the control concentrations of every SCFA, except propionic acid, 

statistically significantly changed at least once between timepoints (Figs. 20-25). This was 

consistent with the expected impacts from HCT. If the change from pre-HCT to day 30 post-

HCT was statistically significant, then SCFA concentrations decreased by day 30 post-HCT due 

to the intensive nature of HCT. If the change from day 30 to day 60 post-HCT was statistically 

significant, SCFA concentrations increased by day 60 post-HCT reflecting rebound and 

recovery from HCT. Corresponding changes in appetite and diet could impact these fluctuations 

since diet varies considerably with impact/recovery from HCT. Overall, the control group 

concentrations were more dynamic in nature vs. the GvHD case group, supporting the notion 

Figure 25. Propionic acid concentrations throughout HCT are similar (p-values > 0.05). 
Concentrations are in micromolar (μM). P-values are generated from the Mann Whitney U test. 



93 
 

that these patients’ SCFAs are responsive to changes in health and diet post-HCT. There were 

no statistically significant changes in the GvHD case groups’ SCFA/BCFA concentrations 

between timepoints (Figs. 20-25). Notably, levels remained the same between days 30 and 60 

post-HCT. Concentrations may stagnate over time since recovery from HCT is impeded by 

GvHD. It is currently unclear if stagnant SCFA concentrations during GvHD may reflect 

consistent poor health and diet due to the GvHD symptoms or if this may indicate a persistent 

gut microbiota state that cannot alter SCFA production in response to environmental changes 

(e.g. diet).   

4.2.1.3 GvHD cases’ individual SCFAs on day 30 post-HCT 
Since GvHD is diagnosed based on clinical criteria, there can be considerable variability in 

timing of GvHD onset. When the day 30 post-HCT samples were collected, some patients had 

already been diagnosed with GvHD whereas some GvHD case participants would not be 

diagnosed until day 30+. Thus, the day 30 post-HCT samples can be further subdivided into 

representing pre- or post-GvHD diagnosis. In other words, we can normalize the day 30 post-

HCT samples to each individual participant’s GvHD status. Even with this normalization, no 

statistically significant differences in any SCFA/BCFA concentration were observed between 

pre-GvHD samples, post-GvHD samples, and no GvHD control samples.   

4.2.1.4 SCFA correlations  
Concentrations of three SCFAs were highly correlated. Isobutyric acid/2-methylbutyric 

acid, isovaleric acid/2-methylbutyric acid, and isovaleric acid/isobutyric acid had correlation 

coefficients ranging from 0.92-0.95. The next highest correlation coefficient was 0.75 for 

propionic and valeric acid, and the remaining correlation coefficients were less than 0.67. The 

underlying biological reason for these correlations remains unclear.  
4.2.2 Diet and SCFAs  

 I ran individual comparisons to identify nine correlations that were statistically significant 

upon p-value adjustment. All nine of these correlations involved the SCFA, valeric acid, 

indicating this SCFA is closely tied to diet. The following significantly correlated with valeric acid: 

gluten, caffeine, betaine, total grains, refined grains and four saturated fatty acids (Table 16). 

Valeric acid is produced via a multi-step reaction with ethanol and propionate as reactants. 

Thus, it is also derived from microbial fermentation of protein and/or carbohydrate, since this 

produces propionate.265,266 Some of these observed associations, namely total grains, refined 

grains, gluten and betaine, may associate with valeric acid because they are found in foods that 

are rich in carbohydrates and proteins that are only partially digestible by human enzymes. 

Gluten itself is an example of a protein that microbes can ferment into SCFAs like valeric 
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acid.267 The foods/sources of gluten are also often sources of grains and betaine (e.g. wheat), 

hence why these dietary components also associate with valeric acid.  

 

SCFA Dietary component p-value Adjusted p-
value 

Rho 
(spearman) 

Valeric 
acid 

Gluten 9.63E-5 0.04 0.38 

Caffeine 7.93E-5 0.04 0.39 

Betaine 5.82E-5 0.04 0.39 
Total grains 4.66E-5 0.04 0.40 

sfa120 0.0002 0.04 0.37 
sfa40 0.0002 0.04 0.37 

Refined grains 0.0003 0.05 0.36 

sfa80 0.0003 0.05 0.36 
sfa100 0.0003 0.05 0.36 

 

4.2.2.1 Fiber 
I helped an undergraduate summer intern examine differences in diet between allo-HCT 

recipients with vs. without GvHD in both the pre- and post-HCT periods. I was most interested in 

fiber intake since SCFAs are a byproduct of microbial fiber fermentation. I found that HCT-

recipients without GvHD had significantly more fiber in their diet vs. recipients with GvHD pre-

HCT and at days 30 and 60 post-HCT (Fig. 26). Dietary fiber was also quantified weekly for nine 

weeks and similar differences were observed; allo-HCT recipients without GvHD consumed 

statistically significantly more dietary fiber vs. recipients with GvHD for six of the weeks 

measured: week -2 (where the week of transplant is week 0), one, three, four, five, and six. 

During weeks two, seven, and eight there were similar levels of dietary fiber across all 

participants regardless of GvHD status (Fig. 26).  

 

 

Table 16. Correlations between valeric acid and individual dietary components. Since 
there were significant associations between dietary and SCFA principal components, individual 
correlations were calculated. Valeric acid was a top hit, with the largest quantity of strong and 
statistically significant associations to individual dietary components. Spearman correlation was 
used to generate the rho values and p-values were adjusted for false discovery rate (FDR).  
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4.3 Discussion  

 The use of fecal levels of SCFAs to infer systemic or intraintestinal levels is imperfect. It 

is generally accepted that SCFA measurement in stool does not reflect SCFA production or 

absorption, but rather a net product of these processes, at best.268 It has been estimated that 

just 5-10% of the SCFA pool is excreted in stool.269,270 Some studies posit that at least the molar 

ratio of acetate, propionate and butyrate are consistent throughout the large intestine and in 

fecal samples.270,271 Additionally, the overall levels of SCFAs in stool may not differ in magnitude 

of SCFA levels in the colon.271 Discrepancies between colonic and fecal SCFA levels may be 

due to intestinal absorption or loss of fecal SCFAs due to their volatility. This study’s targeted 

SCFA LC-MS metabolomic analysis used isotope-labeled derivatization to help stabilize the 

Figure 26. GvHD is associated with fiber deficiency throughout HCT. More fiber was ingested 
by no gut GvHD controls pre-HCT, day 30 post-HCT/Month 01, and day 60 post-HCT/Month 02.  
When ingested fiber is parsed out weekly, the same trend is observed (more fiber in no gut GvHD 
controls) most weeks (week -2, 1, 3, 4, 5 and 6). On weeks 2, 7 and 8, there was no significant 
difference in ingested fiber between GvHD cases vs. no GvHD controls. Statistical significance 
was assessed by Mann Whitney U test. *: p ≤ 0.01, **: p = 0.001, ***: p = 0.0001, ****: p < 0.0001. 
The 169 patients included in this figure/analysis included all participants in the larger (> 300 
participant; Fig. 2) GvHD study for which dietary data and GvHD status were available.  
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volatile SCFAs, facilitating their detection and quantification. Despite these flaws, stool 

concentrations of SCFAs are a common output measured to assay intestinal, specifically 

colonic, SCFA concentrations.269,272  
4.3.1 GvHD and fiber  

Fiber, GvHD and the gut microbiota are closely interrelated. Significantly more fiber was 

consumed in participants without GvHD pre-transplant and at days 30 and 60 post-transplant 

(Fig. 26). This is concordant with significantly more butyric acid in participants without GvHD vs. 

with GvHD pre-HCT (Fig. 20). However, the high fiber intake of participants without GvHD at 

these three timepoints is discordant with statistically similar levels of propionic acid across all 

participants since these SCFAs are also products of microbial fermentation of fiber (Fig. 25). 

Differences in the gut microbiota may contribute to these discordant findings, such as 

differences in producers of butyrate vs. propionate. At week two, the nonsignificant difference in 

dietary fiber consumption between GvHD and no GvHD allo-HCT recipients may be at least 

partially explained by all participants experiencing similar symptoms of mucositis and 

corresponding discomfort, limiting the amount of food/calories that can be tolerated by all 

recipients (Fig. 26).  

Impacts/symptoms of GvHD modulate diet, and dietary fiber promotes a microbial 

community capable of fermenting fiber, resulting in production of beneficial SCFAs like acetic 

acid. Preliminary data in the lab points to SCFA-producing microbes, which appear to link with 

amount of dietary fiber ingested by HCT recipients. Although acetic acid itself is a SCFA which 

may exert beneficial effects on intestinal health, it is proposed that acetic acid-producers (e.g. 

Bifidobacterium adolescentis) and butyrogenic bacteria cross-feed such that acetic acid 

promotes microbes such as Faecalibacterium prausnitzii which enhances butyrate 

production.249,273 In this study, this implies that participants with high dietary fiber and greater 

levels of acetic acid-producing microbial species could promote growth of SCFA-producers (e.g. 

Blautia, Roseburia) in the gut microbiome, resulting in enhanced SCFA levels.  

4.3.2 Pre-transplant butyrate links with protection against GvHD after allo-HCT 

The finding that low butyric acid levels pre-transplant associate with GvHD (Fig. 20) is 

consistent with current literature supporting a protective effect of butyric acid in the 

gastrointestinal tract. This finding is striking because it suggests butyric acid concentrations pre-

HCT could predict GvHD status post-HCT. Further study is required to verify this finding. If 

replicated in a larger study, then the pre-HCT median (or another level, such as the 25% or 75% 

quartiles) of the GvHD case groups’ levels could be implemented as a cutoff for consideration 
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as ‘low’ butyric acid pre-HCT. HCT recipients with low butyric acid levels could trigger a specific 

therapeutic or closer monitoring to attempt GvHD prevention. For instance, butyric acid could be 

administered pre-HCT to toggle butyric acid’s protective effect, or preemptive steroid therapy to 

head off GvHD, or Treg-enriched/T-cell depleted grafts considered to reduce the chance of 

GvHD. Low pre-HCT butyric acid levels’ link with GvHD also suggests that pre-HCT butyric acid 

levels may be a mechanism for modulating GvHD status post-HCT. Butyric acid concentrations 

in humans pre-HCT should be examined in an even larger group of HCT recipients to see if the 

finding is replicated. Experiments incorporating murine models of HCT and GvHD should also 

be performed to determine if increasing butyric acid levels pre-HCT protects against GvHD and 

promotes better outcomes post-HCT. If so, studies should focus on the best avenues for 

therapeutic delivery of butyric acid to the gastrointestinal tract. One possible candidate is 

tributyrin since it is a butyrate precursor, can reach the colon, and is well-studied.274 However, 

as outlined in several publications, multiple GvHD biomarkers may best stratify HCT 

recipients.53–56 In the recommended future studies, stool butyric acid’s predictive ability should 

be considered in addition to other evidence-supported biomarkers, such as fecal α1 antitrypsin 

or serum ST2 and REG3α.53–56 Consideration should also be given to the FDA-recommended 

steps to ensure a biomarker can be used reliably in the clinic.57  

4.3.3 Propionate does not link with GvHD after allo-HCT 

 Propionate was not significantly enriched in GvHD cases or no GvHD controls at any 

point throughout HCT (Fig. 25). This was unexpected because pre-clinical studies supported 

that propionate had a measurable protective effect against chronic and acute GvHD as well as 

other diseases due to its production and/or activity within the gastrointestinal tract.47,94,275 This 

included human data characterizing a link between low circulating propionate levels in serum 

samples from HCT recipients with chronic GvHD.47 Additionally, I hypothesized that even if 

there are critical mechanistic differences between chronic vs. acute GvHD, there was in vivo 

evidence that propionate could bind receptor G-protein coupled receptor 43 (GPR43) 

specifically on non-hematopoietic cells to trigger NLRP3 inflammasome activation (via ERK 

phosphorylation) to ultimately mitigate acute GvHD in a murine model.94 Even though further 

research found that propionate can modulate the gut microbiome to reduce an additional 

disease, vascular calcification275, I could not replicate these findings. There was no observed 

link between stool levels of propionate and acute GvHD in our case-control human cohort. One 

reason may be due to a relatively smaller sample size compared to other human GvHD case-

control studies.44,67,71,77 
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Chapter 5: Untargeted/global metabolomics and GvHD 
5.1 Introduction  

5.1.1 Research value of untargeted metabolomics  

The terms ‘untargeted metabolomics’ and ‘global metabolomics’ are used 

interchangeably within this thesis. This approach takes advantage of every molecule or 

metabolite’s unique mass and charge upon ionization and is described as a ratio of mass to 

charge, called a feature. The mass and charge are calculated by analyzing complex samples by 

liquid chromatography and then mass spectrometry. Metabolites can become positively or 

negatively charged when ionized, so two modes are used to capture positively ionized 

compounds and negatively ionized compounds. Both ionization modes are needed for global 

LC-MS to capture molecules that may exclusively positively or negatively charge when ionized.  

A weakness of untargeted metabolomics is that it is only semi-quantitative; this type of 

metabolomics produces relative concentrations (as opposed to absolute concentrations). Thus, 

concentrations of a given feature cannot be compared across studies, limiting what can be 

interpreted from a single dataset. Normalization can help relate global metabolomics data back 

to the environment or context from which it was generated/derived. However, it is still 

challenging to directly compare global metabolomic data generated under different conditions, 

or with targeted metabolomic data. The processing of each data type is too distinct to rationally 

compare targeted vs. untargeted data, even if both are generated from the same sample(s). 

Despite these considerations, global metabolomics uniquely permits the discovery of previously 

unknown compounds that may associate with a disease like GvHD. This includes features that 

have not been identified or annotated before or that have not been previously associated with a 

disease state. This ability to study the metabolites in a sample in detail without any prior 

knowledge of the samples’ metabolites is a powerful discovery tool. For instance, such an 

untargeted approach facilitated the characterization of microbially-conjugated bile acids 

(MCBAs).276 It was previously unknown that MCBAs existed, and the ability of the bile salt 

hydrolase enzymes to produce MCBAs was unknown.  

5.1.2 Microbially-conjugated bile acids (MCBAs) 

 In early 2024, two publications highlighted an emerging research direction into the 

conjugation of bile acids with a variety of compounds beyond glycine and taurine, mediated by 

bile salt hydrolase enzymes.126,127 It was previously not appreciated that bile salt hydrolases 

could reconjugate bile acids as well as deconjugate them. (Although as early as 2020 the novel 

bile acid amidates were characterized without full characterization of the pathway that produced 
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them.277) Further, this reconjugation could be performed on any amino acid, not just the taurine 

and glycine conjugation that was previously characterized.126 This led to the discovery that a 

wide variety of compounds could be conjugated to bile acids, spanning amino acids, 

polyamines, short-chain fatty acids, at least one neurotransmitter, and more.127 In the condition 

cystic fibrosis, diverse bile acid amidates (MCBAs) were noted to be differentially abundant 

based on disease status.127,277 Since we observed differences in secondary bile acids based on 

GvHD status, we were interested in investigating if MCBAs were also associated with GvHD 

status. 

5.2 Results  

5.2.1 Summary description of the data 

The global metabolomics data yielded 3,963 features in the positive ionization dataset and 

3,123 features in the negative ionization set (total: 7,086; Table 17). Over 92% of the stool 

samples (226 out of 246 samples) called at least 2,000 features in the negative ionization data 

and at least 2,500 features in the positive ionization data. Only 2-3% of the features called by 

each ionization MS matched to an entry in the MassBank of North America (MoNA) database. I 

visualized the spread of the GvHD case vs. control data at each timepoint with a volcano plot of 

log-base 2 transformed fold change on the X axis vs. log-base 10 transformed p-value on the Y 

axis. A total of 1,100 features were statistically significantly differentially abundant between 

GvHD cases and controls across the positive and negative ionization data (Table 17; without 

any fold change filter applied). In total, 13.2% (n = 524) of the positive ionization data’s features 

were statistically significantly different between GvHD cases vs. controls at a timepoint 

throughout HCT. For the negative ionization dataset, 18.4% of features (n = 576) were 

statistically significantly different. Overall, 15.5% of the 7,086 features (n = 1,100) were 

significantly different between GvHD cases vs. controls. The number of statistically significantly 

differentially abundant features increased from pre-HCT to day 30 post-HCT to day 60 post-

HCT. However, several of these 1,100 targets were eliminated for further study by also applying 

a fold change filter: greater than two (enriched in cases) or less than 0.5 (enriched in controls). 

Using both filters, pre-HCT, 11 features were statistically significantly enriched in the positive 

ionization data and 16 in the negative ionization data (Fig. 27A-B). This figure more than tripled 

in the positive ionization data to 52 features by day 30 post-HCT, and more than quadrupled to 

90 features in the negative ionization data (Fig. 28A-B). By day 60 post-HCT, 248 and 275 

features were significantly enriched in the positive and negative ionization data, respectively 

(Fig. 29A-B). Overall, this sums up to 311 significantly enriched features in the positive data and 
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381 significantly enriched in the negative data (total: 692). The precise breakdown of 

significantly different features (p < 0.05) without enrichment (2 ≥ FC ≥ 0.5) and vice versa, 

overall and broken down by timepoint are summarized in Table 17.  

 

Ionization 
mode Timepoint 

GvHD 
status 

Significant 
by FC? (< 
0.5 or > 2) 

Significant 
by 

statistics? (p 
< 0.05) 

Total 
(count) 

% of the 
ionization 

mode 
total  

% of the 
total 

(7,086) 
All All All Y Y 692 NA 9.77 
All All All NA NA 7086 NA 100.00 

Negative All All NA NA 3123 100.00 44.07 
Negative All All Y Y 381 12.20 5.38 
Negative Day 30 post-HCT Case Y Y 46 1.47 0.65 
Negative Day 30 post-HCT Control Y Y 44 1.41 0.62 
Negative Day 30 post-HCT All Y Y 90 2.88 1.27 
Negative Day 60 post-HCT Case Y Y 220 7.04 3.10 
Negative Day 60 post-HCT Control Y Y 55 1.76 0.78 
Negative Day 60 post-HCT All Y Y 275 8.81 3.88 
Negative Pre-HCT Case Y Y 5 0.16 0.07 
Negative Pre-HCT Control Y Y 11 0.35 0.16 
Negative Pre-HCT All Y Y 16 0.51 0.23 
Positive All All NA NA 3963 100.00 55.93 
Positive All All Y Y 311 7.85 4.39 
Positive Day 30 post-HCT Case Y Y 36 0.91 0.51 
Positive Day 30 post-HCT Control Y Y 16 0.40 0.23 
Positive Day 30 post-HCT All Y Y 52 1.31 0.73 
Positive Day 60 post-HCT Case Y Y 81 2.04 1.14 
Positive Day 60 post-HCT Control Y Y 167 4.21 2.36 
Positive Day 60 post-HCT All Y Y 248 6.26 3.50 
Positive Pre-HCT Case Y Y 7 0.18 0.10 
Positive Pre-HCT Control Y Y 4 0.10 0.06 
Positive Pre-HCT All Y Y 11 0.28 0.16 

 

 

Table 17. Summary of statistically significantly enriched global features by GvHD status. 
Thousands of global features were detected and hundred were enriched in GvHD cases or no 
GVHD controls at each timepoint. FC = fold change, HCT = hematopoietic cell transplant 
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Figure 27. Statistically significantly enriched features pre-HCT in (A) positive and (B) 
negative ionization data. The inverse of the log transformed p-value is graphed on the y-axis 
and the log base 2 transformed fold change (FC) is on the x-axis. The FC represents the case 
median over the control median, therefore, the log2(FC) values < 0 are enriched in controls vs. 
FC values > 0 are enriched in cases. FC cutoffs were used to focus on features with a greater 
magnitude of enrichment. An FC < 0.5 reflects features present at at least twice the 
concentration in controls vs. cases. An FC > 2 reflects features present at at least twice the 
concentration in cases vs. controls. The log2(0.5) = -1 and log2(2) = 1. These log2(FC) cutoffs 
are shown on the by vertical dashed lines. Statistically significantly differentially abundant 
features are highlighted by horizontal dashed lines at –log(p) = 2 and 1.3, reflecting p = 0.01 
and 0.05, respectively. The Mann Whitney U test was used to generate p-values. FC = fold 
change 
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Figure 28. Statistically significantly enriched features day 30 post-HCT in (A) positive 
and (B) negative ionization data. The inverse of the log transformed p-value is graphed on 
the y-axis and the log base 2 transformed fold change (FC) is on the x-axis. The FC represents 
the case median over the control median, therefore, the log2(FC) values < 0 are enriched in 
controls vs. FC values > 0 are enriched in cases. FC cutoffs were used to focus on features 
with a greater magnitude of enrichment. An FC < 0.5 reflects features present at at least twice 
the concentration in controls vs. cases. An FC > 2 reflects features present at at least twice the 
concentration in cases vs. controls. The log2(0.5) = -1 and log2(2) = 1. These log2(FC) cutoffs 
are shown on the by vertical dashed lines. Statistically significantly differentially abundant 
features are highlighted by horizontal dashed lines at –log(p) = 2 and 1.3, reflecting p = 0.01 
and 0.05, respectively. The Mann Whitney U test was used to generate p-values. FC = fold 
change 
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Figure 29. Statistically significantly enriched features day 60 post-HCT in (A) positive 
and (B) negative ionization data. The inverse of the log transformed p-value is graphed on 
the y-axis and the log base 2 transformed fold change (FC) is on the x-axis. The FC represents 
the case median over the control median, therefore, the log2(FC) values < 0 are enriched in 
controls vs. FC values > 0 are enriched in cases. FC cutoffs were used to focus on features 
with a greater magnitude of enrichment. An FC < 0.5 reflects features present at at least twice 
the concentration in controls vs. cases. An FC > 2 reflects features present at at least twice the 
concentration in cases vs. controls. The log2(0.5) = -1 and log2(2) = 1. These log2(FC) cutoffs 
are shown on the by vertical dashed lines. Statistically significantly differentially abundant 
features are highlighted by horizontal dashed lines at –log(p) = 2 and 1.3, reflecting p = 0.01 
and 0.05, respectively. The Mann Whitney U test was used to generate p-values. FC = fold 
change 
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Notably, each feature may not necessarily correspond to one single compound; there is 

redundancy within the features such that several features may correspond to one compound (in 

different ionization/charge states). Additionally, given the raw number of target features, there is 

relatively high likelihood for false positives. For instance, some of the 692 features may only 

appear significantly enriched but are not truly significant. Thus, extra caution should be used 

when interpreting these data; the findings described in this report are not a final product and 

require validation in further studies.   

5.2.1.1 Zero values within data  
5.2.1.1.1 Quantity of nonzero data values  

All but one sample each in the negative and positive ionization data hit at least 700 and 

1,300 features, respectively. The majority of samples hit 2,000 and 2,500 or greater features per 

sample, respectively. There was no association between GvHD status and number of features 

called. Overall, 3,123 unique features were hit in the negative ionization data and 3,963 unique 

features in the positive ionization data. 

5.2.1.1.2 Treatment of zeroes  
Global LC-MS produces precise data. For data analysis and interpretation, when the level of 

a feature is denoted as zero, this was treated as absence of the feature (although true 

concentration may be below the limit of detection). Thus, it is possible to compare the 

prevalence of features. I compared the prevalence of zero values reported for each feature in 

GvHD case vs. control samples, but found no statistically significant differences.  

However, to perform the mathematical and statistical analysis for biological interpretation of 

the untargeted metabolomic data, the zeroes must be addressed because relevant formulas 

and transformations are incompatible with zero values. There are several options accepted 

within the field for treatment of such zero values to proceed with critical analysis. The 

spread/breadth, biological application, and sparsity of the entire dataset are examples of 

important considerations to weigh when deciding the most accurate way to treat zero values. 

5.2.1.1.2.1 Remove NaNs 
One option is to remove the zero values from all downstream analyses. This is risky for 

this project because zero values may represent true absence of a feature, which is informative. 

For instance, the zero values are necessary to perform prevalence analyses on clinical criteria 

such as GvHD status or timepoint with respect to HCT.   

5.2.1.1.2.2 Impute with one fifth of the minimum value 
Another option is to replace/impute the zero values with a relatively small value that permits 

formulas and transformations of the data, but is so small that the impact of the imputed value on 
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non-zero values is minimized. For instance, it is common in the field to use one fifth of the 

minimum detected value within each feature. This makes it such that the imputed value is small 

relative to each sample or dataset. This method was employed for downstream analyses to 

balance accurately including the zero values without artificially inflating concentrations or 

calculations.  

5.2.1.2 Normalization strategies  
Normalization describes a transformation used to convert datasets with different scales to 

datasets with a common scale while maintaining the integrity and accuracy of the dataset and 

what it describes.  

5.2.1.2.1 Non-normalized 
All data does not need to be normalized, but it can be helpful to better understand 

results. One example where normalization may not be necessary is if two features that are 

known to be present at similar concentrations within the sample of interest are being compared. 

However, it is frequently unknown what compounds correspond to each feature detected, let 

alone the true physiological concentration range of multiple features in a sample. Thus, 

normalization can make untargeted metabolomics data more interpretable.  

5.2.1.2.2 Quantile normalized 
Quantile normalization makes the distribution of different datasets identical. One global 

metabolomics dataset is generated per sample. Each dataset is arranged in ascending or 

descending order with the operative component being the ranking of individual data values. The 

mean of each individual rank across datasets/samples is then calculated. These ranked means 

replace the corresponding detected values within each rank. The exact feature’s concentration 

(within a sample/dataset) that each individual data value represents must be 

maintained/preserved throughout the quantile normalization so that the true relative 

concentration of the feature present at (for example) the highest concentration is still known 

after transforming the data. This method was performed on the data to facilitate comparisons 

without losing integrity of the data.  

5.2.2 Metaboanalyst functional analysis  

MetaboAnalyst (https://www.metaboanalyst.ca/home.xhtml) is a web-based platform for 

performing a variety of analyses on metabolomic data.278 It is also available as an R package, 

although the analysis of the data discussed here was performed on the online platform. 

Metabolomic data may be evaluated using MetaboAnalyst at nearly any stage. On the earlier 

end, the user can upload LC-MS spectra for processing, whereas on the later end, a 

preprocessed metabolite list can be uploaded for a causal analysis pulling in metabolites and 

https://www.metaboanalyst.ca/home.xhtml
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disease outcomes from published metabolite-genome-wide association studies for causal 

analysis. A preprocessed list of features with relative concentrations may also be uploaded for a 

pathway analysis to determine which functional pathways may be enriched, drawing on 

mummichog (series of computational algorithms that predict functional role of metabolomics 

data279) or gene set enrichment analysis annotations. I performed this functional pathway 

analysis on the negative ionization untargeted metabolomic data and observed the following 

varied with GvHD status at 60 days post-HCT (in descending order of statistical strength and 

enrichment): vitamin B metabolism, ascorbate (vitamin C) and aldarate metabolism, and C5-

branched dibasic acid metabolism (Fig. 30). It remains unclear how these pathways may be 

involved in GvHD. Additionally, bile acid biosynthesis was hit but was not statistically significant 

and only weakly enriched.280  
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Figure 30. MetaboAnalyst functional analysis of global negative ionization data. The x-
axis indicates the level of enrichment via an enrichment factor. The y-axis represents the -10 
log transformed p-value. This revealed that the following pathways may be differentially 
abundant by GvHD cases vs. no GvHD controls, in descending order of enrichment factor 
and p-value: vitamin B metabolism, ascorbate (vitamin C) and aldarate metabolism, 
glycolysis and glucogenesis, C5- branched dibasic acid metabolism, pyruvate metabolism, 
methionine and cysteine metabolism, bile acid biosynthesis and propanoate 
metabolism/lysine metabolism. The bile acid biosynthesis pathway is concordant with the 
statistically significant findings observed in the targeted bile acid metabolomics. Panel A 
shows several of the most statistically significantly enriched pathways, and the dashed 
square inset is panel B, representing a zoomed-in version of the dashed square inset on 
panel A. The axes are the same on both panels although the scale varies. Fisher’s exact test 
without adjustment is used as part of the MetaboAnalyst pipeline. 
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5.2.3 MCBAs and GvHD 

5.2.3.1 Process/protocol for targeting MCBAs 
After finding interesting features through a combination of statistical analysis and biological 

contextualization, the next question was: what compound do these features of interest 

represent? Although the features’ chemical names were unknown, the retention time and mass 

to charge ratio (m/z) was reported in the global metabolomics results. A consultation with Dr. 

Wentao Zhu yielded a suggested approach for labeling level five feature identifications.281 

According to the metabolomics field, it is best to indicate the confidence of feature 

identification/annotation through a defined level system. Level five denotes relatively low 

confidence annotation by matching masses of the feature and suspected metabolite.281,282 This 

entailed accessing the public database, MassBank of North America (MoNA), which is 

composed of spectral records libraries and uploaded by the metabolomics/MoNA-user 

community. Separate databases are maintained for the positive ionization vs. negative 

ionization data. Additionally, this approach was developed around having a list of MCBA 

standards commercially produced by the company BileOmix along with their m/z and neutral 

mass.  

Beginning with the m/z of the feature of interest from the experimental global metabolomics 

data, I looked in the appropriate ionization database for an m/z that matched the feature’s m/z to 

the hundredth decimal place. The degree of match varied based on the exact equipment and 

standards used, but for this experiment, the hundredth decimal place best represented our 

group’s confidence and variability. There were often multiple matching m/z’s, which was 

expected. From any MoNA matches, I pulled the m/z, retention time, compound ID, chemical 

formula, and listed common adduct formed under LC-MS conditions. I calculated the molecular 

mass of the listed adduct and performed the specified math of the adduct on the experimental 

feature of interest to generate the exact or true or neutral mass (M). For example, if the adduct 

was M+H, then a molecular mass of 1 was added vs. M-H denoted a molecular mass of 1 

should be subtracted. I consulted the list of MCBA standards to find any MCBA(s) with a neutral 

mass that matched a feature of interest’s calculated neutral mass. It was expected and 

acceptable that multiple MCBAs often matched to a calculated feature of interest. For any 

MCBA standards that matched, I also pulled the m/z, retention time, and ID. For any feature of 

interest and MCBA standard match, the delta or percent error between each respective m/z was 

calculated. The formula for percent error in this experiment was dividing the difference between 

the feature of interest’s neutral mass and the MCBA standard’s neutral mass by the MCBA 

standard’s neutral mass, and multiplying by 1 million. The final multiplication by a factor of 1 
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million was necessary because the units of the feature of interest’s neutral mass is parts per 

million (ppm). The absolute value of the percent error or delta had to be less than 100 to accept 

the match as possible. This represented a 10% error cutoff. Finally, the retention times of the 

feature of interest and MCBA standard should be similar to increase confidence in a 

match/annotation.  

5.2.3.2 Candidate MCBAs (level five confidence)  
Using the above outlined approach, 19 candidate MCBAs were annotated with level five 

confidence (Table 18). Further studies running the MCBA standards and the experimental 

sample(s) again are needed to confirm the match or increase the confidence in the annotation 

(see Chapter 6.4.1: Investigate candidate secondary MCBAs). The possible microbially-

conjugated lithocholic acid amidates are the MCBAs of greatest interest because of the 

observed association between lithocholic acid deficiency and GvHD (see Chapter 3.2 Results). 

The best way to investigate further is by developing a targeted LC-MS panel using standard 

microbially conjugated lithocholic acid compounds, available for purchase (for research) from 

BileOmix.  
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5.3 Discussion  

5.3.1 Comparison/correlation of global feature bile acids to targeted bile acids  

Candidate MCBA (level five 
confidence) 

Candidate 
feature 

Ionization mode in which 
feature was captured 

Serine-cholic acid 5.52_476.3015m/z Negative 

Alanine-cholic acid 5.64_478.3174m/z Negative 

Glycine-chenodeoxycholic acid 7-sulfate 2.74_510.2533m/z Negative 

Glycine-chenodeoxycholic acid 7-sulfate 5.44_510.2532m/z Negative 

Glutamine-chenodeoxycholic acid 6.24_519.3441m/z Negative 

Taurine-cholic acid 3-sulfate 8.89_594.2489n Negative 

Glycine-cholic acid 3-glucuronide 7.80_624.3391m/z Negative 

5?-cholinic acid-3? 12?-diol-7-one 2.24_407.2794m/z Positive 

Ursocholic acid 2.79_426.3215m/z Positive 

Cysteine-cholic acid 1.39_512.3197n Positive 

Arginine-chenodeoxycholic acid 6.64_549.4010m/z Positive 

Glycine-chenodeoxycholic acid 3-
glucuronide 

6.62_626.3548m/z Positive 

Glycine-chenodeoxycholic acid 3-
glucuronide 

7.77_648.3352m/z Positive 

Arginine-lithocholic acid 1.17_550.4969n Positive 

ASN-DCA, PRO-CDCA, PRO-DCA, 
PRO-UDCA, VAL-OLCA, ILE-LCA, LEU-
LCA 

1.36_507.3156m/z Negative 

TRP-CDCA, TRP-DCA 4.72_577.3748m/z Negative 

TRP-OLCA 8.57_594.3247m/z Positive 

TRYP-CA 6.06_568.3460n Positive 

TRYPT-CDCA, TRYPT-DCA, TRYPT-
UDCA 

2.41_552.3006m/z Negative 

Table 18. Candidate MCBAs annotated with level five confidence within global data. Using 
the approach outlined in Ch 5.2.3.1, 19 features were identified as possible MCBAs across the 
positive and negative ionization data. Multiple possible MCBAs can correspond to one feature. The 
confidence level is using the system defined by Schymanski et al. 2014.255 ASN = aspirigine, PRO 
= proline, DCA = deoxycholic acid, CDCA = chenodeoxycholic acid, UDCA = ursodeoxycholic acid, 
VAL = valine, OLCA = 7-oxylithocholic acid, LCA = lithocholic acid, ILE = isoleucine, LEU = leucine, 
TRP = tryptophan, TRYP = tryptamine and CA = cholic acid.  
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Since we also had absolute concentrations from the targeted bile acid metabolomic data, 

we tried to identify possible bile acid features within the relative concentration global 

metabolomics data and compare the results to see if the trends were reproduced (Table 19). 

Using the above outlined approach, five candidate bile acids were identified (with level five 

confidence). There was an unexpectedly poor correlation between the targeted and untargeted 

panel bile acid concentrations, with Pearson correlation coefficients ranging from -0.012 though 

0.58 (Table 19). Metabolomics experts in the Dan Raftery lab advised that global and targeted 

metabolomics are not suitable for comparison. These distinct approaches have fundamental 

differences in how metabolite concentrations are measured, including but not limited to: unique 

sample preparation methods, separate analyses on different equipment, and discrete 

quantitation (relative vs. absolute levels).  

 

 
5.3.2 Broad interpretations and implications of the global data 

I thought that a data-driven approach would be the optimal and unbiased approach for 

interpreting the global metabolomics data with the lens of metabolites relevant to GvHD. For 

instance, this approach helped make sound decisions on zero-treatment and normalization 

strategy. However, this did not point towards any particular feature, timepoint, or sample of 

interest to focus on as there were hundreds of potential features of interest. The number of 

Candidate conjugated 
bile acid match (from 
MoNA; level five 
confidence) 

Pearson R 
correlation 

p-value Ionization mode 
in which feature 
was captured 

Feature (from 
global data) 

Cholic acid 0.582900673 1.63E-24 Negative 2.76_407.2804m/z 

Taurochenodeoxycholic 
acid 0.292691229 3.01E-06 Negative 1.67_498.2900m/z 

Taurochenodeoxycholic 
acid 0.290617119 3.56E-06 Negative 2.47_498.2898m/z 

Taurocholic acid 0.422891173 4.31E-12 Negative 5.83_514.2845m/z 

Glycocholic acid -0.011687763 0.855 Positive  6.59_466.2335m/z 

Table 19. Poor correlation between candidate level five confidence annotated bile acids 
from global data and bile acids from targeted data. These five features were identified as 
candidate conjugated bile acids in the global metabolomic data by comparing their masses, 
indicating a level five confidence in their annotation.255 These bile acids were detected in the 
targeted bile acid metabolomic data, although there was unexpectedly poor (Pearson) correlation 
across the two metabolomics techniques. MoNA = Massbank of North America (global 
metabolomics public repository) 
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significantly different features in GvHD cases vs. controls increased with each timepoint, 

possibly because pre-HCT, participants are more physiologically similar, but as time goes on 

and outcomes diverge, more differences can be observed in the gut metabolome (Table 17, 

Figs. 27-29). Yet, the number of features detected remained similar over time and no GvHD-

based patterns emerged by hierarchal clustering. Additionally, I hypothesized that microbial 

diversity would beget metabolomic diversity, but surprisingly, this was not observed in our 

dataset (overall or by timepoint). A similar number of features were absent or undetected in 

GvHD cases and controls. Even though this was unexpected, microbial metabolism is highly 

diverse and variable by strain, which may explain how a single microbial taxon can produce 

more metabolites or a greater diversity of metabolites than another without substantially 

increasing microbial diversity. The MetaboAnalyst functional pathway enrichment analysis 

pipeline is another tool that could systematically analyze the global metabolomics data. This 

analysis of our data hit on the bile acid biosynthesis pathway, supporting that the targeted bile 

acid metabolomic investigation could inform metabolites to target for GvHD (Fig. 30).  

5.3.3 Minimal preliminary evidence of MCBAs in stool of allo-HCT recipients  

 It is unexpected that there was minimal preliminary evidence for MCBAs in the stool 

samples of allo-HCT recipients (Table 19). A major caveat to this tentative finding is that any 

annotations were only with a level five confidence and none were confirmed; thus MCBA 

presence or absence and concentrations remain inconclusive.281 Based on the observed 

ubiquity of bsh genes in the gut microbial community, we expected that there would be several 

global features that could be candidate MCBAs using the pipeline/process outlined in Chapter 

5.2.3.1. Previous studies detected MCBAs in animal and human stool, and observed differences 

in MCBAs based on inflammatory bowel disease or cystic fibrosis disease states.127,277 

Especially given the observed difference in endogenous secondary bile acids and lithocholic 

acid based on GvHD status, the lack of strong MCBA evidence was surprising. Allo-HCT 

recipients and specifically those that develop GvHD have disrupted gut microbiomes, which 

could also inhibit MCBA production or detection.70 Further, allo-HCT recipients experience 

specific side effects/symptoms like mucositis that can drive diet. A combination of gut microbial 

dysbiosis and atypical diet may be one reason for poor MCBA evidence. Finally, our 

investigation was deprioritized due to the weak evidence of MCBAs, so the question of MCBAs 

in the stool of allo-HCT recipients with vs. without GvHD remains open for future study.  

5.3.4 Major challenges remain in identifying metabolic markers or drivers of GvHD 
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 Although at least 692 features were statistically significantly associated with GvHD for at 

least one timepoint, it was unexpectedly challenging to identify even a single feature. The 

Raftery lab collaborators affirmed this challenge, suggesting that characterization of one feature 

would be a considerable lift involving more research hours and resources, such that it would be 

outside the scope of this research. Even just the 27 features that were significantly enriched 

pre-HCT presented an insurmountable obstacle for the purpose of this research investigation 

(Table 17). If a candidate ID was selected, a novel targeted metabolomics approach would have 

to be created and optimized to confirm the candidate ID. Further, the candidate ID could prove 

invalid without providing any evidence of the true ID. Chemical adducts are also common in 

global metabolomics such that an allegedly unknown feature may represent a 

characterized/known feature with a unique or abnormal adduct. Similarly, surprisingly few 

features matched to an existing record in the MoNA database and none of those 

matches/records could be plausibly tied to GvHD. This underscores the true diversity and 

variability of metabolites in stool, and the undiscovered complexity of metabolites in this 

research area.   

 

Chapter 6: Future directions  
6.1 Overall synthesis/discussion  

 While it remains unclear why some allo-HCT recipients develop GvHD despite very 

strong MHC matching between donor and recipient, research is bringing the GvHD field closer 

to answers and possible solutions. To date, physicians and scientists understand how pre-HCT 

conditioning and downstream inflammation contribute to GvHD by facilitating activation of donor 

T cells into Th17 and Th1 cells which incite tissue damage. In the clinic, an individual 

therapeutic approach is developed for each HCT recipient with GvHD, including combinations of 

corticosteroids, calcineurin inhibitors, Ruxolitinib, other immunosuppressive medications, and 

bile acid sequestrants for controlling diarrhea symptoms. We also understand that intestinal 

barrier integrity, gut microbes and their metabolites, and diet are crucial levers that may 

modulate GvHD. This study represents a robust, longitudinal investigation into how these 

factors interact in the context of GvHD.   

 A 98 participant case-control study design was implemented with collection of 247 stool 

samples from pre- and post-HCT. We performed 16S rRNA gene sequencing, whole genome 

metagenomic sequencing, targeted bile acid and SCFA metabolomics, and untargeted 

metabolomics on these samples to characterize the gut microbiome and identify patterns, 

markers or modulators that could point towards anti-GvHD interventions. The bile acid 
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metabolomic panel yielded the strongest observations. Lithocholic acid and endogenous 

secondary bile acids were deficient at 60 days post-HCT in HCT recipients with GvHD. LCA and 

the endogenous secondary bile acids are the most promising candidates for further study as 

markers or modulators that could impact GvHD. Key questions should be answered before 

introduction of LCA at the clinic: does LCA modulate GvHD, and if so, does the mechanism 

involve barrier integrity and/or T cell immunomodulation (for greater detail, refer to section 6.2.3: 

Test hypotheses in an in vitro or murine model system for greater detail)? Is LCA acutely toxic 

or carcinogenic in humans? Could there be safer alternatives that still protect against GvHD (for 

greater detail, refer to section 6.2.5: Test if a less toxic conformer of LCA could be administered, 

like cholic acid 7-sulfate)? If LCA’s GvHD-protective mechanism is characterized, variations to 

toggle this protective effect should be explored. For instance, another compound that activates 

the same receptor (e.g. Vitamin D and VDR), an LCA-producing microbe (e.g. C. scindens), or 

set of essential microbial genes and enzymes (e.g. enzymes encoded by the bai gene operon). 

Ideally, these questions would be examined in detail through in vitro cell culture models or in 

vivo murine models (for greater detail, refer to section 6.2.4: Test LCA as an intervention for 

GvHD).  

 From the same participants and sample cohort, although there is ample existing 

literature supporting health-protective effects of SCFAs like butyrate and propionate, it remains 

unclear exactly which mechanism(s) SCFAs use to influence outcomes in HCT, such as 

immune modulation, enhancing tight junction function, HDACi, or facilitating intestinal epithelial 

cell recovery, all of which are possible pathways. Despite this, butyrate was enriched in no 

GvHD controls pre-HCT, which is striking regardless of the mechanism. Surprisingly, few of the 

other SCFAs exhibited patterns that indicated any role in GvHD, including an unexpected lack of 

association between propionate and GvHD. Similarly, it was difficult to make meaningful links 

between unidentified global features and GvHD. Although the numbers of statistically 

significantly enriched features in GvHD cases and controls was striking, there were immense 

obstacles in selecting which features are most appropriate for further research and in identifying 

those features. The features that were differentially abundant pre-HCT could be a starting point. 

The MCBA research is also interesting for advancing basic science by characterizing the 

capabilities of bile salt hydrolases, but it is less likely to yield a translational finding in the short-

term.  

 There are two highest priority next steps. One involves exploring the potential VDR-

mediated protective effect of LCA and endogenous secondary bile acids. Simultaneously, 

research efforts should be directed towards evaluating the feasibility of administering LCA safely 
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at the clinic. The current precedent of already administering one secondary bile acid, UDCA, at 

the clinic makes this direction more feasible and thus high impact. The second involves 

investigating the pathway and timing of anti-GvHD pre-HCT butyrate. There are several 

potential pathways at play, but the pre-HCT timing makes this a higher impact future direction. 

Both of these future directions would benefit from more experimentation with an in vitro human 

tissue co-culture, organoid, or in vivo murine model.  

6.1.1 Significance and impact  

 Although the multifactorial nature of GvHD has made it challenging to identify clear 

causes of and contributors to GvHD, it provides several avenues to leverage as promising 

treatments that may reduce severity or prevent GvHD. LCA and endogenous secondary bile 

acid deficiency linked with GvHD, identifying supplementation with LCA as a credible therapy to 

treat gut GvHD. Strikingly, pre-HCT butyrate deficiency also linked with GvHD, providing 

another plausible intervention that could prevent GvHD. SCFAs’ and bile acids’ link with GvHD 

was notable prior to the research described here, but the significant data on butyrate, LCA and 

other endogenous secondary bile acids substantially narrows the scope of candidates for further 

research. Organoid or murine model experiments that probe the mechanism of these 

associations would advance them closer to clinically meaningful interventions against GvHD.   

These findings are relevant for other intestinally-mediated diseases like inflammatory 

bowel disease, Crohn’s disease or ulcerative colitis, increasing their impact. These diseases are 

all mediated by intestinal inflammation, mucosal barrier damage, acute tissue injury and/or gut 

microbiome dysbiosis. Butyrate, LCA and other endogenous secondary bile acids could impact 

each of these, broadening the possible translational applications.  

6.2 Bile acids and GvHD (Ch 3) 

6.2.1 RNA-sequencing  

 The microbial genes present in each participant’s gastrointestinal tract reveal which bile 

acid metabolic genes are present. Similarly, concentrations of individual and groups of bile acids 

depict the activity of the microbial bile acid metabolic enzymes. Even with all this information, it 

remains unclear which bsh or bai genes are actively being transcribed and used to modulate 

bile acids. Are there differences between GvHD cases vs. controls at the transcriptional level? 

Transcriptional analysis could be performed on stool samples to clarify this. RNA-sequencing is 

the optimal approach for the bsh genes given their poor sequence similarity. Although the bsh 

genes are incompatible with the more precise quantitative real-time polymerase chain reaction 

(qRT-PCR) because of the low sequence similarity (see Ch 2.6.1), a qRT-PCR approach should 
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be considered for the bai gene operon as the degree of sequence similarity has not been 

investigated. Thus, there may be sufficient similarity to accommodate a bai-wide primer and 

probe. Although qRT-PCR is more precise, RNAseq may be able to more efficiently assess the 

entire bai operon, which consists of at least nine genes, without having to develop and optimize 

a new set of primers and probes for each gene. If transcriptional differences are observed 

between GvHD cases vs. controls, this will strengthen the rationale for performing the additional 

experiments described in Ch 6.2.3-6.2.5. If there are no transcription-level differences, then a 

more informed decision can be made to pursue such future directions/studies.  

6.2.2 Efficiency/specificity of bsh’s  

Ch 3.2.9 introduces the idea that gene orthologs of bsh within the same taxon may not 

have similar functions or target specificity/efficiency. Possible interventions for gut GvHD could 

emerge from characterization of the efficiency and specificity of bsh’s. This could permit the 

administration of bsh’s with defined reaction rates that act on target bile acids. For instance, 

since LCA uniquely binds VDR, a conjugated LCA-targeting bsh could be prescribed to 

deconjugate conjugated LCA and promote agonism of VDR to in turn enhance intestinal barrier 

integrity, reduce inflammation and facilitate differentiation of T cells into Treg cells.149 However, 

this should be researched in greater depth in vitro. Such pre-clinical experiments could begin 

with adding a defined, initial concentration of conjugated (for example, tauroLCA) or primary (for 

example, CDCA) bile acids with bacteria that possess bsh(‘s) of interest (for example, M. 

gnavus283). After 10-30 minutes of incubation, the products in solution could be measured with a 

Bio-Rad Protein assay, as previously described.284,285 The concentrations of the 

reactant:product bile acids (for example, LCA:conjugated LCA:CDCA) may also be measured to 

calculate the ratio of each bile acid product. This could be accomplished by performing LC-MS 

to quantify the ratio of bile acids.   

6.2.3 Test hypotheses in an in vitro or murine model system  

 Before pursuing secondary bile acid or LCA administration as a clinical intervention to 

reduce GvHD, further pre-clinical studies should be performed. The underlying mechanism(s) 

behind the observed association between deficiency of endogenous secondary bile acids and 

LCA with GvHD remain ambiguous. Potential pathways include modulation of T-cell immunity, 

gastrointestinal barrier integrity, cell signaling or inflammation. Investigation of each mechanism 

warrants different approaches, markers and/or techniques. An accurate in vitro tissue model 

may be a sufficient system for experimentation that probes each pathway, but such a model 

remains elusive. Several outstanding problems make an in vitro human tissue model for GvHD 
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challenging. One challenge is that this model would have to co-culture human intestinal 

epithelial cells and bacterial cells. Although such co-culture systems exist, a major obstacle is 

that most of the bacteria of interest are obligate or facultative anaerobes whereas the human 

tissue requires oxygen. At least one group has successfully engineered an oxygen gradient 

model that should sustain anaerobic microbes and human tissue, but there is significant risk for 

bacterial and oxygen contamination that would compromise the experiment when handling the 

models to collect samples and monitor changes.286 Given these constraints, it is unsurprising 

that in vivo murine GvHD models are the most popular for investigating GvHD mechanisms and 

treatments. Findings from these models are valuable, but there are significant limitations when 

translating to humans. Namely, murine immunology, bile acid chemistry and gut microbial 

communities are distinct from their human counterparts. For example, in humans, bile acids are 

more commonly conjugated to glycine vs. in mice, bile acids are commonly conjugated to 

taurine.287 Humans can also perform sulfation on bile acids where mice cannot.287 Finally, based 

on the ratios of primary to secondary and unconjugated to conjugated bile acids, both microbial 

deconjugation and 7α-dehydroxylation are more robustly performed in humans vs. mice.287  

 Although the currently available systems are imperfect, the connection between VDR 

and GvHD is the topmost priority hypothesis to study further. This is because the existing link 

between vitamin D and GvHD, LCA’s unique agonism of VDR, and LCA’s observed differential 

abundance by GvHD status.145,146,148,149,151 Since there is no suitable in vitro co-culture model 

that would evaluate the impact of VDR on T cells and relevant GvHD tissue (e.g. IECs), a 

murine GvHD model would be the best option.288,289 Compounds of interest to test include 

vitamin D as a positive control, and negative controls such as a non-VDR binding comparable 

compound such as pregnenolone-16α-carbonitrile (PCN, a pregnane X receptor agonist; as 

used by Makishim et al., 2002) and a non-secondary bile acid like cholic acid. Experimental 

compounds to test include and LCA, 3-keto-LCA, alloLCA (LCA isomers), tauroLCA (conjugated 

form of LCA), 12KLCA814, and 5beta-cholanic acid-3beta, 12alpha-diol (similarly structured to 

LCA and observed to be more prevalent or abundant in no GvHD controls in Ch 3.2). In addition 

to the compounds of interest, multiple timepoints for intervention could be examined. Each 

control or experimental compound should be separately studied when administered pre-HCT, 

immediately post-HCT (3 days post), and later post-HCT (10 days post). Outcomes measured 

could include overall survival, GvHD severity, white blood cell counts to determine immune 

strength (via blood samples), ratio of Treg vs. Th17 or Th1 cells to assess immunomodulatory 

impacts (via flow cytometry on blood, where there are effectors), and inflammatory cytokines (by 

blood sample) and intestinal length (by collecting the intestinal organ) to assay inflammation.289 
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An even clearer picture could be generated by staining sections of the intestine for villi/crypt 

damage and apoptotic cells (via hematoxylin and eosin (H&E) staining).289 If LCA is protective 

against GvHD, then both LCA, VDR and possibly the LCA isomers would improve overall 

survival, reduce inflammation, and exhibit longer intestines and less tissue damage vs. negative 

control mice.  

6.2.4 Test LCA as an intervention for GvHD 

The largest difference in bile acid concentration between GvHD cases and controls is in 

LCA, for which there was a 260-fold difference between the median GvHD case vs. control 

concentrations 60 days post-HCT, with lower concentrations in GvHD. Additionally, lithocholic 

acid is present in 100% of controls vs. 82% in GvHD cases on day 60 post-HCT. Thus, LCA 

derivatives and bai genes are promising for further studies examining their possible role as 

drivers or markers of GvHD. The secondary bile acid UDCA is currently administered to all allo-

HCT recipients. UDCA was administered therapeutically to humans as early as 1977, although it 

was not tested in an animal model until 1985.290,291. It was also used to treat liver GvHD as early 

as 1992 despite not testing UDCA’s impact on GvHD in an animal model before human use.292 

Cholic acid (Cholbam), chenodeoxycholic acid (chenodiol/Ctexli) and obeticholic acid (Ocaliva) 

are other examples of FDA-approved bile acid therapies for humans providing a precedent for 

prescribing bile acids to transplant recipients as prophylaxis against adverse transplant 

outcomes. The data described in this study are in the early pre-clinical stages, but if there 

proves to be a relationship with GvHD onset or maintenance, then novel therapeutic 

interventions may be feasible to mitigate gut GvHD. These interventions could include providing 

bai gene-possessing bacteria like C. scindens, to HCT recipients as a live biotherapeutic 

product. Another therapeutic option would be to directly give endogenous secondary bile acids, 

like LCA, to HCT recipients post-transplant. This may entail administering a delayed/time-

released formulation to target/extend release into the large intestine. Detailed in vitro and in vivo 

studies are required to study this concept, since LCA has been observed to have toxic and 

carcinogenic effects in animal models.243,293 Less toxic LCA congeners should be considered for 

GvHD therapy. Well-tolerated alternatives warrant further investigation. Examples include: LCA-

sulfate due to its structural similarity to native LCA and cholic acid-7-sulfate’s due to its agonism 

of the same receptor as LCA, TGR5.294,295  

6.2.5 Test if a less toxic conformer of LCA could be administered, like cholic acid 7-
sulfate (CA7S) 
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 LCA can have toxic and/or carcinogenic effects in animal models and therefore may be 

toxic in humans as well.243,293 Alternatives LCA-sulfate and cholic acid-7-sulfate (CA7S) could be 

investigated as non-toxic alternatives.294,295 However, it would be best to first study the 

mechanism underlying LCA’s beneficial effects against GvHD so that alternative compounds 

could be explored. For example, if in vitro tissue culture or in vivo mouse studies (like the 

experiments outlined in Ch. 6.2.3) support that TGR5 mediates LCA’s anti-GvHD effects, then 

CA7S would be an ideal alternative because it also binds TGR5. Or, if VDR binding appears to 

be important for LCA and GvHD, then vitamin D itself or another VDR agonist (such as vitamin 

D metabolic intermediates 25-dihydroxycholesterol, 7-dehydrocholesterol or 1,25-

dihydroxycholesterol) may be promising and less toxic alternatives to LCA. Another option to 

demonstrate LCA’s tolerability to humans would be to directly test if LCA has toxic effects. 

However, this may be challenging since a proposed adverse health effect is carcinogenicity, 

which would take up to 2 years in a rodent toxicity assay.296 A short-term assay for mutagenicity 

like the Ames test could yield important information, but a negative result does not conclusively 

rule out long-term carcinogenesis. Non-carcinogenic acute toxic effects, like those exerted on 

specific organs, can be ruled out by testing organ-specific cell lines or animal models with 

harvest of the organ of interest (e.g. intestine, liver). Further, even the alternatives LCA7S and 

LCA-sulfate should be evaluated for potential human toxicity.  

 Another possible pathway for LCA-induced damage could be due to an accumulation of 

LCA or other therapeutic endogenous secondary bile acids in the esophagus or large intestine 

as this is not their traditional niche. The primary region for bile acid recirculation is absorption 

via the small intestine; however, small intestinal tissue injury or damage would lead to bile acid 

malabsorption and therefore, unusually high concentrations of bile acids in the large intestine. 

This abundance could lead to off-target acute toxicity mediated by LCA’s hydrophobicity and 

emulsification/breakdown of intestinal cell membranes. Alternatively, the large intestine may still 

be able to reabsorb the greater levels of bile acids, but such atypical enterohepatic circulation 

may be less tolerated and also lead to negative health effects.  

6.3 SCFAs and GvHD (Ch 4) 

6.3.1 Probe mechanism underlying SCFA protection via in vitro model 

6.3.1.1 Current best model options  
An in vitro model that replicates in vivo human physiology is the best tool to characterize 

the mechanism behind beneficial effects of SCFAs. Murine models of diseases like GvHD are 

beneficial for their ability to perform highly controlled in vivo experiments. However, critical 
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differences in murine vs. human immunity, microbial communities and diet restrict the relevance 

to human biology. One example of a potential viable human model is the gut-on-a-chip model 

described by Ballerini et al. (2025) containing a diversity of gut epithelial and endothelial cell 

types, immune cells, and vasculature.297 It would be best to also incorporate live microbiota that 

typically inhabit the gut epithelium, as modeled by Bang et al. 2025.298 This type of co-culture 

model is challenging to develop because it requires an oxygen gradient be sustained within the 

model. Native gut microbiota are obligately or facultatively anaerobic whereas the human 

intestinal epithelial and immune cells require oxygen to respire and survive. The Bang et al. 

(2025) model can support the oxygen gradient required to grow human with bacterial cells, but 

their model system uses the immortal cell line Caco-2 cells. These are genetically transformed 

such that they no longer behave as in vivo intestinal cells or primary cell lines. The model 

described in Kim et al. (2022) checks each of these boxes, maintaining an oxygen gradient 

required for bacteria and human intestinal cell co-culture with a primary cell line. Such primary 

cell lines expand to represent the epithelium from which harvested, including a variety of cells 

types (e.g. Goblet cells, Paneth cells, gut-resident immune cells, etc.) making it the most 

realistic model.299  

6.3.1.2 Hypotheses/mechanisms to test  
 Using a model such as those described above, the mechanism underlying butyric acid’s 

protective effect against GvHD can be probed. There are several proposed pathways, each of 

which was discussed in detail in Ch 4.1.1. In summary, one potential pathway involved may be 

strengthening of tight junctions between intestinal cells to improve the integrity of the intestinal 

barrier. Another pathway is downstream effects that inhibit histone deacetylation, keeping DNA 

unraveled and primed for quicker transcription of anti-inflammatory genes. SCFAs like butyrate 

have also been observed to promote cell turnover, which may result in quicker regeneration of 

an intact intestinal barrier post-injury; although, this conflicts with the observation that 

butyrogenic bacteria may inhibit ISCs. It is hypothesized that multiple mechanisms may be at 

play.  
6.4 Untargeted/global metabolomics and GvHD (Ch 5) 

6.4.1 Follow up on top hits  

 Untargeted metabolomics produced an abundance of data to interpret; therefore, several 

research avenues warrant further investigation. As discussed in Ch 5.2.1, there were 27 

features that were statistically significantly differentially abundant pre-HCT. Not only is this 

signal unique (over 350 statistically significant different features at a later timepoint), but the 
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nature of the timing makes them clinically important. In the GvHD field, it is still unknown why 

some HCT recipients may develop GvHD whereas others do not and what causes GvHD in 

these recipients. These 27 features represent opportunities to learn what may cause GvHD and 

ultimately how to intervene and possibly prevent GvHD. This would entail ordering the candidate 

compound as a standard, developing a new targeted panel and optimizing the panel to confirm 

identity of the feature(s) or increase the confidence of the identification. Although, without a 

match to another feature in the MoNA database or BileOmix standards, it is difficult to land on a 

single candidate compound. The untargeted data could also be analyzed with the Human Fecal 

Metabolome Database (www.fecalmetabolome.ca), which is restricted to small molecule 

metabolites that have been detected in human stool, to try and narrow down the scope to a 

single candidate compound using a more tailored tool/resource.  

 In Ch 5.3.2, the downsides of an entirely data-driven and biologically-naïve approach 

were outlined. The MetaboAnalyst functional pathway enrichment analysis provides a starting 

point of biologically important pathways and corresponding metabolites to consider. Although 

the targeted bile acid metabolomic panel capitalized on the bile acid biosynthesis hit from 

MetaboAnalyst, the strongest hit pathways remain open for investigation. This includes vitamin 

B metabolism, vitamin C metabolism and aldarate metabolism. Vitamin C has been shown to 

promote stability of CD8+ regulatory T cells (controlling GvHD while promoting GvL effects). 

Given the immunomodulatory effects of vitamin C, further research into vitamin C metabolism 

and GvHD is warranted.300 The metabolites and compounds involved in these pathways should 

also be considered as top candidates for 27 pre-HCT significantly different features. Given the 

statistical strength of the 27 features and the biological emphasis on the vitamin B, C and 

aldarate metabolism, there may be overlap in these groups. This would take advantage of both 

a data-driven and biology-informed approach to identify the top priority features.  

6.4.2 Investigate candidate secondary MCBAs 

The global metabolomics performed on the 247 stool samples identified 19 level five 

confidence candidate MCBAs. From the targeted metabolomic panel, I observed that a 

deficiency of lithocholic acid and endogenous secondary bile acids associated with GvHD. 

There are three level five candidate microbially-conjugated LCA features and three additional 

level five candidate microbially-conjugated DCA features. Given the targeted metabolomics data 

supporting a link between GvHD and endogenous secondary bile acids, these six level five 

candidate MCBAs are of greatest interest to annotate with greater confidence in our samples 

first. Within the top six candidates, the lithocholic acid amidates should be investigated first 

because the strongest association observed was with LCA deficiency and GvHD post-HCT.  

http://www.fecalmetabolome.ca/
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Higher confidence identification of the six MCBAs of greatest interest and any additional 

microbially-conjugated secondary bile acids present in these stool samples from allo-HCT 

recipients (e.g. lithocholic acid conjugates) can be accomplished by ordering the appropriate 

amidate libraries. This approach was agreed upon after advising, meeting and discussing with 

the Raftery lab. A company, BileOmix (based at out of Farmington, Connecticut at the University 

of Connecticut), synthesizes and sells such MCBAs for research use. In theory, purchasing 

these libraries and then examining our stool samples for the library MCBAs, calculating 

concentrations by timepoint post-HCT and GvHD status would yield insights into this new class 

of bile acids in our samples. Upon reaching out to BileOmix, representatives confirmed that they 

could make the libraries that we were interested in and they would include 21 amidates with, for 

example, an LCA core compound. However, the Raftery lab advised that we inquire if each 

individual amidate/MCBA compound is stored separately because the retention time, mass, and 

charge for each MCBA is likely highly similar due to their having the same core compound 

(LCA). This would make quantitation of each MCBA challenging because they may run off the 

LC-MS column simultaneously and appear indistinguishable in analysis. Unfortunately, BileOmix 

informed us that each library is pooled together in a single vial, making the Raftery lab 

concerned that each individual MCBA may not look distinct by LC-MS. This challenge is 

ongoing, but investigation into different types of columns that can tease apart highly structurally 

similar compounds such as those in the MCBA libraries is an important future direction for 

determining if MCBAs (particularly, microbially conjugated endogenous secondary bile acids) 

are present in our stool samples and/or differentially abundant or prevalent by GvHD status or 

timepoint.  

This approach can be replicated and adapted for more bile acids of interest, such as 

primary or conjugated bile acids. Although the thesis research described did not identify primary 

or conjugated bile acids of importance for GvHD, it could be insightful to measure their presence 

and concentrations in stool since there was surprisingly minimal evidence of endogenous 

secondary MCBAs. Study of the other types of bile acids would more comprehensively address 

the question of if MCBAs are in stool. This would also require ordering the corresponding bile 

acid amidate libraries from BileOmix to assay for them in the stool samples. Altogether, this 

would advance understanding of the true impact of bile acids on GvHD and, more broadly, the 

gut microbiome beyond the primary/secondary bile acid traditional model.  
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